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ABSTRACT

ABSTRACT

Stirred tanks agitated with Rushton turbines are commonly used in industry, for instance mixing processes
and flotation systems. The need for more efficient systems in industries has led to the study of fluid flow
within the tanks upon agitation; so that a better understanding of the phenomena can help in the opti-
misation of the tanks. In the recent years, efforts have been made towards the development of predictive
methods using computational fluid dynamics (CFD). Among the various numerical works presented, em-
phasis was laid mainly on single phase systems. However, due to the various processes involving gas-liquid
systems, the need for multiphase modelling of stirred tanks became increasingly important. This has led
to more research studies involving multiphase flows. Most of the work reported showed good prediction of
the velocity data and the power draw, reasonable turbulence parameters. But, the prediction of the gas

hold-up was rarely well established.

Therefore, the aim of this thesis, based on the numerical work presented by Engelbrecht (2006), is to
investigate the discrepancies reported and to develop a multiphase model of a stirred tank agitated by
a Rushton turbine. The commercially available CFD code FLUENT® was used to model the agitated
gas-liquid system. The results were validated with the numerical work of Engelbrecht (2006) and the
experimental work presented by Deglon (1998).

Two main cases were investigated, with a steady state and a transient approach. The QUICK scheme
was used for the discretisation of the volume fraction and momentum and the first order upwind scheme
for the discretisation of the turbulent kinetic energy and dissipation rate. The standard & — ¢ turbulence
model was used to account for the turbulent flow regime. A steady state MRF model was used for the
investigation of the discrepancy reported by Engelbrecht (2006). The author reported that no convergence
was achieved with such models. Solving the problem would have resulted in a good modelling approach
for the prediction of gas dispersion, since steady state models are not computationally intensive. Three
different boundary conditions, namely, a pressure outlet, an outflow and a velocity inlet, were used to
model the outlet of the tank. The Euler-Euler multiphase model was used to simulate the gas-liquid

system for the steady state model.

The sliding mesh mode! was used to simulate the transient case. Two different multiphase models, the
Euler-Euler and the mixture model, were used for comparative purposes. Then, based on the findings a
modified drag model of Schiller and Naumann was implemented and validated. This was used to account

for the increase in drag caused by frothers.

The results for the velocity values and turbulence parameters were well predicted. They showed good
correlation to the numerical work presented by Engelbrecht (2006). The prediction of the mean velocity
in the bulk tank and the turbulence parameters at the impeller tip did not follow the experimental trend.
However, the differences were attributed to the experimental techniques used. The gas hold-up was poorly

predicted for all cases and none of the steady state models satisfied the continuity convergence criterion.

The convergence criterion problem was resolved with the unsteady state models. The latter were based
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ABSTRACT

on the Fuler-Euler and the mixture model at an impeller speed of 940 rpm. The models were both in
accordance with the numerical investigation of Engelbrecht (2006). The results for both models followed
the same trend in terms of mean velocity, power draw, gas hold-up and turbulence parameters. The turbu-
lence parameters were over-predicted in highly turbulent regions with the mixture model. Nonetheless, the
mixture model being a less computationally intensive than the Euler-Euler model was found reasonable
for the prediction of gas dispersion. Furthermore, both models were found to poorly predict the flow at
the gas-liquid interface. The flow above the baffles rose to an unrealistic amount, resulting in an unwanted

entrainment of gas in the system.

Further investigations at impeller speeds at 630 rpm and 1260 rpm showed that the phenomenon was
exacerbated with increasing impeller speed. However, the discrepancy was less significant at 630 rpm.
The fluid flow at the different speeds was also validated with the experimental data of Deglon (1998). All
the cases showed good correlation, however some discrepancies were observed at higher impeller speed
with the prediction in the impeller region. The turbulence parameters were again over-predicted in the
turbulent regions, which corroborated with the findings at 940 rpm suggesting a possible shortcoming of
the mixture model over Euler-Euler model. It was further concluded, that the models failed to simulate
the gas-liquid interface accurately. However, a system with a low impeller speed can bé used for an agi-

tated gas-liquid system.‘

The modified drag model, which accounted for the effect of frothers, gave acceptable results. An in-
crease in the gas hold-up was observed with the increase in drag coefficient. However, the increase in
gas hold-up was not proportional to the increase in drag coefficient. The increase in gas in the system
resulted in the expected decrease in mean and root mean square velocity. On the other hand, the in-
crease in turbulent kinetic energy was not observed. Similarly, the power draw decreased instead of the
expected increase observed experimentally. Nonetheless, it was concluded that the approach of modifying

the Schiller and Naumann was acceptable.
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Impeller blade width (m)
Acceleration (m.s™?%)

Impeller hub diameter (m)
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(FLOSSARY

Bulk region:

Discretisation:

Grid or Mesh:

Impeller region:

Navier Stoke Equation:

Numerical diffusion:

Partial differential equation:

Residual:

Solver:

Structured grid:

Unstructured:

The region in the stirred tank excluding the impeller region

Process by which a closed-form mathematical expression such as a

differential equation is approximated to a system of algebraic equation

‘Arrangement of discrete points throughout a flow field

The region encapsulating the impeller and swept by the outflow of

the impeller
Mathematical expression to solve the governing equations

False or fictitious numerical error that occurs in convection-diffusion

formulations

An equation that involves an unknown function of several independent

variables and its partial derivatives with respect to those variables

Amount by which a governing finite-difference relation at the centre of

the gridat the n*® iteration are not satisfied
Computer program that is used to solve the computational model

A grid where the grid points are placed in a flow field in a very irregular

fashion

A grid where the grid points are arranged in a consistent geometrical

regularity
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INTRODUCTION

1 INTRODUCTION

1.1 OVERVILEW

stirred fanks are widely wsed w chemicil. blochemieal and mineral processing wdustries for the blending
of nseilsle and immiseibsde loguids, pas-ligmd Tigmid-liagunl mass weanster, suspensions of salids and chemi-
cal resctions. 'The vessols differ in shape, volmoe, wnober of inepollocs aod Dmpeller tepos which vy froan

mixing processes Lo flotation systems.

Figiee 1.1 depicls a Lepical stivred vessel will 4 flal bottaw, four equidistant baflles agilated by a Tushton
tarbite. wnd @ six-bladed impeller. The content of the tank 15 wmixed by the Dew groeised by the rovation
af the impellers. Tn pas-liguid syetems Lhese vessels ave very efficlent for gas dispersion diue o the high
level of agitalion prodieesd b che Rushiion furbine (Degloa, THRY, O Lhe alher haod, Uhie ballles proyule
additiomal muxing by proventing solid bodss rotation. The stivred timks avoalso able fo offor nmmateled
Hesibality and contral over transpart pracesses acereing willin the veassel (Ranade, 2002). These chiarac-
reristins take the rechaucally sgitared fank o very elfoclive desvice [or mixing and condacling a gas wich

a lguiel ( Tutterson, 191

Fipute 1.1: Typical stiveed tank

Throuph the yedars, more eflicient yeseels were required as a resull of chelr wide application o indusiries
"I'his has led oo moers work in optimisiue the system, The need for new desions meput thar s anderstand-
ing of the fluid dypawies of the tank was required. This mainly invelved the determination af the velooity
of the flow field and techalence, which i3 deseribed D che tuchulent linetic enerey, dissipation mee and

root mean square (RS veloeily.
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1.1 OVERVIEW INTRODUCTION

This started with the investigation of the flow field, with photographic measurement of velocity of water
(Cutter, 1966) in a stirred tank for the description of local rates of energy dissipation or to examine
the trailing vortex pair in the impeller region (Riet and Smith, 1975). Similarly, studies were performed
for gas-liquid mixtures where gas dispersion was examined (Riet and Smith, 1973). These experimen-
tal techniques were further improved with the application of Laser Doppler Anemometry (LDA) (Costes
and Coudrec, 1988; Wu and Patterson, 1989; Wu et al., 198%; Dyster et al., 1993; Kresta and Wood, 1993).

Despite the progress made, there was still a lack of detailed data concerning the flow field (Shifer et al.,
1997). Thus, efforts have been made towards the development of predictive methods using Computational
Fluid Dynamics (CFD). Single phase flows have been the first step in the modelling of the stirred tanks.
Coupled with experimental techniques that can provide considerable information about 3-dimensional flow
(Mavros, 2001), such as Laser Doppler Velocimetry (LDV) (Armenante et al., 1997) and Particle Image
Velocimetry (PIV) (Deen et al., 2002; Ranade et al., 2001), single phase flows were investigated numeri-
cally. Comprehensive single phase numerical work has been presented, particularly with investigation of
discretisation scheme, turbulence models, grid resolution or impeller rotation models in view of enhancing
the prediction of the fluid flow and the associated phenomena in stirred tank (Ranade et al., 1989; Kresta
and Wood, 1991; Luo et al., 1993; Fokema et al, 1994; G. Tabor, 1996; Ranade, 1997; Brucato et al,
1998; Wechsler et al., 1999; Jenne and Reuss, 1991; Aubin et al., 2004; Hartmann et al., 2004; Javed et al.,
2006; Deglon and Meyer, 2006).

However, most of the industries use processes involving gas-liquids systems. Among the many sub-
processes involved in such systems, gas dispersion, described by the interfacial area, gas hold-up and
bubble size distribution, has been an active research area due to its strong influence on gas-liquid mass
transfer (Sun et al., 2006). Nevertheless, the multiphase modelling of stirred tanks has not been compre-
hensively investigated. Only a few research studies have been carried out where the hydrodynamics and
gas dispersion have been numerically predicted (Bakker, 1992; Gosman et al., 1992; Bakker and Akker,
1994; Ranade and Akker, 1994; Morud and Hjertager, 1996; Ranade and Deshpande, 1999; Lane et al.,
2002; Deen et al., 2002; Khopkar et al., 2005; Kerdouss et al., 2006). The development and understanding
of the multiphase models can be used as the stepping stone for the modelling of the complex phenomena

occurring within stirred tanks.

Among the various studies presented with regards to a gas-liquid system in a Rushton turbine agitated
stirred tank, many of them had reported a poor prediction of the gas hold-up. Recently Engelbrecht (2006)
presented a multiphase model based on the single phase work of Siwale (2004). The work presented by
Engelbrecht (2006) was based on the Euler-Euler multiphase model. Both the MRF and the sliding mesh
model were used. A grid dependence study was performed using the steady state MRF model, where no
significant difference was observed. The author also reported a poor prediction of the gas hold-up and
the inability to achieve convergence with the MRF model. The sliding mesh model with the MRF model

used as an initial condition was recommended by the author.
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1.2 ScoPE oF THESIS

Thus, the purpose of this thesis was to develop a gas-liquid multiphase numerical model based on the
work presented by Engelbrecht (2006), such that acceptable and reliable information in terms of the flow
field and the gas hold-up can be obtained. The steady state MRF model, being computationally less
intensive than the transient sliding mesh model, is a convenient way to achieve the mentioned objectives.
The discrepancies with regards to convergence with the steady state models were thus investigated. The
appropriateness of a mixture multiphase model was investigated and the implementation of the effect of
frothers was also looked at. Various models with different boundary conditions for the outlet, impeller
rotation models (steady and unsteady) and multiphase models were used in view of understanding and

developing an efficient way to predict the above-mentioned flow characteristics.

