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ABSTRACT

Installation of a tidal turbine at a site requires detailed information of the bathymetry and
the surrounding flow field for its deployment and efficient operation. Increasingly,
Computational Fluid Dynamics (CFD) is being used to predict the local unsteady flow
field. Bathymetry data is generally of a different resolution than required for CFD
meshing, and requires special treatment for incorporation into the meshing process. This
process results in resolved and unresolved bathymetry features that may be important in
obtaining accurate CFD predictions.

This issue is explored at a tidal site located in Minas Passage which connects the Minas
Basin to the Bay of Fundy. Bathymetry processing is considered in conjunction with a
high resolution Detached Eddy Simulation (DES) of turbulent tidal flow obtained using a
26 million node mesh. This particular site has a steep ridge which results in significantly
large unresolved data relative to the mesh size, specifically at the ridge. A methodology is
suggested to separate the unresolved data into sub grid and supra grid scales. The sub grid
data is modelled using the sand grain roughness model while supra grid data is modelled
using the proposed form drag model.

Predicted results are compared to Acoustic Doppler Current Profiler (ADCP)
measurements for one tidal site under ebb conditions for an inlet velocity of 4 m/s. The
improved model gives results closer to the experimental data as compared to the sand

grain roughness model.
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1. INTRODUCTION

1.1 Background

For the past century the world’s energy needs have been heavily dependent on fossil
fuels. Emissions from their combustion include carbon dioxide, carbon monoxide,
nitrogen oxides and other sulphur containing residues that are the main cause of global
warming and health related issues such as cardiovascular, chronic bronchitis and
respiratory disorders [1]. With rapid increases of population, the world’s energy
requirement is also increasing. On the other hand fossil fuels are limited in supply and
will deplete soon. Unless there is fall in demand the ratio of supply and demand of fossil
fuels is likely to reduce to less than 1 anywhere between 2010 and 2015 [2]. This

necessitates alternate, non-polluting and abundant sources of energy.

Tidal energy has the potential to supplement the world energy needs along with wind,
solar, ocean wave and other forms of clean nonpolluting forms of energy. Tidal waves are
derived from the gravitational and centrifugal forces between the earth, moon and sun [3]
and can results in significant tidal currents. Kinetic energy can be extracted from these

tidal currents by placing tidal turbines in their path [4].

Extraction of tidal energy requires detailed information of the flow field which can be
unique to each site based on the bathymetry and the location. Optimum tidal turbine

design requires information about the unsteady velocity field to ensure that the turbine



designed will be efficient, require minimal maintenance, and have a longer operating
period. Acoustic Doppler Current Profiler (ADCP) measurements are often used to obtain
this but it can only be obtained at one location in the water column at a time. In addition
such information is difficult and expensive to obtain using experimental techniques. A
high resolution Computational Fluid Dynamics (CFD) simulation can provide the
necessary data required at reasonable cost and time. The simulation results can then be

validated from a limited set of ADCP field measurements.

Figure 1: Tidal site at Minas Passage [5]

One such location under consideration for tidal energy extraction is the Minas Passage
which connects the Bay of Fundy to the Minas Basin and has the world’s highest tides.
The passage is approximately 5 km wide, 15 km long and has maximum depth of 170 m.

The tidal currents in the passage reach up to 4 m/s and it has been estimated that



approximately 2 GW can be safely extracted [6]. The research center, FORCE has been
set up to conduct research into extracting tidal energy from a 4 square km site within the
passage and provides test berths with grid access to interested turbine developers. The
site currently has four undersea berths reserved for four tidal turbines and four subsea

cables connected to onshore transformer substation [5] .

Figure 1 shows a contour of detailed measured bathymetry at the FORCE test location. A
key bathymetry feature of the FORCE region is a significant ridge with up to 25 m of
relief near the test berths, which significantly affects the dynamics of the flow field in the
site. Therefore, accurately predicting the unsteady turbulent flow field is essential for
designing a reliable turbine that efficiently extracts energy from this site. This fact was
further highlighted by the failure of the Open Hydro Turbine deployed in September
2009 [5]. The results obtained from this research are validated with ADCP measurements
available at latitude: 45.365583 and longitude: -64.437437, at a distance of 10 m from the

seafloor. This point is indicated by a black cross mark in Figure 1.

A tidal flow region is often characterized by shallow depths as compared to its other
dimensions and hence requires a different CFD modeling strategy. Often high resolution
bathymetry is provided for the ocean floor, which can be too detailed to generate a high
quality robust CFD mesh. Hence a lower resolution bathymetry must be used to build the
CFD mesh and because of this, detailed bathymetry features remain unresolved. Some of

the smaller features (sub grid) can be incorporated into a sand grain roughness model [7],



but others are too large (supra grid) to be modelled using that approach. The challenge
lies in separating the two regions in an appropriate way and to model the larger
unresolved bathymetry appropriately. It should be noted that this approach is only
applicable when resolution bathymetry of the site is available and a different approach

must be used if low resolution bathymetry is available.

1.2 Objectives

Modeling tidal flows using CFD is challenging due to difficulties accurately representing
the bathymetry, including shallow depths and narrow passages combined with sharp
changes in sea floor geometry. The standard sand grain roughness model thus has
limitations because the CFD mesh cell heights at the wall (or sea floor) must conform to
the bathymetry changes while also representing sub-grid details. For example, in the
particular case of this research, the bathymetry depth range for Figure 1 is approximately
45 m compared to a maximum depth of approximately 65 m. In addition, a steep ridge of
approximately 25 m elevation in the bathymetry results in larger unresolved features as
the surface mesh is not able to conform to the sharp change in bathymetry. This is
particularly true for structured CFD grids. The equivalent sand grain roughness is then
skewed to much higher values than the smallest near wall cell heights. This larger data
needs to be considered as a supra-grid detail and not included in sub-grid modelling
input. From this example it is clear there needs to be a method to distinguish between

modelling sub-grid and supra-grid details.



To develop an approach for modelling flow over complex bathymetry the following

objectives have been identified.

to segregate the unresolved data of the bathymetry into sub grid and supra grid
scales.

to find the equivalent sand grain roughness for the sub grid data such that it is
less than the smallest cell height from the wall.

to model the effect of the supra grid data in the governing equations.

to study the change in wall shear stress and flow field due to sub and supra grid
modelling for simplified cases to assess the developed approaches.

test the modelling in a practical tidal flow situation.



2. LITERATURE STUDY

With the objectives clearly defined in the previous section, a literature review was
completed with a specific focus on tidal and shallow water flow CFD simulations.

Different methods used to model the unresolved data were investigated.

2.1 Literature Review

Some of the earliest studies on effect of roughness on the flow field were done by
Nikuradse [8]. The resistances offered by roughness in laminar, transitional and turbulent
flow in pipes at different Reynolds number were studied. A resistance factor was derived
based on the pressure drop, diameter of pipe and dynamic pressure. It was found that for
laminar flow at low Reynolds number the resistance factor is the same for rough and
smooth pipes. For transitional flow there was an increase in the resistance factor for an
increasing Reynolds number and for turbulent flow the resistance factor was independent

of Reynolds but dependent on the ratio of roughness to the diameter.

