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Figure 6-16. Time dependent mass flow rate through stator slot 13 in the standard gap device over one period.
Based on LDA data at z= -6 mm. Volute cover 1.
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Figure 6-17. Time dependent mass flow rate through stator slot 14 in the standard gap device over one period.
Based on LDA data at z= -6 mm. Volute cover 1.
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Figure 6-18. Time dependent mass flow rate through stator slot 1 in the standard gap device over one period.
Based on LDA data at z= -6 mm. Volute cover 1.



14, and 1, respectively, for the standard gap rotor-stator device with volute cover 1.
The calculation of these mass flow rates is based on measurement in only the z = -6
plane of the device and therefore are not completely accurate, but nevertheless may be
useful for comparison to simulation. In these figures, 0.36° indicates a rotor slot
orientation in perfect alignment with the corresponding stator slot (see, for instance,
Fig. 5-7). In all three slots, the flow is near a maximum when the stator slot is
completely open. The flow rate remains nearly constant until a rotor slot has
completely passed a stator slot (~9°), at which time the flow rapidly decreases to its
minimum value. The flow then rapidly increases to nearly the same level that it was
when the slot was fully open. This increase occurs well before the stator slot has
begun to reopen, which is counterintuitive. Recall that CFD simulation predicted that
the slot mass flow rates remain near zero for the entire time that a rotor tooth blocks
the slot (Fig. 5-22). This indicates that, in the physical device, when a stator slot is
blocked by a rotor tooth, the path of least resistance to flow for fluid in the gap is
between the stator teeth and volute cover clearance, rather than tangentially through

the gap to the next open downstream stator slot.

6.3 Fixed Frame Turbulent Kinetic Energy

The turbulent kinetic energy based on fixed frame LDA measurements of the r
and O velocity fluctuations in the z = -6 mm plane for the wide gap model are shown
in the vicinity of slots 14, 1, and 2 in Figs. 6-19 through 6-21. Unfortunately, fixed
frame turbulence measurements include a psudoturbulence due to the periodicity of

the rotor and, therefore, direct comparison to CFD results is ambiguous. Nevertheless,
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Figure 6-19. Fixed frame LDA turbulent kinetic energy data (m?/sec?) in the z = -6 mm plane near stator slot
14 of the wide gap device. Volute cover 1.
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Figure 6-20. Fixed frame LDA turbulent kinetic energy data (m?/sec?) in the z = -6 mm plane near stator slot
1 of the wide gap device. Volute cover 1.
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Figure 6-21. Fixed frame LDA turbulent kinetic energy data (m?/sec?) in the z = -6 mm plane near stator slot

2 of the wide gap device. Volute cover 1.



the LDA data indicate that in all 3 slots the highest turbulence occurs near the left
lower corner of the stator slot. The volute regions near the slots have relatively low
turbulence values. Of the three regions depicted, only the gap near slot 2 has
significantly high turbulence values (up to 9 m% sec’ or 0.05V2tip)

The measured fixed frame turbulent kinetic energies for the standard gap
device in the z = -6 mm plane (Figs. 6-22 through 6-24) show that the highest
turbulence occurs all the way across each stator slot very near the boundary with the
gap. The maximum TKE in the standard gap model is also on the order of 0.05V2(ip.
In comparison to the wide gap device, the stator slot TKE in the standard gap device
appears to be concentrated more towards the shear gap. Measurements in the gap
itself were not possible for the standard gap device.