The thesis begins with a literature review (Chapter 2) which contains a brief description of the numerical
techniques used for the development of both single phase models and multiphase models for stirred tanks,
their applicability and appropriateness to the modelling of stirred tanks. This is concurrently supported
with a review of the findings reported in previous studies. The next chapter covers the methodology or
numerical approach (Chapter 3) used in modelling the multiphase models. The geometry of the numerical
models were based on the experimental work presented by Deglon (1998). The associated boundary con-
ditions, turbulence models, discretisation scheme, impeller rotation model and multiphase models were
described where appropriate. This is followed by a description of the techniques used to determine the
velocity, turbulence parameters and gas hold-up. The results and discussions are presented in Chapter
4, where the multiphase results were compared to the experimental work and numerical work presented
by Deglon (1998) and Engelbrecht (2006). The conclusions drawn are presented in Chapter 5 and finally

recommendations based on these are presented in Chapter 6.
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2 LITERATURE REVIEW

The wide application of stirred tanks has led to many research studies including both experimental and nu-
merical work. The experimental work first started with the visualisation of single phase fluid flow and was
followed by the determination of hydrodynamics properties, such as velocity and turbulence parameters.
This was used as a stepping stone for the investigation of multiphase flows where, in addition to the above-
mentioned parameters, factors such as gas hold-up and residence time were looked at. Some limitations
were however observed with the experimental techniques used and therefore the numerical investigation
of single phase and thereafter multiphase flows became increasingly important. Various numerical works
have been published to date, where the techniques used and the findings were presented. These are briefly
explained in this chapter, which starts with a description of the computational approaches used, their
appropriateness and followed by a review of the findings for multiphase flows. The computational and

mathematical models described were all according to the FLUENT® user manual (Fluent Inc).

2.1 GOVERNING EQUATIONS

The governing equations of fluid flow represent mathematical statements of the conservation laws of
physics (Versteeg and Malalasekera, 1995). The conservation equations are given by the equations for
mass (continuity) and momentum (Navier-Stokes). These are time-averaged to yield Reynolds averaged

Navier-Stokes equations. The energy equation is solved for flows involving heat transfer or compressibility.

2.1.1 ConNTINUITY EQUATION
The equation for conservation of mass, or continuity, is given by:

dp

5~V (00) = 5m (2.1)

where 5, is the mass added to the continuous phase from the dispersed second phase and any user-defined

sources

2.1.2 NAVIER-STOKES EQUATION

The Navier-Stokes equations, which describe the conservation of momentum, are given by:

9 (pv)

5 TV (i) = ~Vp+ V- (F) + pg + F (2.2)

where p is the static pressure
7 is the stress tensor
g is the gravitational body force

F is the external body forces

It relates the sum of the convective acceleration and local acceleration to the sum of the pressure gradient,

the viscosity term and the external body forces.
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The stress tensor is given by

F=u|(Ve+ ViT) - %v T (2.3)

where p is the molecular viscosity

b

1S a unit tensor

2.1.3 TIME AVERAGING

This-method decomposes the solution variables in the instantaneous (exact) Navier-Stokes equations into
the mean (time-averaged) and fluctuating components.
Thus, the velocity components are given by:

U; = ﬁi -+ u; (24)
where 7; and u] are the mean and fluctuating components (i = 1,2,3).

Similar equations are used for other scalar quantities such as pressure, energy, species concentration.

The time averaged equations are substituted into the instantaneous continuity and momentum equations

yields:
op 9, .
ot + 8_111 (pul) =0 (25)
and o(pw)  O(pww) O 3 om om 2. om R —
PU; PuUU; _ _l o Usq U = ﬂ 9 (o
ot + 611,‘]' N 83’1 + 8$j [ <a$] * 63],‘ 3 H 61’1)} 6:[,‘1' ( lu?) (26)

Equation 2.5 and 2.6 are known as the Reynolds-averaged Navier-Stokes (RANS) equations. Additional
terms,—pu; ug known as the Reynolds stresses now appear in Equation 2.6. These must be modelled to
close the RANS equation.

2.2 DISCRETISATION

Discretisation is the process by which a closed-form mathematical expression is approximated to a system
of algebraic expression. The accuracy and the ability to physically model a system is partly dictated
by the discretisation scheme and has three fundamental properties namely conservativeness, boundedness
and transportiveness (Versteeg and Malalasekera, 1995). They also ensure the stability of the flow regime.
Furthermore, the accuracy of the numerical solution depends on how close the discretised equations repre-
sent the PDE’s (Ranade et al., 1989). Thus, higher order schemes, ensure that the schemes are less prone
to numerical diffusion errors. The better the accuracy of the scheme or for a given accuracy, the smaller
will be the grid required. However, higher schemes can be more computationally expensive, for cases
where high grid resolution are necessary. Many studies, as described in Section 2.2.1, have been presented
to date. They reported the effect of discretisation scheme on computational stirred tank models. Among

those used, were upwind, central, QUICK, hybrid and the power-law discretisation scheme.

2.2.1 INVESTIGATION OF DISCRETISATION SCHEMES

Aubin et al. (2004) investigated three discretisation schemes, namely the upwind, higher upwind and

the quadratic upwind differencing schemes. The authors found that the type of discretisation scheme
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has little or no effect on the prediction of the mean velocities. However, the first order upwind method
under-predicted the small swirling region below the impeller. The dimensionless kinetic energy was under-

predicted for the three numerical schemes, but was more significant for the upwind scheme.

The power-law discretisation scheme was used for the research conducted by Javed et al. (2006). The
velocities were accurately predicted, however the turbulent kinetic energy was under-predicted throughout
the tank.

The work presented by Brucato et al. {1998) made a comparison between the standard hybrid-upwind
and the QUICK discretisation scheme. The authors showed that the two schemes gave slightly different
results with respect to the velocities, which were comparable to experimental values. The QUICK scheme

predicted a slightly higher recirculation rate near the top and bottom of the tank.

Deglon and Meyer (2006) investigated the effect of the upwind central and QUICK discretisation scheme.
The authors concluded, that for a case where the grid was not too coarse, the mean velocity was negligibly
affected by the discretisation scheme used. In contrast, the turbulent kinetic energy was highly influenced
by the discretisation scheme. The authors, concluded that a high order discretisation scheme was required

for more accurate CFD predictions.

2.3 TURBULENCE MODELLING

Turbulence modeling of flow in stirred tanks has been of great interest to many researchers in view of
obtaining a more detailed insight into the complex hydrodynamics and mixing process in a cost effective
way. Several models are available; these can be categorized into two main groups, namely the Reynolds-
Averaged Navier-Stokes (RANS) based modelling approach and the Large Eddy Simulation approach. The
latter renders the Navier-Stokes equations tractable so that the small-scale turbulent fluctuations do not
have to be directly simulated. They both introduce additional terms in the governing equations that need
to be modelled in order to achieve a "closure" for the unknown variables. The RANS models are based on
time averaged Reynolds equations, which greatly reduces the required computational effort. In contrast
to the RANS model, in the LES the large eddies are explicitly computed in a time-dependent simulation
using the "filtered" Navier-Stokes equations. The filtering process filters out the eddies whose scales are

smaller than the filter width or grid spacing used.

2.3.1 THE STANDARD k£ — ¢ MODEL

The standard k — € is a two-equation model for which two transport equations, the turbulent kinetic
energy, k, and its dissipation rate, €, need to be solved in order to compute the Reynolds stresses. It is a
semi-empirical model, based mainly on flows with high Reynolds numbers. Its robustness and its ability
to give reasonable predictions of flow fields makes it a convenient model in various applications. However,
the model is valid mainly for fully turbulent flows since in its derivation the flow is assumed fully turbulent
and the effects of molecular viscosity are negligible (Marden and Bakker, 2003). The dispersed & — ¢ model
used for the Euler-Euler multiphase model is described in Section 2.6.2. The flow near the solid surfaces

was accounted by the standard wall function as proposed by Launder and Spalding (1974).
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2.3.2 INVESTIGATION OF TURBULENCE MODELS

The choice of an appropriate turbulence model has been the subject of many research studies in the mod-
eling of stirred tanks. The researchers have used different models which varied in complexity in view of
obtaining experimentally comparable results. Among the turbulence models used, were the RNG k — ¢,
LES, & — w and the & — ¢ model. The observations and suggestions made by the various authors are
described below.

Aubin et al. (2004) investigation’s compared two different models, namely the RNG and the standard
k — ¢ models. The authors reported that there were no major differences between the mean radial and
axial velocities. Furthermore, both models were found to poorly predict the turbulent kinetic energy.
Siwale (2004) compared the effect of the two models and the author found that the standard & — ¢ model
showed good agreement to experimental data. The RNG model was found to significantly under-estimate

the turbulent kinetic energy levels in the impeller discharge regions.

Jaworski and Zakrzewka (2002) determined the effect of turbulence on the quality of the CFD predic-
tion by using six turbulence models, namely the standard k — &, the RNG k — ¢, the realizable k — &, the
Chen-Kim k — ¢, the optimised & — & and the Reynolds Stress Model. The axial mean velocity was well
predicted with the standard k£ — ¢ and the Chen-Kim k — & turbulence model. The tangential velocity
showed good accuracy irrespective of the turbulence model. The turbulent kinetic was under-predicted

for all cases, however, the results for the standard k — ¢ model agreed better to the experimental results.

The LES turbulence model has also been applied to model the fluid flow within stirred tanks. The
mean velocity values and turbulence intensities were well predicted (Derksen and Akker, 1999; Eggels,
1996). However, Hartmann et al. (2004) reported an over-prediction of the tangential velocity component
and the turbulent kinetic energy values. Even though, the LES model led to reasonably good results, it
has been limited to only a few research studies, due to the high grid requirements and the computational

expense involved.

On the other hand, the standard k& — & model has been the mostly used turbulence model. Used in various
numerical investigations, the model predicted the flow field and the velocity reasonably well (Javed et al.,
2006; Ranade et al., 1989; Kresta and Wood, 1991; Montante et al., 2001; Ranade et al., 2001). But, the
turbulence parameters were under-predicted (Ranade and Deshpande, 1999; Javed et al., 2006; Montante
et al., 2001; Ranade et al., 2001) especially in the region close the the impeller blade. Moreover, Abujelala
and Lilley (1984) showed that the model had some shortcomings with regards to the confined swirling
flows. Research conducted by Brucato et al. (1998) showed that no advantage is offered by the use of

modified coefficients in the k — ¢ turbulence model.

It has often been noted in literature that the standard & — & model showed some discrepancies in the
modelling of the turbulent flow characteristics occurring within stirred tanks. However, Deglon and
Meyer (2006) reported that the inability of the standard k — ¢ model to accurately predict the turbulent
parameters was due to numerical errors. Thus, the authors suggested a higher order discretisation scheme
and finer grids as similarly reported by Wechsler et al. (1999) and Aubin et al. (2004). This approach was

gave better prediction of the turbulence parameters.
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2.4 GRID RESOLUTION

The grid resolution is very important in any computational model and it highly influences the accuracy of
the results. In the modelling of stirred tank it has proved crucial, especially in the prediction of the flow
fields with the corresponding fluid velocities and turbulence parameters. Various numerical investigations
have been presented to date, to substantiate that the grid resolution does indeed affect some of the flow
regime in stirred tanks. Table 2.1 shows the maximum grid resolution used for different investigations.
The respective height of the tank, T, and the domain which refers to the section of the tank modelled are

also tabulated.