Wiberg and Smith [9] developed a model to calculate the velocity field over steep
streams with coarse gravel beds. The shear stress at the bed was divided into the fluid
shear stress and form drag arising due to the flow over obstacles. The fluid shear stress
was calculated based on the eddy viscosity closure model. The form drag was computed
based on the local velocity, concentration of grains, fluid density, standard-deviation of
the grains and the coefficient of drag. The grains were assumed to be elliptic in shape.

The base bed roughness parameter could be taken up to 50" percentile of the grain size



distribution without affecting the resulting velocity profiles. The form drag was
calculated above this base roughness value. It was found that for the form drag
calculations, 84™ percentile of the grains size of the grain size distribution (Dss) was the
dominant grain size that could be used as equivalent value over the entire surface. The
velocity profiles that were calculated from this model matched well with the experimental

results.

Carney et al. [10] applied the model described in [9] to simulate flows in gravel and
cobble beds using the commercial CFD software FLUENT. The form drag was modeled
as a momentum sink term in the porous-medium zone. Both discrete grain lengths and a
dominant grain length scale of Dgs4 were used in the form drag calculations. The results

matched well with experimental results.

Anderson and Meneveau [11] implemented a dynamic roughness model for large eddy
simulation of flows over isotropic, synthetic rough surfaces built by random-—phase
Fourier modes. The surface was divided into resolved and unresolved surface elements.
The magnitude of the unresolved data was smaller than the height of centroid the first
control volume (CV) from the surface. Its effects were modeled by computing a drag

force using a local equilibrium wall model (log-law or Monin-Obukhov similarity).

Flack and Schultz [12] developed a relationship for the equivalent sand grain roughness

based on experimental results that was a function of the root-mean-square roughness



height and the skewness of the probability distribution function. Different types of
roughness data namely packed spheres, pyramids, uniform sand, etc., were used in the
experiment and a common empirical law for the equivalent sand grain roughness was
developed. The roughness data varied both positively and negatively above the mean

reference plane.

Lane and al. [13] developed a porosity-based method to model the flow in gravel bed
rivers. Structured mesh was used to solve for the time averaged 3-D Navier stokes
equation. High resolution measurements of the bed were required to specify its geometry.
Fully blocked cells in the mesh were given a porosity of zero while fully unblocked cells
were assigned a porosity of 1. Cells partially blocked were given a porosity value
between 0 and 1 depending on the percentage volume of the cell that is blocked. The
solution used an equilibrium wall function and two equation based turbulence model. It
was assumed that the effect of the source term represented by the drag terms in the
momentum equations would be so great that it would dominate the turbulent diffusion
terms. The turbulent kinetic energy and dissipation was negligible in the regions
represented by porosity equaling 1. Thus the only modification made was in the
momentum equations by changing the drag term derived from the log law, which
represents the actual exposed area.

Nicholas [14] investigated the use of random variability in the bed elevation to model the
supra grid elements. The sub grid elements were modelled based on the log law of the

wall. It was suggested that the standard deviation of the roughness elements could be



used as a reference to define the equivalent grain length to model the law log of wall. The
log law here is based on the height above the surface and the roughness length scale. It
was found that when a random elevation model was used the roughness length scales
were significantly lower than normal. Nicholas [15] suggested that sharp changes in bed
topography could not be represented by a single roughness scale. Hence it was important
to separate the unresolved data into sub grid and supra grid scales. A discrete element
model was illustrated to represent the supra grid scales. The form drag force was
calculated which would act as a sink in the momentum equations. This force was
dependent on the area of roughness projected into the flow, the local velocity, density and

the coefficient of drag.

Nicholas and McLelland [16] used a different approach to model floodplain flows. Along
with continuity, momentum and two equation turbulence model, a two dimensional depth
averaged hydraulic model was used to solve for the flow depths and the horizontal and
vertical velocity distribution for the flood plains [17]. Once the depths were calculated
the free surface was adjusted for the 3 dimensional flows. The mesh was then refined
according to the free surface as detailed in [18]. This allowed flows with complex
boundary conditions to be modelled. However the value of equivalent roughness was
obtained from experimental observations over 20 overbank profiles. It was possible to
model flows with zero depth in this model as discussed in [18]. If the value of depth fell
below a minimum value then, the surface was dry, horizontal and vertical components of

velocities at these cells were set to zero. The interface between the dry and wet cells was



treated as internal boundaries. Nicholas [19] used this concept to represent single-thread
and multi-thread channels. Meandering, braided and anabranching channels were able to
be successfully modelled. However it was noted that no discrete model was used to

represent the unresolved data at the floor.

Lin and Falconer [20] used a similar method as [16] to simulate tidal flow. Boundary
fitted orthogonal coordinates were used to generate the grid. The ULTIMATE algorithm
with the QUICKEST scheme was used to solve the flow field. Effects of earth’s rotation,

bottom friction, wind shear turbulence were included in the governing equations.

2.2 Summary of Literature Review

A general survey of work relating to shallow water flows and modelling smaller
unresolved data is presented in the previous section. There is no literature available which
solves the exact problem presented in the current research. Thus a method is developed
based on the above literature review while conforming to the objectives previously
outlined; the equivalent sand grain roughness can be calculated using the method
suggested by Flack and Schultz [12] and the larger unresolved bathymetry data can be
modeled using the discrete form drag model that was initially suggested by Wiberg and

Smith [9] and later implemented in commercial software by Carney et al. [10].
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3. METHODOLOGY FOR TREATING INPUT BATHYMETRY

The input bathymetry available for the FORCE crown lease region is 0.4 m resolution
and contains data that extends beyond the region of interest. The data at the site,
highlighted by a rectangle in Figure 1, needs to be extracted, converted into an
appropriate format and then used to generate a surface mesh of the sea floor. After this
the unresolved bathymetry, defined as the difference between the sea floor surface mesh
and the actual bathymetry, has to be calculated. This process is explained in detail in the

next section.

3.1 Mesh generation

The following steps are followed to generate a CFD mesh to simulate the tidal flow.
e Import the desired resolution of bathymetry into POINTWISE.
e Change the resolution of the surface mesh to its desired value.
e Build a three dimensional structured mesh on the resulting surface mesh of

sufficient quality to conduct a CFD simulation.

3.1.1 Tidal Region of Interest

The site under consideration is shown in Figure 1. The bathymetry data provided covered
the crown lease region and the surrounding area of the north-western section of Minas
Passage. The region of interest is the 1.5 km x 1 km rectangular region highlighted in

Figure 1, which includes the four berths (A, B, C and D) reserved for turbine testing.

11



3.1.2 Extraction of Surface Mesh and Generation of Volume Mesh

The first step to generate a surface mesh representing the ocean floor was to extract the
bathymetry data only at the region of interest. The data provided is structured, having a
resolution of 0.4 m in both the x and y directions with holes (i.e. missing data) in it.
Linear interpolation between the neighboring nodes in the y direction was used to

compute the elevations at these missing data points.

