

























































































overcomes this by using a staggered grid to calculate the face pressures, and it is
therefore thought that this scheme might show increased accuracy when simulating the
flow near the baffles and in certain areas of high pressure gradients, such as around the

large vortices.

3.5 Model Geometry

The geometry of the model used in this research is exactly the same as the model used in
all OBC research conducted by Ni (2002N101, 2003J101, 2003NI01). All models were
created in Gambit 2.2.30. Three baffled cells are modeled. The dimensions of the column
model used for these simulations, as can be seen in Fig. 3-1, had a total length of 23 1mm,
a pipe diameter of 50mm and distance between the baftles of 75Smm. The baffles were
3mm thick and had an orifice diameter (D,) of 23mm, giving a D/D,, value of 2.174. The
distance between the baffles is 1.5 times the pipe diameter, which according to Brunold
(1989BRO1) is the spacing that gives the most mixing over the greatest range of

amplitudes.
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Figure 3-2. Dimensions of baffled column (All dimensions in mm)

The working fluid used was water (p = 998.2 kg m™, 1 = 0.001003 kg m's™)
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4. Computational Grid

A fully structured mesh was used for all the grids used in order to minimize numerical
diffusion. Three different size grids were used to model the OBC. Grid 1 contained

551 225 cells, grid 2 contained 627 776 cells and grid 3 contained 726 804 cells.
Consideration was taken to ensure that for all grids y* = | along the walls, although in
very isolated points where there were high velocities near the walls, y* was as high as 5.
Since this area of higher y* values moved throughout each cycle because of the
oscillatory flow, a large area would have had to have been refined. Because of this,
combined with the fact that the areas of high " values were extremely isolated, it was

decided that the meshes were adequate for use with LES.

The filter length used for LES is equal to the grid size. It is important to use a grid with a
cell size that is between the size of the large energy absorbing eddies and the small
dissipating eddies. This range of eddy sizes is called the inertial sub-range and there
should be effectively neither generation, nor dissipation of turbulent kinetic energy in this
size range. According to Schubert (1999SCO01) eddies that have a radius smaller than 12
times the size of the Kolmogorov length scale (/p), defined in Eq. 4.1, are laminar

dissipating eddies.

1, =(e) " (4.1)

The grid size should also be in this range in order to be in the inertial sub-range. By
calculating € from the combination of the experimental values given by Ni (2003NI01),
the average value is approximately 6x10* m?/s*. Since v for water is 10 m”/s, this means
the average grid size should be approximately 2.42 mm. Since the flow is highly
dynamic, there are areas in the flow however that reach values of € into the region of
6x10” m%/s’, meaning a filter length of 1.36mm is needed in these areas. Both these grid
sizes are very large, and it is thought that using a grid of this size would cause numerical
inaccuracies, since y and CFL numbers would be higher than 1. It was therefore
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attempted to make the filter length in the region of 0.3mm in areas where it was thought
that the dissipation rate would be highest, and use a coarser grid in other areas. If the grid
1s finer than the size of the laminar eddies, it means that more of the flow is directly
resolved, and less is modeled, which should produce a more accurate result. Schubert's
research (1999SCO01) was based on impeller driven flotation cells though, so it was not
known whether his findings could also be used for OBC’s. Therefore simulations were
still conducted to see whether the grid size was in the inertial sub-range. This was done

by calculating the subgrid TKE, defined in Eq. 4.2, using the different grids.

ki, = (4.2)

[f there was no change in the results using finer grids, then the grid size, and therefore the

filter length could be deemed to be in the inertial subrange.

The mesh used in the inter-baffle cells on the ends of the model was coarser than the
mesh used in the center cell, seen in Fig. 4-1. This was because results were only being
compared in the center cell, and therefore it didn’t matter if the flow simulated at the ends
was accurate. The filter length in the side cells is under the filter length needed according
to Schubert though. As mentioned before, Roberts (1996R0O01) found that the flow in
each cell was largely independent of the flow in the adjacent cells, and therefore it should
not matter if the flow in these outer cells is not accurate. Another reason is that if a grid
was used in the outer baffled cells of the same density as the center cell, the grid would
be too large and computationally expensive. A typical grid is shown in Figs 4-1, 4-2 and

4-3.
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Figure 4-3. Typical longitudinal cross-section of grid in center baffled cell
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5. Boundary Conditions

In all previous research, periodic boundary conditions have been used, whereby the flow
through both ends of the OBC is forced to be both spatially and periodically identical.
Since FLUENT does not allow periodic boundary conditions with transient flows, the
mass flow rate had to be discretised and reset at each time step using a journal file. Since
using periodic boundaries increases the computational expense of the simulation, velocity

inlet boundary conditions were first investigated.