Very roughly, the differences in the localization of high turbulence between
the standard and wide gap devices found experimentally coincide with the differences
predicted by CFD. In the standard gap CFD simulation, a region of high turbulent
kinetic energy was found to extend from the left lower corner of a stator slot much
further across the slot width than in the wide gap simulations (compare Figs. 4-34 and
5-48). Further, similarly to the fixed frame LDA data, CFD simulations predicted that
the slot turbulence in the standard gap device is concentrated into a smaller region
near the shear gap than in the wide gap device. CFD predicted maximum angularly
resolved TKE values in the right corner of stator slot 1 to be about 50 m?/sec’
(0.30V2up) for the wide gap device and 150 m*/sec’ (0.90V2tip) for the standard gap

device (section 5.3) which seems to be an overestimate. However, it should be kept in
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Figure 6-22. Fixed frame LDA turbulent kinetic energy data (m?/sec?) in the z = -6 mm plane near stator slot
14 of the standard gap device. Volute cover 1.
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Figure 6-23. Fixed frame LDA turbulent kinetic energy data (m?/sec?) in the z = -6 mm plane near stator slot
1 of the standard gap device. Volute cover 1.
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Figure 6-24. Fixed frame LDA turbulent kinetic energy data (m?/sec?) in the z = -6 mm plane near stator slot
2 of the standard gap device. Volute cover 1.



mind that LDA cannot measure close to walls, where the CFD predicted the highest

values due to stagnation of the gap jet with the wall.

6.4 Summary

Qualitatively, CFD simulation compares well with fixed frame LDA data of
the mean velocity field in stator slots for both the wide and standard gap devices.
Both simulation and experiment predict vortices in the slots, with reentrainment of
flow from the volute. Further, both simulation and LDA show that velocities near the
portion of the slots closer to the gap are higher in the standard gap device,
Measurements in the shear gap of the standard gap device cannot be compared with
simulation due to limitations of LDA. Future comparisons of gap mean velocity data
with simulation need to be performed for further validation of the wide gap model.

The CFD simulations, obviously, do not do a good job in predicting the strong
dependence of stator slot flow patterns on axial depth. When volute cover 2, which
reduces leakage flow over the stator teeth, is used for experiment, the flow patterns at
the slot exit more closely resemble those obtained with simulation.

Further, due at least in part to leakage flow between the volute cover and the
top of stator teeth when a stator slot is blocked by a rotor slot, CFD does not predict
the fixed frame distribution of flow rates between the slots correctly. In the angularly
resolved reference frame, both CFD and LDA data do show that, in the standard gap
device, individual slot flow rates undergo a rapid decrease as soon as a rotor tooth
completely blocks a stator slot. However, experimentally, the slot flow rate rapidly

increases back to a maximum long before the rotor tooth completes its passage. CFD
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gimulation, on the other hand, predicts that the slot mass flow rate remains very low
for the entire passage of a rotor tooth. This discrepancy is also likely due to leakage
f]OW.

Patterns of the fixed frame turbulent kinetic energy in the stator slots are
crudely predicted by CFD: The TKE is more focused near the interface of a stator slot
and the shear gap in the standard gap model. Nevertheless, the simulations appear to
overpredict the magnitude of TKE significantly. Because of pseudoturbulence, a more
meaningful comparison of the device turbulence field predicted by simulation and
observed with experiment cannot be done until the angularly resolved LDA data is

fully analyzed.
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Chapter 7  Conclusions and Recommendations

The simulations presented in this work have shown that CFD may indeed
provide insight into the fundamental physics of flows occurring in rotor-stator mixers.
Significant differences in the simulated flow occurring in the wide and standard gap
models were found, and indicate that parametric studies may be the best approach to
the use of CFD for rotor-stator mixers. The simulations show several interesting
phenomenon that are not necessarily intuitive. These include the finding that,
according to simulation, shear in the gap is much smaller than what might have been
expected in both the standard and wide gap models. Thus, high shear in rotor-stator
mixers may play only a very small role in dispersion processes. Further, flow reversal
in the gap region, according to simulation, is more likely as the gap width decreases,
and the maximum gap mean velocities actually occur in a direction opposite that of the
rotor motion.