— . —

Figure 2: Surface depths at the region of interest with the x and y axes (m)

Figure 2 describes the bathymetry at the crown lease region. A sharp change in color
highlights the presence of vertical ridge of around 25 m running diagonally across the
region. In addition, there is a sharp decrease in depth from left to right with the top right
corner having the least values. It is also important to note that there is a sharp change in
elevation at the bottom edge of the ridge towards the lower left corner. This data was then

converted into plot 3D format so that it could be imported as a database in the

12



commercial meshing software Pointwise. The resolution of the surface mesh representing
the ocean floor was changed to 2m x 2 m. When the resolution is changed, Pointwise
approximates the mesh points (or vertices) to the nearest point in the database matching
the resolution specified. Hence the spacing between the mesh points does not remain
precisely 2 m. The surface was then extruded equally in 50 layers to the surface parallel
to the x-y plane and passing through the origin. This step resulted in a (501 x 751 x51)
structured mesh containing 500 x 750 x 50 control volumes. The upper surface represents

the ocean free surface in the computational model.

It was not possible to run a CFD algorithm on the 2m x 2m mesh generated directly from
the original bathymetry because near the bottom surface the mesh wall non-orthogonality
near the ridge causes the solution to diverge. Hence lower resolution (10 m) bathymetry
was used to build the mesh which introduced some filtering of the bathymetry and
resulted in improved mesh quality for the CFD simulation. A 2 m x 2 m surface mesh
was then generated using the filtered bathymetry. An arbitrary lower resolution of
bathymetry filtered at a spacing of 4.8 m was also used to make a final 2 m x 2 m surface
mesh. Wall orthogonality issues along the ridge required additional localized smoothing.
Simulation results show that the turbulence intensities at location of ADCP
measurements decreased because of localized smoothing. Hence this particular approach

is not discussed further here as it not useful and also cannot be applied for general cases.
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Table 1 lists the parameters of the two filtered meshes. These mesh parameters are
commonly used by CFD solvers to determine the mesh quality. It is observed that the
minimum wall orthogonality changes significantly when a higher resolution bathymetry
is used. The wall orthogonality is significantly affected by the presence of a ridge. When
the data is sampled at a larger spacing the change in bathymetry is more gradual

especially at the ridge, which improves the wall orthogonality in this region.

Table 1: Mesh parameters

Parameter 4.8 filter 10 filter
Volume ratio (max) 3.25179 2.1375
Aspect ratio 8.40843 8.0113058
(max)

Wall orthogonality (min) 7.6444° 22.57°
(ocean floor)

Future discussions are based on simulation results obtained from the mesh generated

from the 10 m filtered database.

3.2 Calculation of Unresolved Elevations

When a lower resolution bathymetry is used to represent the sea floor in the CFD mesh,
some of its features remain unresolved. This is especially true where there are sharp
changes in the surface topology. The process of calculating the unresolved data is shown

in Figure 3.
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Figure 3: Methodology of Calculating Unresolved Data

The highest resolution bathymetry is used to calculate the unresolved data. First, the
coordinates of the surface mesh generated from the lower resolution bathymetry was
extracted from Pointwise and imported into Matlab. Then actual height (relative to the
high resolution bathymetry) at a particular co-ordinate in the surface mesh was calculated
by linear interpolation of the data in the 0.4 m (highest) resolution bathymetry. The
difference in heights calculated from the bathymetry and surface mesh is assumed to be
the unresolved heights of the real sea floor. If the value is negative the real sea floor

location is below the surface mesh and if it is positive it is above the surface mesh.

With this approach Figure 4 shows the plots of the unresolved elevations of the mesh.

Unresolved data only arises when the mesh generated is not able to keep up with the

changes in bathymetry. These locations are highlighted in this figure. It shows that there
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Figure 4: Unresolved elevations at the ocean floor (m).

is a significant amount of unresolved data from the surface mesh generated with some of
them having magnitudes as large as ~10 m. The large magnitudes are concentrated along
the ridge which runs diagonally across the site. Apart from the ridge there is significant
data scattered along the middle of the domain that is large enough that it cannot be
ignored. However, for most of the CFD domain the surface mesh agrees very well with

bathymetry, which is highlighted by the light green background in the figure.

The statistics in Table 2 highlight that the mesh has large unresolved data as compared to
its overall depth. Especially at the ridge this value can be up to 30%. The mean values are
very close to zero because the positive and negative elements cancel out each other. The
root mean square is the same as the as the standard deviation (SD) as mean values are

very close to zero. The range of data is approximately 21m.
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Table 2: Statistics of unresolved bathymetry

Parameters for
unresolved data (m)

Mean 0.0041
Standard Deviation 0.5764
Minimum -10.41
Maximum 10.632

3.2.1 Isolating the Largest Unresolved Bathymetry

Figure 5 highlights the location of the largest unresolved data by highlighting regions

(a) (b)
(c) (d)

Figure 5: Points (black) where unresolved bathymetry lie outside + standard deviation of (a) one (b)
two (c) three (d) four
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outside multiple SD of the mean value and Table 3 lists the percentage of CV’s in the
domain outside each respective SD. The orientation of this figure is the same as Figure 4.
It is shown that approximately ~85% of the surface grid points have unresolved elevation

data that lie within one standard deviation of the mean.

Table 3: Percentages of unresolved bathymetry outside different standard deviations

% of points outside | 1 SD | 2 SD 3SD 4 SD 5SD
10 filter 14.72 | 5.23 2.26 1.07 0.53

For every increase in the SD the percentage of data outside that multiple of SD’s is
approximately halved until over 99% of the surface grid points have unresolved data
within 5 SD‘s of the mean. Figure 5(d) reaffirms that the highest and dominant

unresolved bathymetry lies on the ridge.

The probability Density Function (PDF) of the unresolved bathymetry is plotted in
Figure 6. The PDF of any variable describes the relative likelihood of it to take a given
value and skewness is the measure of the extent to which the probability density tends to
one side of the mean. From this figure it can be seen that PDF is skewed in a direction.
This figure reasserts that most of the unresolved bathymetry lie within one standard

deviation.
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4. THEORY

In this section the physical modelling of the flow field is discussed. The Detached Eddy
Simulation (DES) method is used to solve for the unsteady fluid flow in the domain. The
wall boundary condition will be discussed in detail because the unresolved bathymetry
will be modelled using it. Finally the form drag model for modelling the supra grid

unresolved bathymetry is explained in detail.

4.1 Detached Eddy Simulation (DES)

The fluid flow in the domain is governed by the Navier Stokes equations and influence of
turbulent flow is included using the DES model [21]. In DES modelling a combined
version of the Navier — Stokes equations is used to include the turbulence, one form
based on Reynolds Averaging and the second on spatially filtered Large Eddy Simulation
(LES). The Reynolds Averaging is based on the Shear Stress Transport (SST) two
equation turbulence model [22] which is used in the regions where the turbulent integral
length scales are too small to be resolved by the grid. The spatially filtered LES based on
Smagorinsky-Lilly [23] approach is used where the length scales are bigger than the grid
size. A key difference between these two methods is that LES simulates the large
turbulent structures while the RANS — SST models these structures. Application of these
two models simultaneously gives a smooth solution and there is no need of additional
numerical smoothing. The RANS - SST employs the k-¢ turbulent model away from the

wall and k-« model near the wall. A blending function is used to blend the variables
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between the k-¢ and k- models. The LES model simulates eddies larger than the grid

spacing and incorporates the smaller lesser influential eddies in its sub-grid model.