5.1 Velocity Inlet Boundary Conditions

Initially the oscillatory flow was defined by defining the one end of the OBC as a
velocity inlet and the other an outflow. Effectively this would be the same as if a solid
piston was on the left of the column, oscillating the flow. The flow at the velocity inlet
was defined by a user defined function (UDF), which reset the velocity after each time-

step through the OBC using Eq. 5.1:
u=2mfx,cos(2x f't) (5.1

When the flow reversed, there would be reversed flow through the outflow boundary.

The turbulent inlet conditions could be defined through the velocity inlet, but these values
are usually found experimentally, and would therefore be difficult to estimate accurately.
This method had the advantage that it would be less computationally expensive than
using periodic boundaries, and according to Roberts (1996R0O01), the flow in each inter-
baffle cell is largely independent on the flow in the adjacent cells, and therefore it should
not matter that the incoming flow into the side cells is not realistic, as it should develop in

these before coming into the center cell.
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5.2 Periodic Boundary Conditions

Translational periodic boundaries were also used. This is equivalent to the one periodic
boundary having the opposing periodic boundary as its direct neighbor, thereby making
the two boundaries have identical flow conditions. To define the oscillatory flow, a
Jjournal file (Appendix 2) was used that reset the mass flow rate through the boundaries at

each time step using Eq. 5.2
it = p[%DEJZ/_zfxo cos(271) (5.2)

Since the incoming flow is identical to the outgoing flow, the turbulent conditions will
have already developed. Using periodic boundaries would be more computationally
expensive because of the iterative procedure to get the flow though the boundaries to be
identical, but the flow in reality is periodic and so this method is more realistic and

therefore should give the most accurate results.
Simulations were also conducted to see the effect of using periodic boundaries that were

the same diameter as the orifice, instead of them being the entire column diameter. This

was done with the thought that it would produce a more realistic flow.
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6. Data Used to Validate Model

All the DPIV experimental and numerical data used to validate the model was from work
by Ni (2003N101) where an oscillation frequency and amplitude of 1Hz and 4mm was
used throughout. The DPIV data was in the form of phase averaged variable values
averaged over one baffled cell. Due to the nature of the DPIV equipment, the area closer
than 3mm to the walls of the OBC was not included in this average. Since DPIV can only
provide two-dimensional measurements, the three dimensional velocity components were
approximated as a ratio of the 2D components. It was chosen to compare the results
against the 3D volume averaged results since the 2D results would change depending on
the angle of the plane that they were taken on because of the asymmetric nature of the
flow. These were averaged over 15 cycles. One of the problems with using volume
averaged experimental results to validate the numerical model against is that vastly
different flows could potentially produce the same volume averaged result. This therefore

needs to be kept in mind when comparing results.

Each cycle was split into 8 phases as can be seen in Fig. 6-1. Values of velocity, turbulent
kinetic energy, dissipation rate and integral length scale, defined in Sections 6.1, 6.2 and
6.3 respectively, were calculated at each of these phases, and then the volume weighted
average was calculated over the cycles completed. This was done by exporting the cell
velocity magnitudes at each phase and then using those data sets to calculate the resolved
TKE, which is defined in Eq. 6.3, using an externally written FORTRAN program
(Appendix 3).

Stroke

Figure 6-1. Phase positions with respect to time
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Data was only begun to be recorded after 10 cycles to allow the flow to stabilize.
Although the velocity components at different points in the flow were not constant at
each phase at this point, the volume weighted velocity average was, and it was known
that it could take over 100 cycles for the flow to reach a fully saturated asymmetric state
(1996R0O01). Therefore this was deemed a suitable point at which to begin to sample
data. Values were then recorded for 4 cycles when the results were used for the
comparison of different grids and discretization schemes as this was thought to be long

enough since only their effect on the results was of interest, and not the actual result.

6.1 Turbulent Kinetic Energy (k)

Turbulent kinetic energy (TKE) is obtained by the summation of the subgrid TKE and
resolved TKE. The subgrid TKE is directly calculated in FLUENT using Eq. 6.1

ko=t 6.1)

with L; = min(kd, C,;V"”). Although C, changes from cell to cell when using the Dynamic
Smagorinsky-Lilly subgrid-scale model, a set value of 0.1 was used when calculating the

subgrid TKE since the actual value of C; at each cell was not available for calculations.