While many of the simulation results are interesting, and have significant
potential to be an aid in the design of rotor-stator mixers, there are many issues to be
addressed before CFD simulations of these devices can be utilized with confidence.
First among these is continued, in-depth, comparison of simulation with angle
correlated LDA data. The preliminary comparison done here has shown that
the two-dimensional approximation appears to correctly predict, on a qualitative level,

the mean velocity field, in the mid-plane of the device, in the stator slots and volute.
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HoWeVer, it is still not known whether the CFD simulations captured the qualitative
fature of flow in the shear gap region for the wide gap device.

Itis clear, however, that a quantitative prediction of the mean velocity field is
N0t obtaineq With the present simulations: The maximum fixed frame velocities are
OVerpredicteq by CFD. It appears that Jeakage flow between the tops of stator teeth
nd the volyte cover is a very significant feature of the flow. It is therefore essential
that futyre CFD simulations address this three-dimensional nature of the flow.

: ineti ergy.
Further, the simulations appear to over predict the turbulent kinetic energy

This is OPPosite to most turbulent simulations in stirred tanks (Robinson, 2001), and
the reason for this is not clear at present, but it may also be due to leakage flow. It is
also likely that the k-¢ turbulence model and the wall function treatment are not
SOophisticateq cenough for the complex flows occurring in the gap, and it is
Tecommended that other models, such as RSM or large eddy simulation (LES) be
°mployed withoyt wall functions in the future.

The difficulty with using more sophisticated turbulence models in conjunction
with fuly three-dimensionaj simulations is the very long compute times required.
In the shory time since CFD work began for the rotor-stator mixer under consideration
here, Computing power has increased at a rapid pace, With the present ability to run
CFD simulations on parallel processor systems, it is possible to routinely run three-
dimensional sliding mesh simulations with upwards of 1.5 million cells, Clearly,
however, the fact that it takeg upwards of 9 rotor revolutions before a periodic steady
State is reached makes simulatjons of rotor-stator mixers, as performed here, very time

€Onsuming and not feasible for routine uge. For instance, for simulation 5 (~350,000
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“Omputationg] cells) , on a two-processor machine, each time step ¢ equired

aPp foXimately 100 outer iterations (about 20 minutes of CPU time) as described in
Chapter 3. This corresponds to roughly 31 days of CPU time for a single simulation.
This is not to say that it is essential to carry out computations until a truly periodic
Solution g reached: In many cases an approximately periodic solution will suffice.
However, if futyre simulations are to be three-dimensional and incorporate turbulence
Models like LES, then the grids are going to have to be extremely fine. One solution,
of course, s to use brute force and carry out simulation on massively parallel
Machines,

Alternatively, there are several properties of the rotor-stator simulation
solutions that suggest changes to the computational methods employed, at least for
RANS models, 1t is recommended that highly specialized and optimized codes and /
Or subroutines pe written specifically for the simulation of rotor-stator mixers.

For instance, the fact that the pressure reaches periodicity much faster than
other flow variables raises the possibility that, rather than using the previous pressure
field as a first guess for the pressure field at a new time step, the periodic nature of the
(fast developing) pressure can be exploited to provide a better initial guess. This may
result in convergence at each time step in fewer iterations. Clearly this could not be
done during initial startup of simulation, but could be implemented after a few periods
have been completed,

Besides algorithm optimization, there are some simple steps that can be taken
to decrease the amount of computational time required in future simulations. For

Instance, it may be possible to speed the solution process by initially running quas;-
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Ste; . ;i
ady state Simulations as a first approximation. Time dependence could then be

Urned on after flow ip regions of stagnation has had a chance to develop. Rotor-stator
Mixer Simulatiopg could be started with ‘moving’ rotor walls but a non-moving mesh
‘0 yield 5 Steady state approximation to the problem at a given rotor position. In this
type of simulation, rotor adjacent cells would be treated computationally as if the rotor

e Moving, byt the overall discretization of the problem would be steady state.

While Physically unrealistic, this hybrid RRF type of treatment is conceptually simple

10 implemen; and similar in spirit to simulations of stirred tank reactors performed by
Harvey, Lee. ang Rogers (1995),
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