4.1.1 Smagorinsky-Lily Model

The LES filtered governing equations for incompressible turbulent flow shown using

tensor notation are as follows,

o(ui)
OXi

=0 )

OXj OXi

= +

2
ow) o) __1ap) o ((Hms)(amo a<uj>D ()
ot OXi L OXi  OX

where u; and uj are the flow velocity vectors, v is the kinematic viscosity and vsgs is the
sub grid scale turbulent viscosity, t is the time and p is the pressure. The sub grid scale

turbulent viscosity is defined as,
Wes = (CsesA)2 <Sij><Sij> 3)

where Csgs is the flow dependent constant, A is the grid (filter) scale and <Sq> is the

strain rate of the resolved flow field, which is defined as
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The grid scale A is defined as,

A = max(Ax, Ay, Az) (5)

where Ax, Ay , Az are the local control volume sizes in the X, y and z directions
respectively. The SGS turbulence viscosity is calculated from the gradients of the

previous time step and represents the sub grid molecular viscosity.

4.1.2 Shear Stress Transport (SST) RANS Model
The spatially filtered LES Equations (1) and (2) are equivalent to the RANS equations

with time averaged velocities, ui, replacing the filtered veIocities,<Ui>, and the sub grid

turbulence viscosity vses in Equation (2) is replaced by eddy viscosity, vrurs, defined as,

vise = B* - ok (6)
where f* is a model constant, and k is the turbulent kinetic energy. In Equation (6), lk-«,

is related to turbulent Kkinetic energy and the turbulent frequency calculated by the k-w

model and given by Wilcox [24] as,
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where w is the turbulent frequency.

The transport of equations for quantities of k and @ of the SST model are as follows,
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where o., 02, f and ox are model constants. Equations (8) and (9) are the modified

equations of the k-« model which blend in to k-¢ model [25]. Pxand Dik are the turbulence

production and dissipation, respectively, per unit mass. They are given as:

D, - K2 (10)
k-
P« = min {10 Bk, 207SiSii } (11)

23



For accurate prediction of onset of flow separation and to account for the transport of the
turbulent shear stress, limiting values have been specified to the production Px given in

Equation (11) and turbulent viscosity, vr, given as:

aik

max {aiw, F'2+/ SiSij }

VIURB = (12)

where a;=0.14 and the function F2 has a value ranging from 1 for boundary layer flows
and O for free shear flows.

The blending of any variable ¢ssr between the k-¢ and k-« model in the SST model is
based on the distance from the wall which is represented by the function Fi, has values

between 0 and 1 [22], and is given by,

¢st = Figho + (1— F1) ¢ (13)

For example the o, in Equation (9) would have a ¢ and ¢« value and that is blended

according to Equation (13).

4.1.3 Strelets DES Model
The DES model that used is based on the approach proposed by Strelets [21]. At regions
where the turbulent dissipation length, lx..,, is smaller than the appropriate fraction of grid

size Cpes A, the RANS-SST model is used while the LES formulation is used otherwise.

The DES model calculates the dissipation rate of turbulence used in Equation (10) as,
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where the length scale I~ is defined as,

| = min {Ikw, CDESA} (15)

The turbulence kinetic energy and the turbulence viscosity calculated from Equations (8)
and (9) represent those parameters at the sub grid level if the production and dissipation
of sub-grid turbulence are in total balance. This change in turbulence dissipation allows
for a smooth transition from the SST RANS and LES. It was suggested by Strelets [21] to
at least use a 2" order discretization scheme to be applied in the LES region to minimize
the effect of damping by numerical diffusion. In the DES approach, the LES limit is

consistent with the Smagorinsky-Lilly LES model presented earlier in this chapter.

4.2 Wall Boundary Condition — Log Law of Wall

The unresolved bathymetry has to be accommodated in the wall boundary condition;

hence this is discussed in detail in the following sections.

4.2.1 Smooth Wall

Fluid flow over a body can be categorized into two regions. A thin layer near the body is

called the “boundary layer” where viscous stresses are increasingly dominant as the fluid
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approaches the surface of the body. A region exists away from the wall, i.e., the inertial
region, where the inertial forces prove dominant. Immediately adjacent to the surface is
the “viscous sub layer” where viscosity is dominant and turbulence is damped out. Flow
in the boundary layer follows the Log Law velocity profile for a wall [7]. When
generating a grid for a CFD simulation it is necessary to have enough control volumes in

the boundary layer to capture the rapidly changing flow in that region.

In order to analyze flow over/in different bodies on the same scale, certain non-
dimensional variables namely the dimensionless wall velocity u™ and near wall distance

y™ are typically defines as:

. ou
U =—y ="— (16)

where v* = ﬂ
\ o

In equation (16) p is the density of the fluid, Tw is the wall shear stress, y is the distance

from the center of control volume to the wall, v* is the friction velocity, u is the
magnitude component of velocity tangential to the wall and y is the dynamic viscosity of
the fluid. Based on these variables the flow can be classified into the following three

Zones:
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1.

Inner Layer ( VViscous sub layer):

Here the viscous or molecular shear dominates and u* is function of y* only as

follows,

ut=f(y") (17

Outer Layer (Inertial region):

Here the larger turbulent shear eddies dominate and the velocities are strongly

dependent on the pressure gradients as follows,

Ue_u:g(y1§j ,gzé% (18)

T 0 Tw dX

where ¢ is the boundary layer thickness, pe is the pressure away from the wall, Ue

is the free stream velocities and Vr is an alternative velocity scale similar to the

friction velocity v*.

Overlap Layer (Log Law Region) :

Here both types of shear are important; and the velocity profile smoothly connects
between the inner and outer layers by defining the variables in two different

categories, namely the inner and outer variables which are defined as,

u 1
—==Inly")+B
VT Kn<y )+ (19)
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U.—u :—1In(yv*j+A (20)

VT K

respectively for the inner and outer variables. The inner variables are for the
region near the inner layer and the outer variables for the region near the outer
layer. K =0.41 is the von Karman constant whose value, B=5.0; and value of A
depends on the pressure gradients.
In CFD modelling, the overlap region is important so that the wall shear stress zw can be
calculated (indirectly by calculating vr ) using the log law shown in Equation (19). Here it
is assumed that the first node above the wall lies in the overlap region. Figure 7 shows
that except for separated flows the overlap region coincides for flows with different
pressure gradients. Hence Equation (19) is applicable for a wide range of flows. It is also

possible to place the nearest node in the viscous sub layer at y* <1 so that 7w can be

directly computed using Twzﬂdi. This is done for smooth walls. The SST model

employed in EXN/AERO can blend between 7\ calculated using either method.

