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3.3. Sub-Model Accuracy Tests
3.3.1. Drag correlation tests

After determining the mesh size for simulations of the 2D rectangular bubble column, it
was then necessary to test detailed sub-models (i.e., drag, lift, wall lubrication, and virtual mass
force) for comparison with the experimental data described in Harteveld (2005).

Two different drag models were tested first, since drag is the most important force in
bubbly flow and has a strong effect in predicting flow behavior. The two drag models tested in
this work included the Tomiyama (Tomiyama et al., 1998) and Tenneti drag laws (Tenneti et al.,
2011), which were discussed in detail in Chapter 2.

The previously 2D rectangular bubble column geometry (section 3.1) was used to study
these drag models, as well as the two-fluid model in OpenFOAM to solve the system. The Tomi-
yama lift model (Tomiyama, 1998), a constant virtual mass coefficient of C,,,, = 0.5 (Drew and
Lahey, 1987), and the Frank wall lubrication model (Frank et al., 2004) were also employed.
Then compared the flow behaviors of the simulation using the Tomiyama and Tenniti drag corre-
lations. The boundary conditions previously listed in Table 2 were applied here as well. Results
were time averaged for t = 180 s for all cases.

For uniform air injection (case 1), the experimental results showed uniform air distribu-
tion and no large structures. The simulation results using both the Tomiyama and Tenneti drag
laws showed a similar trend, but did not perfectly match the experimental data, as shown in Fig.
4. It was observed, however, that the Tomiyama drag law provided more symmetric bubble dis-
tribution near the inlet area than the Tenneti drag law. The global air volume fraction obtained

using the Tomiyama drag law was also higher compared to the Tenneti drag law.
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Fig. 4. Time averaged air volume fractions of case 1 using the (a) Tomiyama and (b) Tenneti
drag correlations, and (c) the corresponding experimental result.
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Fig. 5. Time averaged air volume fraction of case 1 at height z=0.7 m
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Fig. 24. The simulated time averaged air volume fraction of case 1.

However, for flow stability analysis, we need to establish an instantaneous air volume
fraction. An example of an instantaneous air volume fraction of case 1 at t = 20 s is shown in Fig.
25, in which the same results are depicted at scale of 0 —0.2 and 0-1. It is evident from these im-
ages that the 0-0.2 scale enables us to more easily observe flow behavior in the column. For ex-
ample, at this scale, fluctuations close to the wall area can be observed, which have created some
medium-scale structures and a region of low air volume fraction at the center of the bubble col-
umn. These fluctuations and disturbances are due to the lift and wall lubrication forces in
combination with the boundary conditions, bearing in mind that this test case is 2D and therefore

does not contain front or back wall effects.
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Fig. 25. The simulated air volume fraction of case 1 att = 20 s at a scale of (a) 0-0.2
and (b) 0-1.

For Uair= 0.02 m/s, the flow shows some fluctuations, but not strong instability, where a
large dynamic structure appears. To study the stability of the 2D rectangular bubble column,
more simulations with higher superficial gas velocity were performed. Table 13 lists all the dif-
ferent superficial gas injection velocities, where U,ir 1 is the original case 1. All cases were run

for 20 s. The instantaneous air volume fractions at t = 20 s are shown in Fig. 26.
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4.3.2. Cylinder bubble column stability analysis in OpenFOAM

The flow stability was investigated computationally using the same numerical setup de-
scribed previously for the cylindrical bubble column, along with a bubble diameter of 4 mm. The
two-fluid model was the base model for calculations in OpenFOAM and the sub-models applied
to this simulation were the same as the mesh convergence test (section 4.2).
Table 22 provides the various simulated superficial gas velocities with the corresponding initial

water levels to match the Harteveld (2005) experimental setup.

Table 22. Superficial gas velocities for different gas fractions (OpenFOAM simulations).

Ug (M/s) Initial Water Level (m)
0.015 1.3
0.025 1.3
0.032 1.3
0.039 1.3
0.049 1.3
0.076 1

The boundary conditions for this cylinder bubble column are shown in Table 18 in
section 4.2, in which B1 is the bottom plane (i.e., the air injection area), B2 is the wall, and B3 is
the outlet, which is open at the top. The only differences between the cases are the initial water
level and the inlet gas velocity

The results for the first case with a superficial gas velocity of Ug = 0.015 m/s are shown

in Fig. 42, which reports the time averaged volume fraction over t = 50 s at different locations, in
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Fig. 42. Time averaged air volume fraction simulations and experiments at a superficial gas ve-
locity of Ug = 0.015 m/s and different height locations in the bubble column, including (a) 0.07
m, (b) 0.3 m, (c) 0.6 m, and (d) 1.2 m.