Table 2.1: Computational grid used in various studies

Reference | T(m) l Domain | No. of Cells
Single phase systems
Ranade et al. (1989) 0.3 90° 6 900
Kresta and Wood (1991) 0.456 45° 23 400
Luo et al. {1993) 0.294 180° 151 200
Fokema et al. (1994) 0.15 90° 17 200
Harvey et al. (1995) 0.145 90° 619 750
Tabor et al. (1996) 0.270 180° 120 000
Ranade (1997) 0.3 180° 61 152
Brucato et al. (1998) 180° 97 400
Ng et al. (1998) 0.1 180° 239 3468
Wechsler et al. (1999) 0.152 a0° 1 003 520
Jenne and Reuss (1991) 0.444 90° 194 532
Sahu et al. (1999) 0.5 90° 21 000
Hartmann et al. (2004) 0.15 360° 228 096
Aubin et al. (2004) 0.19 360° 350 000
Javed et al. (2006) 0.296 180° 112 480
Deglon and Meyer (2006) 0.15 180° 1 900 000
Multiphase systems
Gosman (1992) 1.83 45° 8 100
Ranade and Van Den Akker (1994) | 0.3 180° 13 500
Ranade and Deshpande (1999) 0.3 180° 176 400
Lane et al. (2002) 1 60° 43 920
Deen et al. (2002) 0222 | 180° 370 944
Khopkar et al. (2005) 0.2 180° 352 640
Engelbrecht (2006) 0.14 180° 1 340 928

It can been seen in Table 2.1 that a range of grid resolution has been used in previous studies. The early
research studies performed were restricted by the number of cells that could be used due to the com-
putational resources available. The work presented showed good quantitative and qualitative correlation
to experimental data for the prediction of the velocities (Bakker, 1992; Harvey-III et al., 1995; G. Ta-

bor, 1996). However, some discrepancies were noted in the determination of the turbulence parameters
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(Bakker, 1992). Thus, with the availability of better computing power, the effect of grid resolution was
investigated (Brucato et al., 1998; Wechsler et al., 1999; Ng et al., 1998; Siwale, 2004). Ng et al. (1998)
demonstrated good prediction for the velocities. However, the turbulent kinetic energy, k, was under-
predicted by about 50% in the region near the impeller blade. This discrepancy was attributed to the grid
size, time step size, wall region treatment, the discretization scheme and the turbulence model. Siwale
(2004) reported that the general flow field and the mean fluid velocity were not strongly affected by the
grid resolution. In contrast, it greatly affected the prediction of the turbulent kinetic energy. Similarly,
Wechsler et al. (1999) reported that the poor predictions of the turbulence kinetic energy are mainly due
to the grid resolution rather than an inadequacy of the turbulence model as commonly noted in various
studies (Hartmann et al., 2004; Aubin et al., 2004).

2.5 IMPELLER RoTAaTION MODELLING

The flow in a stirred tank with baffles is quite complex to model as the baffle-impeller interaction results
in a periodic and time dependent flow. Literature on CFD stirred tank modelling shows the different
solution approaches that were used to incorporate the motion of the impeller. The most common ones are

the sliding mesh, the multiple reference frames, the snapshot and the impeller boundary condition models.

2.5.1 MurLtiPLE REFERENCE FRAMES MODEL

The multi-reference frames model (MRF) is a steady-state approximation where the individual cell zones
move at different rotational or translational speeds. As it is a reasonable model of time-averaged flow, the

MRF model can be used for applications where the rotor-stator interaction is weak.

The MRF model has been used in various research studies (Lane et al., 2002; Aubin et al., 2004; De-
glon and Meyer, 2006). The investigations showed that the model is convenient in the prediction of the

flow field within the tank as well as the prediction of the velocities of the fluid flow.

2.5.2 SLipiNnG MEsSH MODEL

The sliding-mesh model is a time-dependent model where the grid surrounding the rotating component
physically moves, by rotating in a stepwise manner. It gives a realistic model of the impeller, since the
grid surrounding it moves such that time-accurate simulation of the impeller-baffle interaction is achieved.
However, this technique is computationally expensive and computational requirements become excessive
for multiphase flows (Lane et al., 2002).

Even though the sliding mesh is computationally intensive, it has been used in various studies to date.
For example, Javed et al.(2006), NG et al.(1998), Hartmann et al.(2004), Aubin et al. (2004}, Brucato et
al. (1998) and Deglon and Meyer (2006). The predicted results were generally acceptable with regard to
the general flow field and the velocities. The turbulent kinetic energy values near the impeller were either
over-predicted or under-predicted (Javed et al., 2006; Brucato et al., 1998). They were either attributed

to the grid resolution or in some case the turbulence model (Ng et al., 1998).
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In order to implement the sliding mesh model, two or more grids need to be defined, such that the
adjacent grids can slide relative to each other, by either rotating or translating. At each time step, the
interface flux is determined from the two specific zones namely the interior zone and one or more periodic
zones. The periodic zones are obtained from the intersection/overlapping of the interface zones. Figure

2.1 shows a 2-dimensional schematic representation of grid intersection.

The interface zones are composed of faces A-B and B-C, and faces D-E and E-F. They intersected to
give faces a-d, d-b, b-e, e-c, c-f. The overlapping of the zones produced faces d-b, b-e and e-c, to form the
interior zones while a~-d and c-f, to form the periodic zone. For instance the interface flux for cell IV is

calculated using faces d-b and b-e instead of face D-E.

cell zone 1
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Figure 2.1: Schematic description of sliding mesh model (Fluent Inc)

When using time dependent techniques it is necessary to know when the solution has reached a steady
state. Luo et al. (1993) reported that the flow pattern reaches steady state (cyclically repeatable) after
about 6 impeller rotations for a 180° numerical model. A different approach was used by Tabor et al.
(1996), where the MRF was used to generate the general flow field and thereafter the sliding mesh model
was used to run for 10 impeller rotations. A similar technique was used by Wechsler (1999. This technique
was used since as reported by the author, between 10 and 30 impeller rotations are required to overcome
the start-up flow patterns. Deen et al. (2002) also used a similar approach where the sliding mesh model
was run for 20 impeller rotations using the results of an earlier simulation. This method was also employed
by Engelbrecht (2006) who used the MRF model initially and ran the sliding mesh model for 30 impeller

rotations.

2.6 MurLTiPHASE MODELS

The modelling of hydrodynamics and gas dispersion in stirred tanks is achieved through the use of mul-
tiphase models. The model divides the fluids in the vessel into a number of phases and treats them as
separate sets of equations. These equations which include the transport equations for velocity, tempera-
ture and mass fractions with the inter-phase interactions through drag, heat and mass transfer are then
solved. There are two ways to simulate multiphase flows, namely the Euler-Lagrange and the Euler-Euler

approach.
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In the Euler-Lagrangian approach, time-averaged Navier-Stokes equations are solved to describe a con-
tinuous fluid phase and a tracking method is used to describe the dispersed phase consisting of particles,
bubbles or droplets. However, with this approach the model is only appropriate where the second phase
occupies a low volume fraction. In contrast, the differant phases are treated as inter-penetrating continua

in the Euler-Euler approach.

2.6.1 EULER-EULER MODEL

The é()rnplex Euler-Euler model allows for the modelling of different separate, interacting phases. This is
achieved, with the use of additional sets of conservation equations to the one used for single phase models.

However, the modification requires the use of volume fraction for the description of the multiphase flow.

Volume Fractions
The volume fraction basically accounts for the space occupied by each phase, and the laws of conservation

of mass and momentum are satisfied by each phase individually.
%

The volume occupied by a phase g, Vg, is given by:

Vg = / g dV (2.7)
v
where a is the volume fraction of phase ¢

The sum of the volume fraction for all phases is always 1 in the control volumes:

Y ag=1 (2.8)

The effective density of phase ¢ is

where p, is the physical density of phase g.

Conservation of Mass and Momentum

Thus, for the conservation of mass the resulting continuity equation for phase ¢ is given by:

(3

3] . . .
5 (agpqg) + V - (agpqly) = Z {thpg — Mgp) + 5 (2.10)

p=1

where 4, is the velocity of phase ¢
My  is the mass transfer from the pt* to the ¢** phase
Mgy  is the mass transfer from phase ¢ to phase p

Sq is the source term
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On the other hand, the momentum balance for phase ¢ is represented by:

d . o - -
g (CegpqUa) + V - (gpaUyUy) = —aqVp + V - Tg + gp G+

n

Z (qu + mpqﬁpq - mqp%ﬁ) + (ﬁq + ﬁlift,q + ﬁvm,q) (2-11)

where 7, is the q*" phase stress-strain tensor:

- . » 2 = .
Tq = gty (VT, + V?}g) + g ()\q - _3;“‘1) Vgl (2.12)
where i, is the shear viscosity of phase ¢
Ag is the bulk viscosity of phase ¢
ﬁq is the external body force
Ey, tt.q is the lift force
Fymg is the virtual mass force
R,, is the interaction force between phases
p is the pressure shared by all phases
Upg is the interface velocity
The interaction term is given by:
T §
Z Rpq = Kpq (5'}9 - ﬁq) (2.13)

p=1 p=1

Fluid-Fluid Momentum Exchange

The interphase momentum exchange, K,,, coefficient is used to account for the momentum exchange

between the phases, for instance between water and air bubbles and is given by:

K. = g0 ppf

pg "‘—Tp“_ (2.14)
where  f is the drag function
Tp is the particulate relaxation time
The relaxation time is given by:
o fgfi (2.15)

where d,, is the diameter of the bubbles of phase p.

The drag function depends on a drag coefficient Cp that is based on the relative Reynolds number({Re).
There are three different drag models available in FLUENT® | namely the Schiller and Naumann model,
the Morsi and Alexander model and the symmetric model. However, the Schiller and Naumann model as

noted in literature (Kerdouss et al., 2006) was used.
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The drag function for the Schiller and Naumann model takes the following form:

CDRE
2.16
F=2 (216)
where
24 (1 + 0.15Re%%87) /Re Re < 1000
Cp = ( )/ - (2.17)
0.44 Re > 1000
The relative Reynolds number for the primary phase ¢ and the secondary phase p is given by :
, e
Re = quvp l’(ll P <218)
Hq
In contrast, the relative Reynolds number for the secondary phases p and r is given by:
Re = Lol — Uldrp (2.19)
/’LTp
where i, is the mixture viscosity of phases p and r, and is equal to
Hrp = Oplip + Qrfhy (2:20)

However, this correlation is suitable for particles moving in a stagnant liquid. Thus, to account for the
effect of turbulence, a modified drag law is used (Bakker, 1992; Kerdouss et al., 2006). The relative

Reynolds number is modified and is based on a modified viscosity term instead and is given by:

Uy — Tyld,
Rez pql P - QI (4 (221)
“
where the modified viscosity term is the sum of the primary phase and a term proportional to the eddy

viscosity. It is written as:
2

. k o .
W=ty + Cp (2.22)
where C is a model parameter
P is the density
k

is the turbulent kinetic energy per unit mass

o

is the turbulent energy dissipation

The parameter C is introduced to account for the decrease in slip velocity when a bubble is moving in a
turbulent flow instead of in a still liquid (Bakker, 1992; Kerdouss et al., 2006).

But for the k — ¢ dispersed model the turbulent viscosity is related to k¥ and € through the semi-empirical

expression:
kZ
e = Pq_q (2‘23)
€g
where ¢ represents the primary phase
Thus,
pr= g+ Clgg (2.24)
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2.6.2 k- ¢ DISPERSED MODEL

The modelling of turbulence in multiphase simulation is relatively complex when compared to single-phase
models. The k — ¢ dispersed model is one of the models available to account for turbulence in multiphase
flows. It is appropriate where the concentrations of the secondary phases are low and inter-particle colli-

sions are negligible.

The Reynolds stress tensor for the continuous phase is given by:

"

-

2 4\ = . .
27 73 (quq + Palit,gV bq) I+ pgpit,q (VUq + VU;F) (2.25)

where V(jq is the phase-weighted velocity
Ht.q is the turbulent fluid dynamic viscosity
kq is the turbulent kinematic viscosity
The two transport equations, for k and ¢ that need to be solved for this model are as follows:

9 & tv q
g (agpokq) +V - (aqquqkq) =V- (aq%qu) + g Grg — Qgpgeq + agpally, (2.26)

and

0 = i € . .
En (ogpqeq) +V - (aqquqeq> =V- <aq tj VQ;) + a-qz% (C1eGr g — Caepgeq) + agpglle, (2.27)

o

where G, is the production of turbulent kinetic energy

The turbulent viscosity is related to the turbulent kinetic energy and the dissipation rate of turbulent
kinetic energy via
2
fig = pgCru— (2.28)

g

I, and Ile, represent the influence of the dispersed phase on the continuous phase and are as follows:

Mg
i, = P4 (kpg — 2kq + Upq - Tar) (2.29)
1 YaPa
where Ty is the relative velocity
Uy is the drift velocity
kpq is the covariance of the velocities of the continuous phase ¢ and
the dispersed phase !
and
. €
I, = C3€k—Hkq (2.30)
q
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Table 2.2 outlines the various model constants used in the turbulence model.