Figure 8 shows that the linear layer and the inner logarithmic overlap layer coincide at y*
11.06 [7]. This is an important feature in CFD modelling that will be discussed later in

more detail.
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Figure 7: u+ versus y+ for different pressure gradients for flow over flat plate [7]

4.2.2 Rough Wall
Flow over rough walls is typically modelled using an equivalent sand grain roughness as

shown in Figure 9 [26]. Here the wall is assumed to be covered with spherical sand grain

particles of uniform size.
The non-dimensional roughness variable h* is defined as,

e = eV 1)

Yl

where hg is the equivalent sand grain roughness height
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Figure 9: Model for equivalent sand grain roughness [26].
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Figure 10: Downward shift of the inner logarithmic region [26]

The addition of roughness causes a downward shift of the velocity profile as shown in

Figure 10, and this shift 4B is related to the roughness such that Equation (19) becomes,

v =1In(y+)+ B-AB
VT K (22)

where 4B is defined as:

AB = iln (1+0.3n") (23)

For rough walls the inner linear layer coincides with the overlap layer at y© = 5 [26].

+

This value of y* is divided by 2 to take into account the shift in wall by half the
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roughness height. Hence 2.5 becomes the lower limit for calculating vr using Equation

(22).

The effect of the rough wall is incorporated into the wall boundary condition by
calculating the drag force acting on the fluid. This force is acted on all the control
volumes attached to the wall. It is calculated as follows:

1. Calculate friction velocity v* where,

ve=4/Cns 3k (24)

Note that v* is different from its definition in Equation (16) to account for separating
flows and Cmy =0.09 is constant [26].
2. Calculate y*, h™ using Equations (16) and (21) respectively.
3. Assign the maximum value of y*, h*/2 and 2.5 to y* for further calculations. That
is,
y" =max(y*,h"/2,2.5)

(25)
where 2.5 is the lower limiting value of the overlap region as explained
previously. The term h* is divided by 2 to account for the shift in wall by half the
roughness element. This Equation is valid for o based turbulence model only.

4. Calculate the velocity scale VT via Equation (22).
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5. Calculate the force acted by the wall as [26],

ﬁv:—px Acs X V*x Vit x 1 (26)

where A is the area of the control surface and tp is a unit vector tangential to

the wall in the direction of the flow.

The log law is inappropriate to use if the roughness data are higher than the cell heights.
The value of V7 is calculated based on y™ only if there is no roughness and the effect of

roughness is then incorporated in it using the term 4B in Equation (23). If the roughness
heights are higher than the cell heights it would mean that h*/2 > y* and v would be
calculated based on h™ only (subject to the condition that both values are above 2.5;
reference Equation (25)). This would give a value of vrat a point that actually lies outside
the control volume attached to the wall which would be incorrect. In the current
application this error would be larger if the unresolved bathymetry to be incorporated as

roughness, was multiple times the local near wall cell height.

4.2.3 Turbulence Production at the Wall

The non-linear equations described in Section 4.1 are converted into a linear systems of
the form AX=B, where B is the source term, A is the coefficient matrix [27] and X are the
u, v, w, k and w terms. The shear force is applied only to the momentum equations in the
source term B. The shear force acting on fluid near the wall increases, which in turn

increases the wall shear stress.
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The turbulence production at the wall is calculated based on the wall shear stress given

as,

VTURB

P— 0.5[ oW jz (27)

Thus, additional wall shear stress from the sand grain roughness model would result in

more turbulence production from the wall

4.2.4. Tidal Flow Perspective

Tidal flows are characterized by shallow depths as compared to its other dimensions
which limits the cell heights. Figure 11 shows the approximate cell heights at the wall
(ocean floor). A comparison of it with Figure 4 shows that the magnitudes of unresolved
data are significantly higher than the near wall cell heights especially at the ridge. The
equivalent sand grain roughness for this unresolved data is 6.6506 m which is calculated
based on Equation (28) and will be discussed subsequently. The large unresolved data at
the ridge skew the values of equivalent sand grain roughness such that they are
significantly higher than minimum cell heights. This would lead to inaccurate results
because, as explained in Section 4.2.2, y* should be greater than h* based on the local
near wall cell height. On the other hand it is preferable to have smaller cell heights for
better resolution and mesh quality. Hence a dynamic strategy must be used to model the

unresolved data.
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Figure 11: Approximate cell heights at the ocean floor(m)

4.3 Modelling Unresolved Bathymetry

A hybrid strategy is proposed to model the unresolved bathymetry. Figure 12 gives an
overview of the methodology that was implemented in the current research. It is the same
as Figure 6 with additional details showing the regions of applicability of the two models.
The standard deviation of unresolved bathymetry is used as a reference. Control volumes
in which the unresolved bathymetry lies within the sub grid scale was modelled using the
Log Law with the equivalent sand grain roughness calculated based on Flack and Schultz
[12] and explained in Section 4.3.1. Only those unresolved bathymetry was used to
calculate the equivalent sand grain roughness; such that the calculated value is less than
the smallest cell heights at the wall. It is the small region of the distribution in Figure 12,

identified as, Sand Grain Roughness model. As shown in Figure 12 a discrete Form Drag
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model based on [9] and explained in Section 4.3.2 was used to model the supra grid

bathymetry in the remaining control volumes.

" T T T T
0.8 Sand grain Roughness Model
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0.7, r T T 1 —
— Gaussian Distribution
0.6- Ml Probablity Density Function 4
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Figure 12: Proposed modelling of unresolved bathymetry

4.3.1 Log Law of Wall Implementation

The Log Law of wall explained in Section 4.2 is used to model the sub grid unresolved
bathymetry. The equivalent sand grain roughness is calculated based on the skewness of
the PDF [12] (See Figure 6) as defined in Section 3.2.1. The skewness can be calculated

as,

(1) 80

[0)gre]”

Sk =

(28)
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where riis the difference between the roughness and mean value of roughness data, and
N is total number of data points. Based on the skewness the equivalent sand grain

roughness is calculated as,

hs = 4.43hrms(1+ Sk)ll37 (29)

where hrms is the root mean square of the unresolved bathymetry.
This relation is invalid for Sk < -1. The skewness of the unresolved bathymetry data for

the current work is 1.0192 m, hence this relation is valid for the current application.

4.3.1.2 Equivalent Sand Grain Roughness for Different Filter Sizes

In this research two filter sizes were investigated, namely 4.8 m and 10 m. A smaller
filter size would result in lesser unresolved data. Plotted in Figure 13 is the equivalent
sand grain roughness obtained for the unresolved data obtained from filter sizes ranging
from 0.8 m to 10 m. The roughness value is calculated based on Section 4.3.1. As can be
seen, with an increase in filter size the sand grain value also increases. This is because a
larger filter size would result in more unresolved data especially at the ridge which skews
the sand grain roughness to higher values. For the 10 m filter the value is 6.506 m if all

the unresolved data is used to calculate the roughness value.
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Figure 13: Equivalent sand grain roughness for different filters sizes
4.3.2 Form Drag Model Implementation

The larger unresolved data is modelled in the wall boundary condition using the form
drag model. Carney et al. [10] divided the grain size distribution at a point into a discrete
series of grain sizes as shown in Figure 14. The grains are assumed to be ellipsoid in
shape. It is assumed here, that there is only one grain size at a particular point. The
dimensions of the ellipsoid are scaled to the size of the control volumes at the wall and
the unresolved bathymetry. The drag force is calculated based on the cross section of area
of the ellipsoid obstructing the flow. The unresolved bathymetry is used to assign one of
the dimensions while the other dimension is scaled to the cross section of the control

volume. The third dimension of the ellipsoid is not used in the drag force calculations.
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Figure 14: Theoretical arrangement of the bed particles assuming a zero plane

for all grain sizes [10].