The resolved TKE is calculated by using the definition of TKE per unit mass

' !

|
k= EZ; u (6.2)

!

where u, is the fluctuating part of the velocity. Since this cannot be directly calculated

by FLUENT and that u; =u, —u, where u, is the phase averaged velocity, Eq. 6.3 was

used instead
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N
I
k=—|=——(u, ) 6.3
S| = W) (6.3)
Since FLUENT does not calculate the phase averaged velocity, it was necessary to export
a data file of velocity in each cell at each phase and then use an externally written

program to calculate the phase average velocity and thus the resolved TKE (Appendix 2).

6.2 Dissipation Rate (g)

It is assumed that all the TKE that is transferred from the resolved eddies to the subgrid
eddies is dissipated by the subgrid eddies. The rate of energy dissipation is calculated by
using the resolved velocity field in the form of the strain rate tensor, the subgrid turbulent

viscosity, which again is calculated using the resolved velocity field, and the fluid

density.
e=243) (6.4)
P
Therefore by combining Eq. 6.4, Eq. 3.11 and Eq. 3.12
2 2/3 =3
£=Cr"S]| (6.5)

Although only values of TKE and turbulent integral length scale were available in the
literature (2003N101), Ni’s experimental and numerical energy dissipation rates could be

calculated for comparison since the turbulent integral length scale is defined by Eq. 6.6

(6.6)

The turbulent integral length scale is the distance of fluid elements moved due to
turbulent eddies (2003NI01) and is usually used to describe momentum transport. This

means that the larger the length is, the more intense the mixing is.
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7. Results and Discussion

Initially all simulations using LES were conducted using the standard Smagorinsky-Lilly
SGS model, and as mentioned before, the default discretization schemes were used at

first. The two different methods of defining the oscillatory flow were first compared

Figure 7-1. Iso-surface of vorticity magnitude (68 s), colored by velocity magnitude
after 10 cycles, showing asymmetry of flow (f = 1Hz, x, = 4mm)

7.1 Velocity Inlet versus Periodic Boundary Conditions

Simulations conducted using velocity inlet boundary conditions gave phase averaged
velocity magnitudes that were far lower than the experimental, as can be seen in Fig,
7.2a, and results of subgrid turbulent kinetic energy and dissipation rate were also lower
than the results obtained using periodic boundaries (cf. Figs. 7-2b and ¢). It is thought
that this is because the flow that entered the computational domain was effectively
laminar and uniform over the entire inlet, unrealistic in both cases, and the turbulent flow
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did not have time to develop. It was attempted to estimate the turbulence intensity
coming into the domain but this did not help since the amount to specify was not known,

and in reality would have a varying profile, and therefore was not accurate.

The results predicted when using a velocity inlet do follow the same trends as the
periodic boundary results however, and it is thought that using this method would be
more accurate if an extra baffled cell was added to either side of the computational
domain to give the flow more time to develop, but that would result in a larger grid, and

due to the extra computational expense and lack of time, this could not be done.
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Figure 7-2. Comparison of the effects of using different methods of defining
oscillating flow on phase averaged (a) velocity magnitude, (b) turbulent kinetic
energy and (c) dissipation rate (f = 1Hz, X, = 4mm)
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Initial simulations using periodic boundaries gave results that were closer to the
experimental results as can be seen in figs. 7.2a, b and c. The way the flow is defined
using periodic boundaries is also more realistic, and therefore this method was decided to

be used in subsequent simulations.

[t was also attempted to use periodic boundaries that were only the orifice diameter,
making the boundary conditions more realistic, but it was unable to reduce the residuals
to less than 1x107. It is thought that the flow at each boundary was too different for the
periodic boundary condition to force them to be the same, since at the one end of the

column the flow would be suddenly expanding, and at the other end, contracting.

7.2 Convergence Independence

After conducting an initial simulation using grid 3 and the default discretization schemes,
and using convergence criteria of 1x107 for the normalized residuals of continuity, X, y
and z velocity, and momentum, the pressure gradient between the periodic boundaries
was monitored. There was found to be no change in the gradient once residuals had been
reduced to 5x10™. Therefore for all subsequent simulations, the convergence criteria for

all residuals were set to 5x10.