Table 2.2: Values of coefficients for & — ¢ turbulence model as used in FLUENT®

Cie Cae | Cae C,u Ok | O¢
144 1192 | 1.2 | 0.09 1 1.3

All the other terms have the same meaning as in the single phase & — ¢ model and the various models

constants used in the turbulence model are tabulated in Table 2.2.

2.6.3 MiXTURE MODEL

The mixture model uses a different approach the Euler-Euler model, where the system is modelled as a
single-fluid. The phases can be inter-penetrating such that the volume fractions ¢4 and ¢, for a control
volume can be equal to any value between 0 and 1, depending on the fluid system used. The model
also allows the phases to move at different slip velocities. The continuity, momentum, energy and the
algebraic expressions for the relative velocities are based on a mixture determined on the space occupied
by the different phases involved rather than a set of equations for each phase. Thus, the mixture model
is computationally less intensive than the FEuler-Euler model, where a set of equations for each phase has

to be solved.

Conservation of Mass and Momentum

The continuity equation for the mixture model is given by:

7] . o ¢
e (Pm) + V- (PmTm) =0 (2.31)
where 7,,,, the mass averaged velocity is determined by:
m =
g, — k=1 OkPETk (2.32)
Pm
and p,, the mixture density
m
pm = Z Qg P (2.33)
k=1

where qy is the volume fraction of phase &

The momentum equation for the mixture is determined by summing the individual momentum equa-

tions for all phases and is given by:

o . L . i L& = L \
vy (pmvm) +V- (pmvmvm) =-Vp+V-: [Mm (vvm + V'Url;)] + PG+ F+V- Ok Pk Vdr, kVdr.k (254)
ot k=1

where n is the number of phases
F is the body force

The viscosity the mixture u,, is given by:

7
fom = Y Qi (2.35)
k=1
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Tar.k is the drift velocity for the secondary phase k:
Tar e = Ui — U (2.36)

Relative Velocity and Drift Velocity

The relative velocity (also referred to as the slip velocity) is defined as the velocity of a secondary phase

(p) relative to the velocity of the primary phase (¢):
Tpq = Up — Vg (2.37)

The mass fraction for any phase (k) is given by

Qg P

Cp = 2.38
Pm ( )
The following expression is obtained from the drift velocity and the relative velocity (pg):
T
Udrp = Upg — Z CkUgk (2.39)
k=1

An algebraic slip formulation is used for the mixture model. The basic assumption of the algebraic slip
mixture model is that to prescribe an algebraic relation for the relative velocity, a local equilibrium between

the phases should be reached over short spatial length scale. The form of the relative velocity if given by:

L Ty (P pm)&‘ (2.40)
S drag Po
where 7, is the relaxation time and f is the drag function which is given by Equation 2.15 and Equation

2.16 respectively.

The acceleration, @, is given by:
By,
at

For turbulent flows, the relative velocity contains a diffusion term due to the dispersion appearing in the

G=G— (Up V) Un — (2.41)

momentum phase for the dispersed phase. Therefore, the relative velocity is of the form:

(o —Pm)d% . v

Upg = a— Va (2.42
P 181tg farag ap0p ¢ )
where Vi, is the mixture turbulent viscosity
op is the Prandtl dispersion coefficient

2.7 REVIEw oF MurtipHASE CFD STUDIES

The fluid flow in the multiphase system is not much different to the single phase system. In a gas-liquid
system, the accumulation of gas bubbles trapped by the centrifugal force of the trailing vortices, is ob-
served. The energy dissipation increases at the impeller tip but decreases at both the impeller stream
and in the bulk region. The increase in the dissipation energy substantially increases the flow around
the impeller region and therefore the performance of the system (Ranade and Deshpande, 1999). Various

research work based on multiphase flows have been published to date and is presented below.
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Gosman et al. (1992) investigated the turbulent flow of a solid-liquid and a gas-liquid system. The Eule-
rian model was employed and the effect of the turbulent flow regime was modelled with the & — ¢ model.
The prediction of the velocity profile for the gas-liquid flow showed moderate agreement to experimental
data. The void fraction near the free surface and the upper vortex was under-predicted. Similar trends
were observed in the impeller stream and in the lower vortex. The discrepancy between experimental
and numerical predictions was attributed to the assumptions of a constant bubble size, a spherical bubble

shape and the use of a coarse grid.

Ranade and Van Den Akker (1994) used the computational snapshot model coupled with the standard
k — & model and the Eulerian multiphase model. The authors found a relatively good agreement for the
axial and tangential velocities. The predicted turbulent kinetic energy correlated poorly with the exper-
imental data in some regions of the tank. However, the qualitative prediction of the gas hold-up agreed

reasonably well to experimental data, with the common gas distribution pattern.

Bakker and Van Den Akker (1994) simulated a gas-liquid model which used a single phase flow pat-
tern as input for an in-house code. The latter was used to calculate the gas hold-up, bubble break-up,
bubble coalescence, bubble size, local interfacial area and local mass transfer. The gas hold-up was gener-
ally well predicted. However, discrepancies were found in the outflow of the impeller and were attributed

to the lack of good impeller models.

Morud and Hjertager (1996) used a two dimensional model of a stirred tank, using the Eulerian model
with the standard k —e to simulate the multiphase and the turbulent flow regime respectively. The authors
showed that the gas velocity correlated well with experimental results. The gas hold-up was adequately

predicted and was within the error range of experimental data.

Ranade and Deshpande (1999) simulated a stirred tank using the standard k& — e turbulence model and
the computational snapshot model. The authors were able to capture the main features of gas-liquid flow
in stirred tanks with this approach. They also reported that this method is adequate for simulating flow

characteristics in the bulk region of the vessels.

Lane et al. (2002) simulated the gas-liquid flow with the Eulerian model and the turbulent flow regime us-
ing the standard k —e¢ turbulence model. The authors reported good gas prediction pattern and the correct
trends in local bubble size in the tank. Even though, the gas hold-up was qualitatively well predicted, it

was quantitatively under-predicted. This was attributed to the specification of the bubble drag coefficient.

Deen et al. (2002) investigated the two-phase system using the Fulerian model and the standard k — ¢
turbulence model. The numerical results were compared to experimental data, and there was good agree-
ment for the radial gas velocity. However, the axial gas velocities in the impeller discharge stream was
over-predicted. The flow characteristics below and above the impeller were well predicted. The authors

also reported that the presence of gas causes a 30% decrease in the maximum velocity in the radial jet.

Gentric et al. (2005) published work was based on the Eulerian model and the standard k — ¢ tur-
bulence model. The authors compared the performance of two gas-liquid reactors, one being a scaled-up

version of the other. It was found that the global structure for the two tanks were similar. The authors
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also reported good quantitative agreement with experimental data for gas hold-up.

Khopkar et al. (2005), also used a similar approach as previous authors, with the Eulerian multiphase
model and the standard k& — & model. The computational snapshot approach was used for the modelling
of the impeller rotation. The computational model correctly captured the overall flow field generated.
However, the author reported an over-prediction of the radial and tangential velocities in the impeller
discharge stream. The comparison of predicted values of the gas hold-up with the experimental data

showed some discrepancies. This was attributed to the way the experimental data was processed.

Kerdouss et al. (2006) investigated the gas dispersion and the flow regime in a double turbine stirred
tank. The author used the Eulerian multiphase model and the dispersed k¥ — & model to account for
the turbulent flow. The numerical prediction of the gas hold-up agreed well with the experimental data.

Similar results were reported for the bubble size distributions.

Sun et al. (2006) used the standard k¥ — ¢ model and the Inner-Outer (I-O) model to simulate the
impeller rotation. The author reported a good qualitative prediction for the gas hold-up. The gas hold-up
near the surface agreed reasonably to experimental data well near the liquid surface but showed some

deviations in the bulk region.

Engelbrecht (2006) recently investigated a numerical model of a stirred tank. The author used the Euler-
Euler multiphase model and the dispersed k — ¢ turbulence model. Both the MRF and the sliding mesh
model were used to simulate the impeller rotation. The results for both, the MRF model and the sliding
mesh model, showed good correlation for the prediction of the velocity values, turbulence data and power
draw. However, the acceptable convergence criterion for continuity of 1x107% was not met for any of
the steady state models. The effect of grid resolution on the solution domain was also investigated with
the MRF model. The author reported no considerable differences between the sets of data, for mean
velocity values, the turbulence parameters, the power draw and gas hold-up. The MRF model was also
used as an initial condition for the sliding mesh model. The gas hold-up for all cases investigated was
under-predicted. The author concluded that the MRF model should be used as an initial condition for

the modelling of multiphase flows in stirred tanks.

2.8 DiscussioN

According to the various numerical investigations presented, the predictions of the mean velocity and the
power draw were reasonably good. However, some authors reported some discrepancies in the prediction
of the turbulence parameters. This may be attributed to the low grid resolution used and the failure to
capture the relevant turbulent flow. The Euler-Euler multiphase model and the k — ¢ turbulence model

were most widely used.

The main concern was the modelling of the gas phase where the prediction of the gas hold-up varied
for the different studies presented. Reasonably good gas hold-up values were obtained by Bakker and
Van Den Akker (1994), Morud and Hjertager(1996), Gentric et al. (2005), Kerdouss et al. (2006) and
recently Sun et al. (2006). However, all the investigations differed in their approach. The good prediction
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presented by Bakker and Van Den Akker (1994) was based on an in-house code named GHOST!. The
authors also considered the effect of the turbulent flow field on a bubble. This was achieved by modify-
ing the viscosity to result in a decrease in the slip velocity. The investigation performed by Morud and
Hjertager(1996) was based on a two dimensional model of the stirred tank. The work presented by Gentric
et al. (2005) for an industrial gas-liguid reactor was based on a gas-liquid-solid flow where the liquid-solid
mixture was treated as a pseudo-liquid phase. Kerdouss et al. (2008) investigated a double turbine stirred
tank and used a fully unstructured mesh. The authors also used the same approach as Bakker and Van
Den Akker (1994) to account for the effect of turbulence on the drag correlation of Schiller and Naumann.

The numerical work recently presented by Sun et al. (2006) was based on a surface aerated stirred tank.

Khopkar et al. (2005) and Lane et al. (2002) both reported poor prediction of the gas hold-up. Both
models were based on the Euler-Euler multiphase model. However, the computational snapshot model
was used by Khopkar et al. (2005) and the MRF model by Lane et al. (2002). Thus, it can be observed
that the only acceptable models for prediction of gas dispersion were either based on an in-house code or

based on systems other than the Rushton turbine stirred vessels.

Based on the studies in the literature, it is clear that the development of an acceptable model for the
modelling of a gas-liquid system for a stirred tank is needed. The current study is a continuation of the
multiphase work developed by Engelbrecht (2006), and is aimed at investigating the discrepancies observed
by the author and to produce a reliable gas-liquid numerical model. Firstly, the steady and unsteady state
models will be investigated. Then, based on the findings the effect of frothers as suggested by Engelbrecht
(2006) will be studied.
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Den Akker (1994) to account for the effect of turbulence on the drag correlation of Schiller and Naumann.

The numerical work recently presented by Sun et al. (2006) was based on a surface aerated stirred tank.

Khopkar et al. (2005) and Lane et al. (2002) both reported poor prediction of the gas hold-up. Both
models were based on the Euler-Euler multiphase model. However, the computational snapshot model
was used by Khopkar et al. (2005) and the MRF model by Lane et al. (2002). Thus, it can be observed
that the only acceptable models for prediction of gas dispersion were either based on an in-house code or

based on systems other than the Rushton turbine stirred vessels.