The form drag due to the flow around the ellipsoid is calculated as,
— — =
Fu= g x Cp X Vp X ‘Vp‘ X Z X ‘hunres‘ X~/ Acs (30)

where Cp is the coefficient of drag is taken as 0.45 [9], \Tp is the velocity of fluid
tangential to the wall at the control volumes attached to it, and hunres iS the unresolved
elevation at the location. An equivalent value of hunres can also be taken from the
remaining unresolved bathymetry that is not used to calculate the equivalent sand grain
roughness. According to [10] the 84™ percentile of the distribution is an appropriate
value. This form drag can be applied only at those control volumes attached to the ocean
floor where the larger unresolved bathymetry exists. In the current research discrete

values of unresolved heights are used.
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5. RESULTS

This chapter begins by discussing the CFD model which including the grid design, the
boundary conditions and an overview the solution approach. Methods to post process the

results are then outlined, and followed by the simulation results.

5.1 CFD Model of Tidal Zone

5.1.1 Grid Design

The filtered bathymetry data is imported into Pointwise as a database. A2 m x 2 m
surface mesh is built over this database. In this process Pointwise maintains close
association between the grid points and database. This surface mesh is extruded using 50
equally spaced layers to an opposing surface that is parallel to the x-y plane and passing
through the origin, to create a structured 3 D mesh as shown in Figure 15. A zoomed
view of the cross section of the grid over a varying bathymetry is shown in this figure.

The heights of the control volumes at the wall vary based on the local bathymetry.

Figure 15: Cross section of structured mesh highlighting the local bathymetry
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5.1.2 Boundary Conditions

Figure 16 shows the locations of various boundary conditions implemented in the CFD
tidal flow simulation. A total of four different boundary conditions were used. The east

and south faces were modelled as an inlet boundary with the flow inclined at 20° to the

Top
(Symmetry)
East
(Inlet)

West

(Outlet) (Inlet)

Zonel

Figure 16: Boundary Conditions in the Fluid Domain.

south face, parallel to the top face, and having a magnitude of 4 m/s. The turbulent
kinetic energy is specified as 0.6 J/kg and the turbulent dissipation as 0.0857 sec™. The
north and west faces were modelled as outlet boundary condition with pressure specified.
The top face which represents the surface of the ocean is modelled as a symmetry plane.

A no slip is used at the bottom surface representing the ocean floor.

Zone 1 in Figure 16 has a sharp change in bathymetry that is very close to the west face

which is defined as an outlet. This causes re-circulation and vortices which travel along
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the length of the west face and affect the flow field at the location of ADCP
measurements. To prevent this, the face was extruded using 250 equally spaced layers
along a distance of 500 m as shown in Figure 17. This allowed the flow to be developed

before the outlet and allowed accurate predictions of statistics at that location.

MESH EXTENSION

/

Figure 17: Extension of mesh

The resultant mesh has approximately 26 million nodes. The numbers of nodes in the
mesh were fixed to optimize the computational time. Larger number nodes could be used
in the computational domain but the simulation time would have increased

proportionally.

5.1.3 Solution Approach

The flow field is solved using the EXN/AERO solver which employs a cell centered
collocated finite-volume discretization approach [25]. An implicit (first or second order)

scheme is used for time integration of the equations, which does not have any limitation
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on the time step. The time step in this problem is selected based on the inlet velocity and
important length scales based both on bathymetry and tidal device to be operated in-situ
in future modelling. The pressure-velocity coupling is based on the SIMPLEC algorithm
[27]. The flow domain is resolved using a structured grid and the solution of equation
matrices is obtained using a red-black (for parallel processing) Gauss Seidel solver with
an algebraic multigrid [28] to accelerate the solution. At a specified time step, the
velocities and pressure are solved first followed by the turbulence equations per time
step. Spatial discretization uses a second order upwind biased scheme (Van Leer). The
solutions here are obtained using 4 to 8 GPU’s and 4 to 8 CPUS’s. Using GPU’s to solve

the problem in parallel allows for ~60 x speed-up relative to using CPU’s only.

Tidal flow simulations were run for an inlet velocity of 4 m/s as mentioned in Section
5.1.2. The flow at the ADCP measurement location (indicated in Figure 16) which was
downstream of the ridge showed significant unsteady behavior. It was studied in detail by
placing 10 monitoring points at 2 m spacing starting from the ocean floor which are in the
same location as previous ADCP measurements. The flow parameters were recorded
every time step at these points. Simulations were started with a time step of At=0.01 and
a SST-RANS formulation. The time step was continually increased to At=0.1. After 250-
300 seconds of simulation time, the DES formulation was initiated. This gave a smooth
solution for the entire domain before implementing the DES formulation. The total
simulation time for the flow statistics to reach steady state was approximately 4000

seconds.
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5.1.4 Parameters used in Wall Modelling

Three different cases are tested. Two with sand grain roughness values of 0.67 m and
1 m without the form drag model activated, one with sand grain roughness of 0.67 m with
the form drag model (hybrid model) activated. From these different simulations the
turbulence generated from the wall is studied along with its effect at the specific location

of the ADCP measurements.

5.1.4.1 Sand Grain Model

According to Section 4.2.2 the value of sand grain roughness should be ideally less than
the smallest control volume heights at the wall. Figure 18 plots the height of the control
volumes at the wall. A triangular patch at the top right corner indicates the points where

the height of the control volumes is less than 0.67 m. A sand grain roughness value of

0.67 m would not be appropriate at those regions. Since the flow at ADCP measurement

—

— . - 0

Figure 18: Height of control volumes at the wall (m) (extension part not included)
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location will not be affected by this region, this issue is ignored. As explained in Section
4.3 only those points would be used to calculate the equivalent sand grain roughness such
that its value is less than smallest cell heights at the wall. The equivalent value of sand
grain roughness of 0.67 m is calculated using unresolved data lying between -1 m to 1m

using the approach used in Flack and Schultz [12].

The roughness value of 1 m is arbitrarily taken. It is appropriate only at the regions
marked by red where the cell heights are greater than 1m. Even though the physics of
using a roughness value of 1 m is incorrect, the simulation ran smoothly giving results

close to field measurements.

5.1.4.2 Hybrid Model

For the simulation with the hybrid case, the supra grid unresolved data is modelled using
the form drag model which is discretely applied along with sand grain value of 0.67 m.
Figure 19 shows the location of the application of the form drag force. It is primarily
located on the ridge where the unresolved bathymetry has absolute values close to 4 m.
These data lie upstream of the ADCP measurement location and is expected to influence
the flow field there. The model is also applied discretely and horizontally along the
center. The model is not applied at the extended mesh region because no bathymetry data

was used to generate the mesh there; hence no unresolved data is available there.
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For this particular research the larger magnitudes of the unresolved data values greater
4.1 m are not considered in the model as a preliminary investigation. The locations of
these data are highlighted in Figure 20. They are not upstream of location of ADCP

measurements and are not expected to influence the flow field there.
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Figure 19: Points of application of form drag model with the absolute of the unresolved elevation
data (m)
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Figure 20: Locations of larger unresolved data
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In conclusion, Table 4 shows the percentage of CV‘s on the sea floor used for the
respective models. The smaller unresolved bathymetry which constitutes the major chunk
of the unresolved data around 93% is used to calculate the sand grain roughness value,
less than 7% of the unresolved data is used in the form drag model and only 0.15% of the

unresolved data is ignored.