Fig. 43 shows the time averaged air volume fraction of the cylinder bubble column at
different heights using a slightly faster superficial gas velocity of Ug= 0.049 m/s. At this veloci-
ty, the time averaged air volume fractions between the OpenFOAM simulations and experi-
mental results were similar (~25%). Both sets of tests showed the small peak in the profile near
the wall, but experimentally this phenomenon actually happened closer to the wall than the simu-
lations suggested. In addition, the simulations appeared more uniform compared with the
experimental results at this velocity. In the experiment at a height of z = 0.15 m, the time average

air volume fraction profile drops near the wall area due to the wall lubrication force that drives
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Fig. 55. Comparison of the experimental and simulated time averaged liquid axial velocity pro-
files both with and without the bubble dispersion (BD) force for a height of z =0.13 m.
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Fig. 56. Comparison of the experimental and simulated time averaged liquid axial velocity pro-
files both with and without the bubble dispersion (BD) force for a height of z = 0.25 m.

Fig. 57. Comparison of the experimental and simulated time averaged liquid axial velocity pro-
files both with and without the bubble dispersion (BD) force for a height of z = 0.37 m.
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4.4.4. Conclusion

For a cylindrical bubble column, the time averaged profiles predicted by the two-fluid
model without the bubble dispersion force term trended well compared with the experimental
results and were in good agreement with the experimental data when the air injection velocities
were between 0.015 m/s and 0.049 m/s. With higher injection velocities, such as 0.076 m/s, the
time averaged result of the two-fluid model without the bubble dispersion force did not agree
very well with the experimental result.

Also, the flow stability analysis results did not show the same predictions as Harteveld
(2005) in cases without the bubble dispersion term. The instability was observed in the simula-
tion even with low air injection velocity, starting around 0.03 m/s. However, Harteveld (2005)
observed instability in the bubble column starting around 0.05 m/s. With the bubble dispersion
force, at low air injection velocities ranging from 0.015 m/s to 0.049 m/s, the time averaged re-
sult did not change significantly, but there was a reduction in the oscillations of the time aver-
aged air volume fraction profile. For higher gas injection velocities (0.076 m/s), the time aver-
aged profiles from the simulations partially fit the experimental data. In terms of the flow stabil-
ity analysis, with the bubble dispersion force the prediction did not show large dynamic struc-
tures for an injection velocity of 0.05 m/s due to the added effect of the bubble dispersion force
term, which is in agreement with the experimental results of Harteveld (2005).

In the Pfleger et al. (1999) validation test case, no major effects of the bubble dispersion
force were observed on the time-averaged profiles. The overall effect of the bubble dispersion
force was to stabilize the flow, which can be explained by the fact that this term tends to make
the gas volume fraction more uniform. Its effect is more evident in cases where there is a high

gradient in the volume fraction.
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CHAPTER 5. CONCLUSION
The goal of this thesis was to gather a detailed understanding of the two-fluid model for
the simulation of gas-liquid flows. A detailed study was performed using the open source soft-
ware OpenFOAM, which enabled to investigate and determine the effects of drag, lift, virtual
mass, and wall lubrication forces on the simulation of bubbly flows. With this work, an accurate
simulation of the flow behavior inside a bubble column is very success. By testing different col-
umn configurations and superficial gas injection velocities, the investigation of the dynamic

large-scale fluctuations that characterize flow in a bubble column can be accomplished.

5.1. Investigating the 2D Rectangular Bubble Column

In this work, a pseudo 2D bubble column (Harteveld, 2005) was simulated that incorpo-
rated the Tomiyama drag law (Tomiyama et al., 1998) and the Legendre and Magnaudet lift
model (Legendre and Magnaudet, 1998), since they provided satisfactory results in agreement
with the experiments considered in the preliminary model tests. The Antal wall lubrication model
(Antal et al., 1991) and a constant virtual mass coefficient equal to 0.5 (Drew et al., 1979) were
selected. Both 2D and 3D simulations were performed, with improved results evident in 3D sim-
ulations compared to 2D. However, the difference in the results did not justify the additional

computational cost. Therefore, 2D simulations in the remainder of the study can be performed.

5.2. Investigating the Cylindrical Bubble Column
The 3D bubble column of Harteveld (2005) was simulated as an example of the
cylindrical column. Compared with the Harteveld experimental results, most of the simulations

performed with the two-fluid model showed good agreement for superficial gas velocities below
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Ug = 0.049 m/s (oo = 25%). However, some of the details observed experimentally were not
captured by the simulations, such as the gas volume fraction peak near the column wall, and the
volume fraction profiles near the inlet. With higher superficial gas injection velocities, the
agreement of the two-fluid model predictions with the experiments diminished further (15%—
20% error compared with the experimental results). This outcome could be explained by the fact
that the sub-models may not be sufficiently accurate. The experimental measurements used as

reference may also have been affected by uncertainty.

5.3. Future Work
The lift force model of Tomiyama (1998), which was designed for bubbly flows, will be
tested to verify if it provides a significant change in the prediction of the two-fluid model simula-
tion near the inlet location of the bubble column since the Tomiyama correlation was specifically
developed based on experiments of gas-liquid systems. Bubble dispersion will also be used as a

standard sub-model in all future simulations.
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