Based on the studies in the literature, it is clear that the development of an acceptable model for the
modelling of a gas-liquid system for a stirred tank is needed. The current study is a continuation of the
multiphase work developed by Engelbrecht (2006), and is aimed at investigating the discrepancies cbserved
by the author and to produce a reliable gas-liquid numerical model. Firstly, the steady and unsteady state
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3 NUMERICAL APPROACH

The flow processes in stirred tanks are defined by mathematical models, which are non-linear, coupled
partial differential equations. These are the flow equations for the conservation of mass, momentum and
turbulence quantities which are solved numerically. The numerical process is performed by having discrete
information at finite number of locations, or grid points, which replaces the exact solution of the partial
differential equations. The PDE’s are solved with the definition of boundary conditions, and controlled
by the discretisation scheme and the grid resolution. This chapter encompasses the different techniques
and approaches used in this investigation. This includes the description of the geometry, which was
based on the experimental work presented by Deglon (1998). The computational model, the boundary
conditions and the grid resolution are further described. The data measurement techniques employed for

the determination velocity values, turbulent parameters and gas hold-up are then explained.

3.1 GEOMETRY

The stirred tank used was a standard configuration vessel, with a flat bottom, four equidistant baffles,

agitated by a six-bladed Rushton turbine. The geometry used for this study is shown in Figure 3.1.
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Figure 3.1: Geometric representation of stirred tank
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for the multiphase case is depicted in Figure 3.2 and the corresponding spargers are shown in Figure 3.3.

The spargers are located at the bottom of the tank and were modelled as four segments.

3.2 MULTIPHASE SYSTEM

Several numerical approaches have been investigated for the multiphase case, the effect of boundary
conditions, the multiphase models, geometry and impeller rotation models. These are described in the

following sections.

3.2.1 CoMPUTATIONAL MODEL

The flow within the stirred vessel is known to be symmetrical. Thus, in addition to the 360° model,
a 180° model was used to simulate the vessel. This method allowed for substantial time saving. The

Reynolds-averaged Navier-Stokes equations for an incompressible fluid were solved in the commercially
available CFD code, FLUENT®,

Impeller Rotation Model

The investigation was based on two impeller rotation models. The Multiple Reference Frames (MRF)
model was used for the steady case and the sliding mesh (SM) model for the unsteady case. This was
achieved with the definition of two zones, namely the bulk zone and the impeller zone as shown in
Figure 3.2. The impeller zone, which contains the region of flow periodicity (Lee and Yianneskis, 1994),
was such that it was 1.5 blade height above and below the impeller blade and half the impeller diameter

away from the impeller.

Discretisation scheme and Pressure-Velocity Coupling

The QUICK scheme was used for the discretisation of the momentum equations and the volume fraction.
Turbulent kinetic energy and dissipaltion rate were discretised with first order schemes, since the extra
computational expense required on higher order discretisation scheme was not justified Engelbrecht (2006).
The discretised equations were used to derive pressure and pressure correction (or both) equations to
enforce mass conservation at each iteration {or time step) (Ranade, 2002). The phase-coupled SIMPLE
algorithm was used for the Eulerian model and the PISO algorithm, which is highly recommended for

transient flow calculations (Fluent Inc), for the mixture model.

Computational Grid

The computational grid plays a significant role in the accuracy and stability of the numerical computa-
tion. Thus, a fully structured, non-uniform grid with hexahedral body-fitted control volumes was created.
Figure 3.4 shows the grid used when the impeller rotation speed was set at 940 rpm. The grid was non-
uniform in cell size, with a finer mesh in the impeller discharge region due to the occurrence of a higher
degree of turbulence. The higher grid resolution in this large periodicity region helped to reduce numerical

diffusion that could lead to the poor prediction of turbulence parameters.
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spacing, the effect of the secondary phase on the flow field is minimised and numerical instability avoided.

3.2.2 MULTIPHASE AND TURBULENCE MODEL

The gas-liquid flow regime was simulated with two different models, namely the two-equation Euler-Euler
model and the mixture model. The Euler-Euler model has been the most widely used model for various
research studies for the modelling of gas-liquid flow (Khopkar et al., 2005; Aubin et al., 2004; Morud and
Hjertager, 1996; Ranade and Deshpande, 1999; Ranade and Akker, 1994; Gosman et al., 1992; Engelbrecht,
2006). The standard k — e turbulence model of Launder and Spalding (1974) was used to account for the

turbulent flow regime. However, the dispersed k& — € model was used for the Euler-Euler model.

3.2.3 DrAG MODEL

Frothers, a type of surfactant, are generally added to modify bubble properties to reduce coalescence for
the generation of a dispersion of small bubbles (Zhang et al., 2003). A higher stability is achieved with
the decrease in surface tension of the bubble upon addition of the frother. Thus, the presence of frothers
has a drastic effect on the motion of bubbles in a flotation system (Zhou et al., 1993) and consequently
the gas hold-up. The experimental work was based on the frother used by Deglon (1998), namely, MIBC,
Methy! Iso Butyl Carbinol.

Theoretial Approach

The study presented by Zhou et al.(1993) investigated the effect of the average bubble rise velocity in
bubble swarm system. Among the various findings, they reported that at least two main parameters
contributed to the reduction of the bubble rise velocity and the increase of gas hold-up. They were the

bubble size and the contamination factor.

They presented two sets of data comprising both of an experimental and a theoretical approach based on

the following equation:

Al(1+3.36C.R2)%® — 1211 (1 — kyey)?
Upe = J, - 29 .. ] 3.1
be at { (2C:Ry)? 1~ (kgeg)®/3 : 31)
where  Up, is the average bubble velocity
Jg is the superficial gas velocity
Ji is the superficial liquid velocity
kg is the gas hold up coeflicient
C. is the contamination factor
R, is the radius of bubble
where A is given by:
A=g(p—py) /() (3:2)

The experimental and predicted results both showed that addition of frothers gave rise to a decrease in

the bubble rise velocity. This can be translated in an increase in the drag coeflicient of the bubble.
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Thus, in order to reach a higher gas hold-up value, the motion of the bubble can be slowed, by mod-

ifying the standard correlation of Schiller and Naumann (3.3):

_ CpRe
24

f (3.3)

where

24 {1+ 0.15Re%%%7) /Re Re < 1000
CD:{ 1+ e%%7) /Re Re < (3.4)

0.44 Re > 1000

Since the flow within the vessel normally has a relative Reynolds number less than 1000, only the first part
of the equation was modified in view of increasing the drag coeflicient. Thus, based on the data presented

by Zhou et al.(1993), the constant 24 was altered to a parameter C. The modified equation is given by:

C (1 +0.15Re%087)
Re

Cp = (3.5)

where C is a model parameter
Based on the study carried out by Zhou et al.(1993), where a maximum 60 ppm of MIBC was used,

the experimental and empirical data resulted in a 41% and 71% increase respectively. The parameter C,

which included the increase, was used to account for the change.

3.2.4 PHASES AND PROPERTIES

The density and viscosity of the liquid water and the air sparged into the tank is given in Table 3.4. The

gas was pumped into the tank at a constant flowrate of 400 ml.min~1.

Table 3.4: The fluid properties

Property | Density Viscosity

(kg.m®) | (kg.m™1.s71)

Water 998.2 1.003x1073
Air 1.225 | 1.78943x107°

The numerical work was based on single bubble size models. This approach was similarly used by Ranade
and Van Den Akker (1994), Ranade and Deshpande (1999), Deen et al. (2002), Khopkar et al. (2005),
Kerdouss et al. (2006) and Engelbrecht (2006). The bubble diameter which varied according to the
impeller speed is as tabulated in Table 3.5. The diameters used were based on the experimental work
presented by Deglon (1998).

Table 3.5: Bubble size diameter

Impeller Speed | Bubble Diameter
(rpm) (mm)
630 0.38
940 0.2
1260 0.16
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3.2.5 PrRESSURE HEAD

The surface with atmospheric pressure was modelled by setting the gauge pressure at the outlet to zero.

The pressure head within the tank was accounted with the inclusion of the body force due to gravity.

3.2.6 CONVERGENCE CRITERIA

The convergence is dictated by how closely each discretised equation is balanced. The residual, which is
the sum of the imbalance in the governing equations over all computational cells in the solution (Ranade,
2002), is used to specify the convergence criteria. Thus, to obtain an acceptable degree of convergence,
which is problem dependent, the residuals should be adequately low. For this problem, the convergence

criterion for continuity was reduced to a maximum of 1x1073.

3.2.7 BounNnpARYy CONDITIONS

The closed set of governing model equations are solved by defining appropriate initial conditions and
boundary conditions. Thus, the solution isolates the system being modelled from the surrounding envi-
ronment. However, the effect of the environment on the flow field is represented by suitable formulation
of boundary conditions, so that, the physical phenomenons within the vessel are simulated properly.

Therefore, the boundary conditions were defined as followed:

Wall Boundaries

The standard wall function as proposed by Launder and Spalding (1974) was used to account for the

viscous flow regime near the solid surfaces.

Spargers and Outlet Boundary

Literature available to date, shows different approach to model spargers and the outlet of the stirred tank.
Ranade and Deshpande (1999) modelled the introduction of gas with mass sources for the gas phase,
specified at the sparger cells. The author, (Ranade, 2002), also presented a technique used for bubbles
column where the inlet conditions can be specified such that the gas entering the system in form of bubbles
can be modelled. This is performed by setting the gas velocity at the sparger inlet equal to the estimated
bubble rise velocity. The volume fraction is specified according to the gas volume flow rate. Thus, velocity

at inlet and the corresponding volume fraction are given by:

Ve = Voo (3.6)
and Vs
Ug
= . 3-7
oG = - (3.7)
where Vg is the velocity of gas at inlet
Vioo  1s the bubble rise velocity
Qg is the volume fraction of gas at inlet

{(Ug)  is the superficial gas velocity

Mass sinks were specified for the top-most cells to simulate gas exit from the liquid pool. This approach

has also been used for various research studies, namely Lane et al. (2002), Khopkar et al. (2005), Spicka
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et al. (2001).

Gentric et al (2005) also used a mass source term for the gas inlet. However, the top boundary was
modelled as a degassing boundary. That is, an outlet for the gas phase and a no-slip wall for the liquid
phase.

The sparger was also modelled as velocity inlets (Morud and Hjertager, 1996; Kerdouss et al., 2006;
Engelbrecht, 2006). The velocity was based on a given flowrate. This ensured that there were no outflow
of gas or liquid. The gas outlets were modelled as velocity outlet and were determined on a mass balance

based on the specified inlet conditions (Morud and Hjertager, 1996).

Recently, in a research study conducted by Engelbrecht (2006), a similar technique as presented by
(Ranade, 2002) was used to model the inlet; that is a velocity inlet was used at the sparger. However, the
author used an outflow boundary for the outlet. The outflow boundary ensures that the upstream flow
is not affected since the flow variables at the boundary are extrapolated within the domain (Fluent Inc).

However, no convergence was achieved with this method.

Based on these investigations, for the purpose of the current study the sparger was modelled as a ve-
locity inlet, where the velocity and volume fraction of air were based on the flow-rate used by Deglon
(1998), that is 400 mi.min 1.

However, for the outlet, three different cases were investigated, where they were modelled as a veloc-
ity outlet, pressure outlet and an outflow boundary for the respective cases. The velocity and volume
fraction used as outlet condition for the velocity boundary were determined from the mass balance based
on the specified inlet conditions. This method ensured that the amount of gas entering the system, leaves
at the surface of the tank.

Periodic Boundaries

The extent and size of the solution domain can be reduced by the recognition of the repetitious nature of
the fluid flow in a system. The flow within the tank is known to be cyclically repeating in nature. Thus,
a 180° model was used in addition to the 360° geometry. This was achieved with the definition rotational
periodic boundaries. The periodic boundary ensures that the flow leaving a plane enters a periodically

linked plane.