Table 4: Summary of unresolved data used for different models

Total number Sand Grain Form Drag Data Unused
of points model (0.67m) model
Quantity 376251 351145 24524 582
(501x751)
Percentage (%) 93.33 6.52 0.15

5.2 Post Processing

The EXN-AERO solver writes its transient solution output in VTK format, which can be
post processed using the open source software, Paraview. The results in Paraview can

also be read into Matlab.

Due to memory constraints the output files for a 26 million node mesh are too large to be
written out every time step. EXN-AERO also has a special feature by which it can
monitor flow parameters at user defined points and write the output variables to a .sqlb

file which can be read by a Firefox Sqlite database manager utility. This feature is
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particularly useful in monitoring the turbulence characteristics at a specific location. The

data can also be post processed using Matlab.

5.3 Simulation Results

The results listed here primarily focus on the flow field and variables at the sea floor. In
addition, the turbulence through the water column is monitored at location of ADCP

measurements.

5.3.1 Velocity Field

Figure 21 plots the instantaneous resultant velocity at a horizontal slice at a distance of 40
from the free surface of the ocean for the hybrid model after 2000 seconds. Fluid is
entering the domain from the right and bottom edges having a magnitude of 4 m/s
inclined at 20 ° to the horizontal line. There is missing data at some zones as the depth in

those regions is less than 40 m and thus there is no data available.
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Figure 21: Resultant velocity field on slice plane at a distance of 40 m from the free surface of oceean
after 2000 seconds for the hybrid model
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As shown in Figure 21, the ridge triggers unsteady behavior downstream resulting in
large scale eddies and vortices. At regions where the fluid does not have to pass over the
ridge the flow is relatively steady. This is concluded from the upper inclined uniform red
patch in the figure. This flow pattern remains more or less the same throughout the
simulation. The flow field did not show any visual change for the two other simulations

run.

The region towards left hand side of the vertical white line indicate the extended mesh
which allows the eddies to develop and dissipate out. Zone 1 marked in the figure has
steep change in geometry as is also indicated in Figure 16. If the mesh was not extended,
the outlet would have been very close to this region where flow is unsteady and not fully

developed, which caused the solution to be unstable.

Figure 22 shows the zoomed in view of the flow field and sub grid scale turbulent

viscosity at location of ADCP measurements and its surrounding areas. Small eddies
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Figure 22: Zoomed in views near the location of ADCP measurements showing the (a) Resultant
velocity and (b) Turbulent Viscosity at a horizontal slice 40 m below the sea surface after 2000
seconds for hybrid model
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generated from the ridge travelling to this location is visualized. The flow field at this

location is dominated by the wakes generated at the ridge.

5.3.2y*and h*

Figure 23 plots the y* at the ocean floor after 2000 seconds. The predicted y* is a
function of the friction velocity v*, kinematic viscosity » and the height of the centroid of
the first control volume from the ocean floor y. The friction velocity scales with the
square root of turbulent kinetic energy k. The range for y* throughout the domain is
approximately 4, 21,352. This large value is mainly attributed to large variations of
turbulent kinetic energy and cell heights at the wall as kinematic viscosity remains
constant. The values are particularly high at the inlet, indicating high turbulent Kinetic
energy at those regions. The velocity at the inlet near the wall is prescribed constant
number and in the fluid domain near the wall, it is close to wall velocity confirming to the

log law. This sudden change in velocity leads to higher values of turbulent kinetic energy.
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Figure 23: y* values after 2000 seconds for hybrid model
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Figure 24 plots h* values at the sea floor for the hybrid simulation. The only difference
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Figure 24: h* values after 2000 seconds for hybrid model

between the calculation of h™ and y* is that the equivalent sand grain roughness is used
instead of the height of the centroid of control volume from the sea floor when
calculating h*. Hence both Figure 23 and 24 look very similar, the only difference being

the scale of the plots.

Minimum values of y* and h* are approximately 7596 and 9769 respectively. It is
concluded that the mesh is too coarse to resolve the flow field especially near the wall.
Currently there is 51 nodes from the sea floor to the free surface. It is recommended to
have around 150 nodes with more nodes near the wall. This fine mesh will resolve more
features of the flow field. Similar plots of y* and h* were also observed for the other

simulations.
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5.3.3 Turbulence Characteristics at the ADCP Measurement Location

Figure 25 shows plots of the horizontal speed, its unsteady component, the running mean
and standard deviation versus time at 10 m above sea floor at location of ADCP
measurements for the hybrid and sand grain models. A reference time is selected to start
the calculations of the running mean and standard deviations. As shown in Figure 25(a),
this time is selected after the initial numerical transients have settled down and a smooth
solution over the entire domain is obtained. The running mean at any time after the
reference time represents the average of all the velocities from the reference time to the
current time. The unsteady component of velocity is the difference of the actual velocity
and the resultant mean. The running standard deviation is also calculated in a similar way
to the running mean. The simulation is continued until the running standard deviation and

running mean reach a steady value.

The turbulence statistics is also studied by plotting the running mean and standard
deviation of the Reynolds stress components R11, R12 and Rz2 acting on a horizontal plane
10 m above the sea floor at location of ADCP measurements. These stress components
are calculated from the unsteady component of velocities u"and V' in the x and y
directions respectively and are defined as Ri1 =p «’u; R12=p «’V'and Rz22=p V'v." These
statistics are plotted in the Figure 27 and Figure 28 for the sand grain model (1m)
and hybrid models respectively. The mean and standard deviation is calculated in a
same way as explained in previous paragraph. The levelling out of mean and

standard deviation of the Reynolds stresses is a good indication that the statistics
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have converged. The mean values for the Reynolds stresses Ri1, Ri2 and Rz, are
103.7 N/m?, -5 N/m? and 95.53 N/m? respectively for the sang grain model (1m)
while for the hybrid model they are 158.9 N/m?, 14.89 N/m? and 228 N/m?
respectively. Hence, the hybrid model generates more Reynolds stresses at the point

under consideration

On comparison of the plots (a) and (b) in Figure 28 it is evident that the hybrid model
generates more unsteady behavior at the location under consideration. As listed in Table
5 the resultant mean velocity Umean are 1.567 m/s, 1.62 m/s and 1.827 (m/s) respectively
for the simulations employing sand grain roughness of 0.67 m, 1m and hybrid model
while the standard deviation is 0.313 m, 0.317 m and 0.399 m respectively. Figure 28
plots the individual component of velocities for the two models. It is clear that the hybrid
model is superior in generating turbulence as compared to sand grain only model for
around 2500 seconds of simulation time. There region for about 700 seconds marked by

region ‘C’ in the figure that the hybrid model does not generate turbulence.