7.3 Grid Size Independence

It was found that there was minimal difference in the phase averaged velocity magnitudes
between the results from the 3 different grids used, as can be seen in Fig. 7.3a. There was
a small increase in TKE between grid 2 and 3 (cf. Fig. 7-3b), with the finer grid
producing more accurate results, but little difference in TKE was predicted between
results from grid 1 and 2. The same was found when comparing phase averaged
dissipation rate, as is shown in Fig. 7-3c¢, except that there is clear improvement in the

results when using grid 3.

The difference in the subgrid turbulent kinetic energy between the different grids was

small, combined with the fact that there was no order in the results, i.e. grid 2 gave the
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lowest subgrid TKE, with grid 3 giving the highest values (Fig. 7-3d). This points
towards the conclusion that the subgrid TKE was no longer affected by the grid size,
meaning that the filter length was in the inertial sub-range. This could also mean that the
mesh that was used for grid 2 was not refined enough in place of high velocity. Because
of the difference found between the results of subgrid and total TKE, as well as
dissipation rate between grid 3 and the other two, it was decided that both simulations
using grid 1 and 2 were grid dependent and therefore the most accurate grid to use would

be grid 3.
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Figure 7-3. Grid effect on phase averaged values of (a) velocity magnitude, (b)
integral length scale, (c) turbulent kinetic energy, and (d) the subgrid turbulent
kinetic energy (f = 1Hz, x, = 4mm)

7.4 Subgrid-scale (SGS) Models

Once the most appropriate grid was chosen, a simulation using the dynamic
Smagorinsky-Lilly model was then conducted together with grid 1, and the default
discretization schemes to investigate the effects of the subgrid scale models. Although
this was not the most accurate grid to use, only the effect of the different SGS models
was being investigated, and since the filter length of all the grids was in the inertial sub-
range, there was therefore no need to use the finer grid that was more computationally

expensive.

It was found that there was minimal change in the mean phase averaged results between
the two subgrid scale models (cf. Fig. 7.4). Although the Standard Smagornisky-Lilly
SGS model is less computationally expensive, it also has difficulty in predicting
transitional flow (2004FL01). Because of the potential improvement in accuracy,
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especially when this numerical model is used at higher Re, numbers, it was therefore

decided to use the Dynamic Smagorinsky-Lilly model for all further simulations.

r —&— experimental (Niet al,, 2003) & Ni's finest mesh (Niet al,, 2003)
A standard S-L SGS model o dynamic SGS subgrid scale model
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—~
"
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& 80805 o
= 3 § $ N o . 2 3
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4.0E-05 A
2,005
0.0E+00 — —
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phase

Figure 7-4. Effect of Dynamic Smagorinsky-Lilly subgrid-scale model on phase
averaged results of turbulent kinetic energy (f = 1Hz, x, = 4mm)

7.5 Discretization Schemes

7.5.1 Pressure-Velocity Coupling Discretization Scheme

Again using grid 1, since only the effect of the discretization scheme was being
investigated, simulations were run using the dynamic Smagorinsky-Lilly SGS to
investigate the effects of using different pressure-velocity discretization schemes. It was
found that all pressure-velocity coupling schemes gave approximately the same results of
phase averaged velocity magnitude and dissipation rate (cf. Figs. 7-5b and c). The
SIMPLEC and PISO schemes predicted results of TKE that were on average slightly
closer to experimental results than the SIMPLE scheme (cf. Fig. 7-5a). There was no
significant difference between the SIMPLEC and PISO schemes. Due to this it was
therefore decided that the SIMPLEC pressure-velocity discretization scheme was the
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most appropriate scheme to use, along with the fact that it’s less computationally

expensive, confirming the initial notion stated in Section 3.4.1.
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Figure 7-5. Effect of different pressure-velocity coupling discretization schemes on
phase averaged results of (a) turbulent kinetic energy and (b) dissipation rate
(f = 1Hz, x, = 4mm)

7.5.2 Momentum Discretization Schemes

Using the SIMPLEC pressure-velocity coupling and the dynamic Smagorinsky-Lilly
subgrid scale model together with grid 1, the CD and QUICK momentum discretization
schemes were then compared. By observing the predicted flow, the first thing noticed
was that the flow in the simulation using QUICK remained symmetric for a longer period
of time than the flow when using CD, as is seen in Fig. 8-6a and b. Although the exact
time of the flow becoming asymmetric was not established, the flow after 5 cycles was
clearly symmetric when using QUICK, whereas the flow simulated using the CD scheme

was already asymmetric at this point.
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