3.3 ANALYSIS

The numerical results for the multiphase system were compared to the experimental work presented by
Deglon (1998). The measured data included the mean velocity values, the turbulence parameters, the

power draw and the gas hold-up.

The measurement of the velocity components and the turbulent fluctuations are complicated due to the pe-
riodic rotation of the impeller causing non-random velocity fluctuations (Wu and Patterson, 1989). There

are different approaches presented to date, Wu and Patterson (1989) presented a technique whereby the
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Figure 3.5: Measuring points in stirred tank Figure 3.6: Measuring points in computational

model

non-dissipating periodic pulsations were removed to obtain meaningful turbulence data. Recently, Engel-
brecht (2005) proposed the circumferential averaging and an instantaneous technique for the determination
of velocity and turbulence parameters respectively. This method was in good correlation with Wu and
Patterson’s (1989) work. A similar approach was adopted for the current work for the determination of
the velocity and turbulence parameters at the data points as proposed by Deglon (1998). The measuring

points are depicted in Figure 3.5.

3.3.1 VELOCITY MEASUREMENT

The velocity at the data points was determined with the circumferential averaging technique. This was
performed by creating very fine arcs with a thickness of 0.002 mm of specific radii and heights. Figure 3.6

shows the arcs created for the measurement of the velocity in FLUENT®

3.3.2 TURBULENCE PARAMETERS MEASUREMENT

The turbulence parameters, comprising of the turbulence kinetic energy and the turbulence energy dissi-
pation rate, were determined using the method proposed by Engelbrecht (2006). Such that, data points
denoted by a symbol @, as per Figure 3.6 were created at at different heights on a plane midway between
any two baffles. Hence, the instantaneous values of the turbulence parameters were determined at the

data points as per Figure 3.6.

The predicted R.M.S turbulent velocity was calculated using the k value, given by:

2
URM.S = -3—k (3.8)
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3.3.3 POWER DrAW

The power draw is the amount of power that must be supplied to the motor to rotate the impeller. This

was determined by using the impeller rotational speed and the calculated torque at the impeller.

3.3.4 Gas HoLp-Upr MEASUREMENT

The gas hold-up (¢) is described as the dimensionless volume fraction of the gas phase in the dispersion
and is normally experimentally determined by a volume or area balance performed across a section of
a tank (Tatterson, 1991). For the numerical model the gas hold-up was determined from the volume

weighted average of air present in the vessel, that is in the impeller zone and bulk zone.
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4 RESULTS AND DISCUSSION

The results for multiphase models are presented in this chapter. The predictions for the multiphase models
were compared to the experimental data and numerical data presented by Deglon (1998) and Engelbrecht
{(2006). The numerical data presented by Engelbrecht (2006) showed good correlation to the experimental
results reported by Deglon (1998). However, some differences were noted in the prediction of the velocity
in the bulk region and the under-prediction of turbulence parameters at the impeller tip. These were at-
tributed to the sampling techniques used by Deglon (1998) as further described in Section 4.1.6. However,

both sets of results were used in this investigation for comparative purposes.

The results were compared in terms of the mean velocity, the RMS velocity, the turbulence dissipation
rate, the power draw and the gas hold-up. Two main cases were investigated, namely a steady approach
and a transient approach. The MRF model with a 180° model was used for the steady state approach,
while the sliding mesh with a 360° model was employed for the unsteady simulations. The Euler-Euler
multiphase model was used to investigate the discrepancy in the prediction of gas hold-up by using differ-
ent boundary conditions at the outlet. The transient approach was used to compare the two multiphase
models, namely the Euler-Euler model and the mixture model. Based on the findings, the mixture model
was used to investigate the effect of changes in the impeller speed upon the fluid flow in the tank. Further
investigations were carried to validate the appropriateness of the changes to the Schiller and Naumann

drag model in order to account for the effect of frothers.

4.1 STEADY STATE: THE EFFECT oF BOUNDARY CONDITIONS

The multiphase modelling of a basic flow is complex in itself. With the intense hydrodynamics inside the
stirred tank the modelling of such flows is more complicated. The steady state model, being computation-
ally less intensive than transient model, is a convenient way to model such flows. However, the prediction
of the gas hold-up for gas-liquid systemns has been unclear or inadequately predicted for the steady state
approach. The convergence criteria were not met in some cases (Engelbrecht, 2006). The first step in
this study was to investigate the under-prediction of the gas hold-up and the numerical instability for the

steady state scenario at an impeller speed of 940 rpm.

The investigation was based on three cases. An outflow boundary was used for Case 1 and a pres-
sure outlet was used to model the outlet for Case 2. Both models had a volume of air equivalent to half
the volume of the tank patched on top of the vessel. This method was used as a degassing medium in
order to achieve numerical stability (Fluent Inc). However, this approach was not used for Case 3 where
a velocity inlet boundary was used to model the outlet of the tank. This method was used to investigate
the effect of the volume of air added on top of the tank on the system. Engelbrecht (2006) reported the
inability of the MRF model to result in a model with an acceptable convergence criterion for continuity.
It was not clear whether the steep change from the liquid phase to a gas phase could have resulted in
the numerical instability or the inherent unsteadiness of the system. This approach was used to better

understand the shortcomings of the model in view of developing an acceptable model.
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4.1 STEADY STATE: THE EFFECT OF BOUNDARY CONDITIONS REsuULTS AND DISCUSSION

4.1.3 TURBULENT ENERGY DISSIPATION RATE

The predicted turbulent energy dissipation rate, €, values in the bulk region showed a poor correlation
to the experimental data. The ¢ values, were reasonably under-predicted in the impeller stream. At the
impeller tip, the e values were considerably under-predicted for all the cases. Similar, trends were observed
by Engelbrecht (2006).

Table 4.3: Turbulent energy dissipation rate, ¢ (W.kg™1)

. Region
Description
Bulk | Impeller Stream | Impeller Tip
Deglon 0.48 10.5 77.3
Engelbrecht | 0.10 10.97 15.25
Case 1 0.17 12.6 20.3
Case 2 0.17 12.5 20.9
Case 3 0.19 12.2 20.9

4.1.4 PowER DRrRAawW

The results are for the power draw are tabulated in Table 4.4. The experimental results were over-predicted

most probably due to the very small amount of gas present in the system.

Table 4.4: Power draw, (W.kg™?!)

Description | Power Draw
(Wkg™1)
Deglon 1.95
Engelbrecht 1.93
Case 1 2.13
Case 2 2.14
Case 3 2.16

However, the predicted power draw showed negligible or no difference for three cases investigated.

4.1.5 Gas Houwp-Up

The change of the gas hold-up {¢) against the number of iteration for the three cases was plotted as shown
in Figure 4.3. It can be observed that the gas hold-up showed a general increase over the 30 000 iterations.
After the 30 000 number of iterations, the gas hold-up for Case 1 and 3 were lower than the experimental
value of 0.0752. It should be noted that the experimental gas hold-up value is used for comparative pur-
poses only and is not related to the number of iterations. The gas hold-up was over-predicted for Case 2

where a considerable amount of gas was accumulated in the region below the impeller blade.
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A.1.6 THEOUSSION

The boundary conditions applied to the problem had neelipible or no effect oo Lhe prediction of the

hvdrodyuamios of Lhe mulliphaee svstems, The Eule-Euler model solves separate set of equations fo
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each phase. It is probable that the dominant water phase achieved numerical stability within the 30000
iterations. The slight difference in the velocity and turbulence parameters could be due to the different
amount of gas in the system with the different boundary conditions. The use of steady state MRF model
was found appropriate for the modelling of the hydrodynamics. The 180° model was found appropriate for
this study, due to the savings in computational time achieved. The steady state models did not lead to any
acceptable result in terms of gas dispersion. The systems were numerically unstable upon introduction of
gas. It was not clear whether it was due to the inherent unsteadiness of the system or due to numerical
instability of the steady state model. The dominant drag forces could also be one of the reasons. However,

no further investigations were made to support this claim.

Mass balance, that is continuity between the amount of air entering and leaving, was achieved for all
the three different cases. The conditions at the outlet with the outflow are obtained through the inter-
polation of flow field within the system. The flow for the pressure outlet relies on the definition of the
pressure at the outlet and velocity is set based on the mass balance. However, the velocity outlet might
be risky, mainly due to the fact that the outlet condition might not model the actual system, with the air
being forced out of the system. This can be avoided with either a pressure outlet or an outflow boundary.

More control can be achieved with the pressure outlet and therefore is more suitable.

Mean Velocity

The prediction of the velocity profile was qualitatively and quantitatively reasonable, with the exception of
the bulk region where the velocity was under-predicted. Similar observations were made by Engelbrecht
(2006). This discrepancy was attributed to the measurement techniques employed by Deglon (1998),
where the electrochemical probe used did not take the direction of the flow in the bulk region, which is

not purely tangential, into account.

Root Mean Square Velocity

The root mean square velocity, Vg a1, in the bulk region was slightly under-predicted. However, in the
impeller stream it was over-predicted and under-predicted at the impeller tip. This disagreement between
the numerical and experimental values could be due to the difference in data sampling methods used. For
the experimental work, Deglon (1998) determined the RMS velocity by calculating the integral over all

frequencies of the energy spectrum function as given by :
) OO
Tl = / Eq(n)dn (4.1)
0

where  F, is the energy spectrum function

n is the frequency
However, for the current study, the RMS turbulent velocity was calculated from the turbulent kinetic
energy according to Equation 3.8.
Turbulent Energy Dissipation Rate

The turbulent energy dissipation rate, £, was under-predicted in the bulk region. The results in the
impeller stream showed good quantitative correlation to experimental data. However, ¢ values were

under-predicted at the impeller tip as similarly reported by Engelbrecht (2006). As presented by the
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author, this discrepancy can be due to the sampling technique used. The data point used at the impeller
tip, being outside the trailing vortices behind the impeller blades, which might not have captured the
periodic component of turbulence. Moreover, the effect of the grid resolution, limited by the bubble size,

may be responsible for the under-prediction at the impeller as reported by Deglon and Meyer {2006).

Power Draw

The power draw for all three cases were well predicted. They all showed good quantitative correlation
to both the experimental work and numerical work presented by Deglon (1998) and Engelbrecht (2006)
respectively. The small difference can be attributed to the difference in amount of gas in the system which

could have led to some numerical inaccuracies.

Gas Hold-Up

The gas hold-up for all three cases were qualitatively well predicted. However, after 30000 iterations the
gas hold-up values (quantitatively) in none of the three cases were acceptable. A general increase of the
gas hold-up was observed in all the cases with no sign of stabilisation, suggesting a probable accumulation
of gas in the tank. Moreover, the convergence criteria of 1x1072 for the continuity was not met using the
pressure outlet and the outflow boundary. It was not clear whether it was the volume of air on top of the

tank that was causing this instability.

The system with the velocity outlet and no patch of air on top of the tank met the convergence cri-
teria. However, the gas hold-up at convergence was under-predicted. When the system was allowed to
run for more iterations, the gas hold-up increased steadily, resulting in an accumulation in the tank and
an increase in residuals for continuity. The very small amount of gas at the beginning of the simulation
can explain convergence at the beginning of the simulation, that is convergence could have been obtained
for the liquid phase rather than the gas-liquid system, since the system was primarily composed of water
at the start. This can also explain the increase in residuals for continuity with the increase in gas phase
in the tank.
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RESULTS AW [ ISCUSSH 4.2 UINSTEADY STATE: EFFECT 4F MULTITHASE MODEL

Phee GIITTL pase as shown o Figure 4L wheee an nnder-prediction was observed.