Table 5: Simulation results

Resultant mean | Resultant standard
velocity (m/s) deviation

Sand grain roughness 0.67 1.657 0.313

Sand grain roughness 0.67 1.62 0.317

Hybrid model

(sand grain 0.67 + form 1.91 0.399

drag)

Smooth Wall 3.194 0.134
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This discrepancy can be further explained using the velocity field in Figure 29. It plots

the resultant velocity field at height of 45 m below sea surface for the hybrid model at
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Figure 25: Plot of horizontal speed (U), its running standard deviation (s), unsteady component (U )
and running mean of speed (Umean) at a height of 10 meters from the ocean floor at location of
ADCP measurements for (a) sand grain model (1m) (b) hybrid model
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Figure 26: For the sand grain model (1m) plotted are three Reynolds stress components namely a)
R11(N/m?) b) R12 (N/m?) ¢) R22 (N/m?) and their running mean Rijmean and running standard
deviation aij
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Figure 27: For the hybrid model (1m) ) plotted are three Reynolds stress components hamely a) Ru
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Figure 28: Plot of the X, y and z components of velocities (m/s) versus time (sec) at a height of 10
meters from the ocean floor at latitude: 45.365583 and longitude: -64.437437: (a) sand grain model
(1m) (b) hybrid model
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simulation time t =2150 seconds and t = 3197 seconds. Plot (a) at 2150 second represents
the flow field during simulation time other than region ‘C’ marked in Figure 28 while (b)
represents the flow field in region ‘C’. The general flow field in both the cases has the
same trends. However there is a difference the pattern of eddies that are generated from
the ridge. The flow around location of ADCP measurements plot (b) is steadier as

compared

ADCP
MEASUREMENTS
+

ADCP
MEASUREMENTS

+

Figure 29: Resultant Velocity field at horizontal slice 45 m below the sea surface for the hybrid model
after simulation time a) 2150 b) 3197 seconds

to plot (a), which is visibly more unsteady. This should be run longer to see if the pattern

at ‘C’ returns.

5.3.4 Higher Turbulence generation at Location of ADCP measurements

The hybrid model generates more turbulence at ADCP location as compared to the other
models. This is because there is more turbulence production from the wall. The
turbulence is related to the wall shear from Equation (27). Figure 30 plots the magnitude
of the wall shear stress for the two simulations. The range of data on both plots is the

same. The form drag model used in the hybrid simulation generates more wall shear
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stress, specifically at locations where it is applied. This can be reconfirmed by reviewing
Figure 19. Higher wall shear stress leads to more turbulence production from those

regions which influence the flow field at ADCP location which is downstream to it.

5.3.5 Simulation with a Smooth Wall Boundary Condition

Along with the previous simulations, an additional run was made to study the effect of
the turbulence generated from the wall, where the ocean floor was modelled as a smooth

wall [26].

Figure 31 plots the resultant velocity magnitude at a slice 40 m below the ocean surface
for this run. On comparison with Figure 21, the flow field is completely different in
nature, with less eddies being generated from the ridge. The flow in most regions is

steady.

Figure 32 plots the velocity statistics at height of 10 m from the ocean floor at location of
ADCP measurements. Since the simulation is restarted from an initial solution obtained
from the hybrid model simulation, the initial transients last for around 750 seconds. The
statistical convergence is obtained after 2400 seconds. On comparison with Figure 25
there is almost a 75% reduction in fluctuations of velocity. From these two plots it is

clear that most of turbulence is generated from the sand grain and hybrid models.
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Figure 30: Magnitude of wall shear stress for a) sand grain roughness model (1m) b) hybrid model
after 2000 seconds of simulation time
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Figure 31: Resultant velocity field on slice plane at a distance of 40 m from the free surface of oceean
after 1500 seconds for the smooth wall model
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Figure 32: Plot of horizontal speed (U), its running standard deviation (s), unsteady component (U’)
and running mean of speed (Umean) at a height of 10 meters from the ocean floor at location of ADCP
measurements for the smooth wall model
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5.3.6 Comparison with Experimental Data

Figure 33 compares the performance of the different models against ADCP
measurements. The current simulation represents the Ebb case. The mean of horizontal
speed is plotted against the resultant standard deviation. The blue points represent
measured data over one month period which has been divided into 5 minute intervals,
while the sand grain and hybrid results are marked appropriately. Comparing the sand
grain roughness models, the turbulence generated remains the same even though the sand
grain roughness value is changed from 0.67 m to 1 m. Higher turbulence should be
generated from the sand grain value of 1m as compared to 0.67m as the shear force acting
on the wall will be higher. This would in turn generate higher wall shear stress which
should result in higher turbulence production. The hybrid model generated approximately
25 % more standard deviation and 18% more mean velocity as compared to the sand

grain simulation results and is closer to measured data.

A probable reason why hybrid model performs better than the sand grain model is
because it is applied discretely while sand grain roughness is applied uniformly. The
turbulent length scales generated from the hybrid model match with the scales of the
unresolved data and is generated from the right locations at the wall where the unresolved

data exist.
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The smooth wall boundary condition gives results that are far away from the
experimental values. This point to the importance of including wall roughness

information in the simulation.
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Figure 33: Comparison of different models with ADCP measurements

From the preceding results, it is important to have some field measurements to validate

cross check the simulations results and to simulate a flow field that is close to reality.
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6. CONCLUSION

The current research is a positive first step taken towards how to systematically and

consistently model the unresolved rough ocean floor in CFD simulation for the specific

application of tidal energy. However this is a relatively unexplored field that can be

extended to other scenarios. The following conclusions can be made from it.

A method is presented to segregate the unresolved data to be used for different
models based on the physics of flow. A different formulation can be used for
calculation of the equivalent value of sand grain roughness based on the
application and the research done in that area.

The discrete application of form drag in combination with the sand grain model
can increase the turbulence generated at locations where the unresolved ocean
floor is large in comparison to the control volumes. However there were times
where the generated turbulence decreased (region ‘C’ in Figure 25) and this
should be examined further. Application of the right length scale at appropriate
locations is important feature of hybrid model.

The form drag model represents the unresolved bathymetry as flow past an
ellipsoid. This may be appropriate for tidal flow [9] and should not be generalized
for all applications.

While doing tidal simulations, it is advisable to have some field measurements at
specific points in the flow field so that simulation results can be validated.

Applications of different models can significantly change the flow field.
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e The form drag wall approximation can be extended to the LES model.
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7. RECOMMENDATIONS FOR FUTURE RESEARCH

The research in this field is in its infancy and additional work needs to done to validate

the hybrid form drag model for modelling unresolved bathymetry for different cases. The

following points specific to tidal flows are proposed for future work.

Additional simulations should be performed using different values for the
coefficient of drag used in the form drag model and the resulting changes in flow
field should be studied.

There is inconsistency in the form drag model where the turbulence generated by
the hybrid model periodically decreased. Additional tests should be performed to
study this behavior.

An equivalent value for the unresolved height can be used for the form drag
model. It should be discretely applied at the locations where the form drag is
applied.

The largest unresolved data (absolute values greater than 4.1 m) is not used in this
research. This data may be better modelled using a porous media [13] approach.
In this research two filter sizes 4.8 m and 10 m are used to generate the
bathymetry mesh. Effect of using filter sizes lesser than 10 m on the flow field

should be studied.
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