Moot Mean Square Velocity

1 lir resatlts foe Lhe

root mean sqeare velocity vahies are plotted in Figeees 401, 412 and 4,13 for the bulk

vesgion, Impeller strewm aned impeller dp espectively,

The prediction of the Fyoap o values in Lhe bolk repion were ouned G0 be satisfactory for both models,

The valnes o 30 wapeller totations were comparable $o the GHUL valnes as reporced by FEngelbrechy
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Figure 4.0 Le Yy ar s fms™ i ovs impeller rotations in bulle tegion

Lo che impeller surearm ae depicled i Fieurs 4.12, the correlalion betwesn the Lwo seds [or numerical resolis

were comparable. However, hoth scte of mumerical data over-cstimated the experimental results [ollowing

Lhe treneds reported by Engelbeeeht (20067 {for GIIT4
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Hewever, bottor prodictions wore obtoined at the impeller fip wdth the mixtore model thap with the
Eulee-Enler model. This is seen in Figee 4154 The values with the Eule-Eoler model were under-

predicted. Similar shecrvations were made by Engelbrechd (20006 as desevibied by cases GHU L and (GHLE,
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Fignre 4.13: Vs (aes” ') ve impeller motations at impellec tip
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Turbulenl Bowrgy Dissipation Rate

Uhe tarhailent energy dissipation rade fov the two malliphase models are shown in Figores 414, 415 ond
4. 11,

The tarbulent energy dissipretion rate wnlues inothe bulk for both cazes were foand to Le Jower thon
the exporimental value reparsod Tee Dieglon (R, e resils foa the GHIE case pregented by Fopgel-

Liechy (20006 shoeveed a stinilar rrend.
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Figure 1.14: Turbulent desipslion tale (Wohg™'} v mupeller rotations i bulk vegion

Even though slightly over-prediesed. ethe salues in the impelles siream showed reasonable corelation 1o
ceperiental data, Howevey, wln the vesalts for GHU L showed an under-prediction of ehe tarhbnlenl ene
ergy disdiparion vote is nacloar.
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Figure 115 Turbulent dissipadion vate (Wkg ') ve impeller rotatioms in impeller slrean

Al the impeller L Lhe prodiction of Che turbalent envegy dhzsipalion vale with the maxtuare maode] showed
gond ortelation to the experimental diata. However, the Fader Faler madel considocably under prodiciod

the turbuleoce dala ot the impeller Gp s olserved by BEogollbreecht (20043,
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Figure 4.146:; Turbulent dissipalion rate (Wokg 1 vs impeller rolations at impeller 1ip
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FPower Draw

The experitmentdl wnd ummerical results for the power deaw are 2 shown in Figure 4,17, Even thongh a
amall over-prodiction was observed, 1he power drow for the woxture and Lhe Ealer-Enler madel sere Tound
Lo be reasonable after 3 jupeller rotations. The vesulls prescnted by Engelbvechl (2006} showead w0 srnall
deviation [rom the carrenl values oyver 1he firs) 20 jmpeller rotations. This difforones can be attiibated 1a

Lhe arnounl of pas presenn al Lhe stard of the siimlation.
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Fipure 4,17 Dawer dras {1y v impeller totations

Gas Iold-Tip

The prediction of the wis hold-np as cxpected alter approximately 1.4 5 was mnder predicted o all cases.
Howrover, 1l aiin of this paviicular invest igation wias ro loole at the appropriatencss of the mixtare mode]
fisr the prediction of the zas disporsion, The results are plotted as sunpled over the frst 30 impeller

rorl sl i,

Figure 4,18 shoved the gus hald-up for the ter madels compared Lo W experciment sl and wnnerical work
of Deplon (19980 aned Engelbreclt {2006 ' be vidhues for bhoth models wore faund to inercase steadily over
the 30 jsipeller rotations. The pas hold-ap G Ahe mixlues wodel was fond 0 be lower than with the
Euwler-BEuler mulliphase wodel, However. afrer 30 impeller rotations Whey weee Bounrd do be comparible
Phe gas hold-up value abtained Lo the CETT was oumd 1o be bigher than the values for the eureent
inyestipation. This wis due 4o the caz aconmnilated in the tank wich the MRY model, wlich was vaed as

st inilial condition for shis particnlar cosc.
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The contour plots ol the vaolume fraction of air for the FoleePFaler and the misture wodal over (e
Hrst A0 fmpellor rorations are shown in Figures 42000 to 4240 The' Lepieal gas dispersion distribution i all
cases, will the aceunmlation of aie i Uhe recirealation lbops below and above the impeller is evident
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Frgnre 415 Cowtanr plot ad B4 rpan after i im-  Figure 4,200 Comtour [Jlrﬂ at B4 T allar 10 lin-

poller rotutiony with Ealer Fuler miode) peller rotations with misture model

Il was ales oleesved that 245 hrsl arcanmlates mnto the rocmenlat v Iq..--lp hickm 1hic Ili'.':"".:'h'l. amad Lhien
tix the loops nbove Lhe irup-:-llr—r. The povumwilaton of s with the Buler-Euler mardel wns Fouwml L be
mare significant. However. both models woro comparable afrer 30 nopeller rotations with vegards 1o (s

acvcumbbion ol pir o the recireulation locpes,
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Figure 421 Cottony plot ar 40 epon after 200 - Tigoee 122 Cootont pha. at 940 rpme after 20 im
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Figure 4.23: Cootour plot at 900 rpen aller 30 in- - Fignre 424 Clontowr plot at S0 rpn after 200 im-

peller rorations with Falee-Fuler model peller fotat s with mdxture model

Even thogl Both wodels were Lo 1o resalt inoan aeeeptable pas distribotion pattern, Vhe gas-lTiguid
itterface was pooely simuliated. When compared e esperimental work presented by Deglon (19985, the
water was [oood to rise Lo oarn nmeedlistic wmonnt above the bates. This was obeerved [e ot models
anid the discrepancy was found o be exacerbated over time a5 shown in Figures 2% aud 424 after 30

tnpeller ptations:

MHeenssion: Ealer-Euler and Mixiure Blodel

The two madels were cornpared gvor the st 30 impeller rodations, sl dn iwpeller spesd of 940 rpae ''he
resules slowed tlat the velooily amd turbulence parameters predictions were similar for hoth models. The

wvelreily values showsd wood correlation to the expovimental daca, exeept in the bolk resin where 1he

Centre [or Besanrch in Computational & Applied Meclaics 'acie AT

@ L MivErsiTy or C2apr Towk



4.2 UNSTEADY STATE: EFFECT OF MULTIPHASE MODEL RESULTS AND DISCUSSION

results were under-predicted. The turbulence parameters obtained were similar in all cases. However,
higher values were obtained at the impeller tip for the mixture model. This could be attributed to the
difference in turbulence model used. The dispersed k — & model was used for the Euler-Euler model and
the standard k —e for the mixture model. This difference and the high degree of turbulence at the impeller
tip could have resulted in the inconsistency at the impeller tip. The poor correlation to the experimental
work presented by Deglon (1998) could be attributed to the experimental sampling techniques used as

explained in Section 4.1.6.

The comparison of the numerical work presented by Engelbrecht (2006) showed similar trends observed
for the two models. The results for the GHU1 model was unclear. A similar approach was used for the
current work (started initially with no air) and the GHU1 model where the simulation was started with
0.15% of the experimental gas hold-up. It was observed that different values for the mean velocity and
turbulence parameters were under-predicted with the GHU1 model. The author claimed that the flow
field was not fully developed for simulations corresponding to GHU1. However, this was unclear as the
numerical models with both the mixture model and the Euler-Euler model both showed that the flow is
fully developed after 30 impeller rotations. This finding was supported by the comparable results obtained

from the steady state models.

The prediction of the power draw was reasonably acceptable when compared to the experimental data.
Comparable values to the numerical work presented by Engelbrecht (2006) were observed. The small over-
prediction could be due to the small amount of the gas present in the system over 30 impeller rotations,

since the power draw is expected to drop with aeration.

The gas hold-up for the two models were comparable. The experimental gas hold-up was under-predicted
as expected, since the 30 impeller rotations modelled represented about 1.9 s, compared to the required
30 s required to obtain reasonable gas hold-up values. However, the results showed that both model could

be used for the modelling of the gas phase.

The gas hold-up values for the GHU4 case as predicted by Engelbrecht (2006) showed better predic-
tion. This model used the MRF as an initial condition for the sliding mesh model. However, as found
from the steady state models, the MRF was not appropriate to model gas dispersion. Therefore, using

the MRF as an initial condition might lead to some numerical inaccuracies.

Both models showed some discrepancies in simulating the fluid flow at the gas-liquid interface. A consid-
erable rise in the water level was observed above the baffles. This lead to an unrealistic entrainment of
gas inside the tank. At this point it was unclear whether this phenomenon was physically possible or was
due to some numerical inability of both multiphase models to correctly simulate the gas-liquid interface.

Thus, this discrepancy was further investigated in Section 4.2.2.
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RESDETS AND DITs0 78510 1.2 DTNy Seare: TEreot oF MULLPHASE MOTE

4.2.2 E¥rECT OF [MPELLETRRL SPEED

The mixbure maodel wis wsed to investivate the offect of Impeller speed. The main objective of 10s secton
was to investigalte the bebavwour of tle pas-lguid inlerfaee upon s change in inpeller speed. A S60° il
with the sliding wesh model was used to madel the rotation of the frgeller aued L misdoee omdel fa
mwdel the gas lguid How. The mvestigation was Based on theee impeller speeds, G300 rpm, 340 rpm aid
B2 . 'he results were compared fio the exprriveental results reparted by Treglon (19987, These were
valiclotee) intorme of the velorily values, e Lacbidence parmneters, poser dease and the was boldap Uhe

nuireriecal data were sampled over che fiese 300mpeller rotaticaz as reported in the follewing soelions,

Mean Velooity

The anean velocity for Lhe dillerent regious ave plotted 10 Fignre 4.25, A.20 and 1.27. Sels of rosulls woere
plistted t WL ampeeller rotations indervala. The geaeral tncresse a0 The mean velocily values was observed

i all eages.

The mean veleacily values in bulk region, depicted o Figare 825, showed an oader prediction of the
eapperunental dalas An inerease o the velocily wahoes was observed over the 30 bmpeller roladions slio-
listesd. This shows thal even though corvetgence s oldained al the heptaning of the sinodation the Dow
i5 nob [ully developesd aver the [ost 20 impeller votations.  Fhe resalts supports the focings made s

Weehsler {10000, reporting that 30 tmpeller vodations 13 requivesto oblain o [olly developed Bow,
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Figure 4.25: Velocity fmes ' vs impeller speed Jipm) in bulk region
The resulls ab che hnpeller stream as shown dn Figore 4226 showed good coreelation at 630 ppan and 9400
i Hownver, the expeorimneoial dals wes dodec-predicied al 1200 vpnns Simdlar observatious were re-

poried by Eueelbrechl (20000 for o single phise case
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Figure 1,26: Valocily {m.s~1) ve impeller speed {rpm) in impeller sircam

The velocity values at Lhe impeller tlp showed good gualitative eorelations but were over-prodicted for
all gares. The results over the fest 30 wapeller rotations showed neplipible dilferencs, soppesting [hat the

Qi i phis region atlsined numerical stabilily at the impeller Lip,
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Tigure 1.27: Velocily {m.e1) ve impeller spied (rpm) at impeller tip
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FEsULTs AnD DITS0Ussies 4.2 Tlxgreapy Brare: HNEsserr oF MULTIFHASE MODEL

Raoi Mean Square Velocily

I'Le mameriesl resnalts for the rood mean square velocty are plotted i Figes 185, 429 and 4040, The

data slowe] ap inecease o ook wenn sguare veloeity with joevcasing impeller spoced

The predicted ot mean saquare veloeity valnees 1 the bielle rowion s shown in Figuee 4280 The v
sults showodl good qualitative corvelaticn o Ue experimental data, Flowever, the nomerioal data were
e predicied imoall cases A sanilive frend was ebserved by Boagelbeecht (20005 14 can be also obammed

that the How in the bolk region s not fully developed over the livst W0 imipeller colations,

(b
D=glzn (Expernmontal)
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—=— i Impeller Botations =
Fl..‘.'l
s "
S DSt ' B
=
Ll
E
DDS ... .. - i . i 1
£ (eI Qi 1ot 1100 1200

mpe ler Speed rpm)

Fignre 425 Vi gre fms U ve impeller speed (rpm] 10 halk region

The npmerteal data i the impeller steearn was over-predicted alibeneh siodlive treods wore chgerved froom
the cxpeomental resnls Bl dizerepancy was more substantial at G300 cpmcacd S0 rpme wilkh & bet fer
correlatoty al L6 rpr s shiosen 10 Fiamee 4085, Simdliaely. the sinale phaso data veported by Engelbreshi

120061, shoared an over-prediction al Ga rpeme amd 940 rpan Bot with an under peediedion ol P20 rpuo.
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At the immpeller tip, the correlation belween experimendal and S ndmerical data was qualitatively goeael
bt gquamtitatively poor, wath oo over-prediction far all eases. Phe results at the 1 opeller rotalions

intervals showed similar trends, T can slso be abserved thar thal G dscrepaniey was cxaccebated at G30
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FoESU 1 ann | NSCUEEI0MN 4.2 VINSTEATW BTATE! BEFFECT OF MIULTIPTASE MODFEL

Turbulenl Boorgy Dissipation Hate

The: torbulent enerpy dissipation rales values Tor the numerical and experonentat work Toe the raoee of
rotatiomal specd investisoted are plotted On Figures 1231, 1032 apd 1330 The experimental and nunareical

elata showed pood qualilative cocrelation for (e dilferent vezions,

The resulis in the bulk regon as depicted s Figuee €031 showed an wader grediction of the expociuenta|
eitas, s simtilarly absevved for the mican veloetty and roor mean square vodority valoes. Howover, Tiddle or

o dilference in e enerpy dissipation rate values w observed sver the 30 impeller rotatons
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Figure: 4.31; Turbulest dissipation rate {Wky 1) ve mmpeller specd {rpm) o bulk vesion

i’

Lo the ingeller sreeam, the = wahoes as 2hown in Figuee 432 weore predictod veazsonable well al 5350 vpan
aral Sl rpan. Howewver, the jmerical vesulls were uhider-prediclied al 1260 rpin. The reqults [or eacl
L imwpeller votations mtervals wore swnilae showing that the How was wost Dkely fully developed 1o the

impeller repiom,
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Fignre 4.32: Turbulent dissipation rate (W.£g '} vs nupeller specd (epm} in impeller stream

The prodiction for = af the impeller tip weee toasonable ar 30 rpm and 40 o, althongle over- predieded
moall cases, The discrepancy wos fonnd 1o be exacerbaled wish iherease in impeller speed,  Similae

observations were made 1o the mmpellee stecam and bulle regon
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Figure L33 Turbulent dissipation rate {1W.ky 1) v inpeller speed (rpm) at impeller tip
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Tuelmlent Energy Dizsipation Hate

Tl turhoilent energy dissipation rates values (ot the nunrerical and experimental worke for the range of
rotational speed investieated are plotted o Figuees 1310 432 and 435 "The experimental and numerical

data showod good qualivative correlation for the dilfereny regiones.

The resulls in the bnlk reion gz depicted in Fipuee 451 showod nn ondec-prediction ol 1he experuoental
datn, ns similnaty obaereod for the mean velocity sl root et squace yelocity values. However, litrle or

o dillerence o the enerey dissipation rate valoes 1= abservind o the 30 Dupellae rotations,
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Figure 4.5 Turbulent dissipation rate (W kg™ vs bnpellar speed (vpan) o bulk region

Im the ienpeller strearm, thes valuss as shoven i Figure 132 were prodictod roasonably well at @00 ipm
arnd U940 rpa. However, the numericnl resnbts wore noder-prediced at TR rpos The vesales [or each
HI impellor rotations intervals were sienilar showing 1hal che flow was most likely fully deseloped o the

el repion
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Powoer Draw

"I"be power draw for the cheee diffeecnt impeller specds over che (st 30 inpeller rovatious is cepresented
i Fignre 4344 Uhe mumenien] and experimental data corvelated well, with an inerease in power with an
increass in nnpeller spesd, However, the power draw was over-predicted by IRSE ol 1260 rpm. A similar

ob=ervalion was wuude by Roeelbeecht 20006 with an swer-prediction of 5%, for a single phase system.

i P
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Figaure 434 Power dvasw (Wokg ) vs impaller spood R ETo

Grax Hold-T:p

I'he gas hald-up over the first 30 inpeller rotations for (e range of npeller speed 15 shown o Figure 4,45,
It 34 elear that the gas hold=ap incrcases with the impelloy spoed even thongh the 30 tupeller rotations
does nob tepresenl Lhe saoe Lime bervl for all cases. Uhe gas bold-up for all cases were under- predicted

due to the relatively short time period owver which Lthe syetem was modelled,
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Fipures .36 wy 441 sherr the montor plots of e volume Taelion ol wie ot G630 rpme and 1260 mpo,
T'he was dispersion paltevi aear The ampeller wis well predicted. ''he gis liguid inlelaes homewer was
pecrly predicted in both cases. The inaceuraey proviously abiserved b B0 pm weas mere subetantial ol
L2660 rpna Ve interlace alter 30 impeller rotations asshown in Fipwe 441 was complelely unrealistic,
Ele warer level rose bw a comsiderabile anwunl above Che Ballles and is elearly not phvsieally possible,

Ihiis shemsed 4l the maodel failed 1o correctly simunlioe the wateor's free stelaee,

o d -1

I RLCETN i D=

B itk L il 117

LR 0 T B

1 4 HUE-G 1 4.805-11

T dauei 441511

Ell +ooea 4.008-011

I anes 3608011
320821
28011

Figure 4.36: Contour plot At G30 prmalter W an- - Figuee 87 Clontenr pler ar (260 rpan allec 14 din-

peller rolalics pedler rotanacus

The resulling pheumaenon was less subsrantial at the 630 rpmas shown in Figoee 2000 Ehe cotrainment
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Discussion: Efect of Tompeller S peed

The offeet of the Tmpeller spesd on the gas-lgnid Interface was vestigated. Uhis was perforied roosup-
port Vhe {act that the disetepanes is ralbwr doe 1o Lhe nability of e model to simualate such fows than
i physically possible phonomenon. [0 addition o this, the madel was walidated o terws of the wenn
velocily, turbolenee parameters, power sumber and pas bokd-up, This was carvied oot ol three diferent

itupriller speeds.

I'he mean veloeities and turbubenes parameters for Lhe oomerical and expecimental work showed pood
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4.2 UNSTEADY STATE: EFFECT OF MULTIPHASE MODEL RESULTS AND DISCUSSION

qualitative correlation with increasing values upon an increase in impeller speed. The parameters showed
increases with increasing impeller speed. The mean velocities were under-predicted in the bulk region
and over-predicted in the impeller stream and at impeller tip. The discrepancy was more considerable at
higher impeller speed. Similar, observations were made by Engelbrecht (2006) for a single phase investi-
gation. The root mean square velocity showed similar trends, but with better predictions at the impeller
tip. The turbulent energy dissipation rates were under-predicted in the bulk region as observed for the
other cases. An over-prediction was observed in the impeller stream and at the impeller tip. However,
the over-prediction of the £ values was higher at the impeller tip. This shows that the standard & — ¢
turbulence model used with the mixture model over-predicts the turbulence parameters. Hence, higher
order discretisation schemes and finer grid resolution might be needed in this region (Wechsler et al., 1999;
Deglon and Meyer, 2006). This also suggests a shortcoming of the mixture model with regards to the
modelling of highly turbulent flows. The discrepancy observed in the other regions can be attributed to

the experimental techniques used as outlined in Section 4.1.6.

The power draw prediction was acceptable. However, a small over-prediction was observed with in-
creasing impeller speed. The disagreement to experimental data was more substantial at 1260 rpm. The
relatively small amount of gas in the tank after the 30 impeller rotations modelled could have resulted on
the higher power draw prediction. A higher amount of gas in the tank would have resulted in a lower mean

fluid velocity at the impeller tip and hence a lower and better power draw values would have been predicted.

The gas hold-up was qualitatively well predicted in all cases with the common gas dispersion patterns.
However, the gas-liquid interface was inaccurately modelled. The discrepancy was evident at 1260 rpm
where the flow was completely unrealistic and unacceptable. It also caused a significant amount of gas
entrainment into the tank, which resulted in a misleading and an inappropriate prediction of the gas
hold-up. However, the phenomenon was less substantial at 630 rpm, where an insignificant amount of gas
was entrained in the system. Thus, the modelling of the gas phase can be investigated at 630 rpm with

the current modelling approach.
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RESULTS AND DISCUSSION 4.2 UNSTEADY STATE: EFFECT OF MULTIPHASE MODEL

4.2.3 EFFECT OF DRAG MODEL

The standard Schiller drag model was based on a stagnant liquid without taking the effect of frothers into
account. The effect of the frothers in the modelling of gas dispersion was found important by Engelbrecht
(2006). The Schiller model was therefore modified to account for the effect of frothers by increasing the
drag coefficient. This is explained in Section 4.2.3. Three cases were looked at, namely the case using
the standard drag model {(C1), and two other cases, C2 and C3, where the drag was increased by 41%
and 71% respectively. The mixture model was used with a 360° geometry and the sliding mesh model
was the impeller rotation model. The simulations were ran at 630 rpm where the inaccuracies with the
modelling of the gas-liguid were minimal. The model was validated in terms of the mean velocities,
turbulence parameters, power draw and gas hold-up, according the the experimental work presented by

Deglon (1998). The results for the first 30 impeller rotations were described in the following sections.

Fluid Properties

The changes in the mean velocity values were insignificant with the increase in drag. In the bulk region
and the impeller stream the increase in gas caused an insignificant decrease in velocity. The results at the
impeller tip showed negligible or no difference in the mean velocity values over the 10 impeller rotation

intervals.

Similar observations were obtained for the root mean square velocity values in the three different re-

gions. The values were found unchanged with the increase in drag after the first 30 impeller rotations.

The turbulent energy dissipation rate at the impeller tip was unchanged in the bulk region and im-
peller stream over the 30 impeller rotations simulated. The increase in drag resulted in a decrease in the

turbulent energy dissipation rate at the impeller tip.

Power Draw

The changes in power draw with the changes in the drag are shown in Figure 4.42. An insignificant
increase in the power draw can be observed with an increase in drag. This is found to be contradictory

with experimental data, since an increase in drag should have resulted in a decrease in the power draw.
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Gas Hold-Up

The gns hold-np for the throe different drag cocfficients ower 30 rpeller rotations is shown in Figare 4,43,
Thes resnbts ander predicted the experimental data, However, pand carrelation with the experimental data
wag ohserved for the threee cases, with a steady nerense o the gas hold ap over fume. The increaze 1m
trap coeflicient led to an merease in the gags hold-up, However, neghgible or oo difference was abtained
hrtween OF and O3 ''his is wnclear since the two cases oiffer Ly g 40% ineresse i deae This could moean

thuat the ineresse m drage coellicient would oot vesull inoa proportional increase in gas hold-up.
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Niscussion: Thrap hadel

'l imvestigation of the effect of drag showed seceptable resules in terms of the veloeity vabics. The
velacity was Fond Lo be voaffecied or shiowed swey smoll deviations which s most probably doe to the
dilferent amount of pas o the systome Howewer, at the mpellor screaan a decrease in the velocity was
vheerved and was more evidentl, mosk probably doe 1o the higher poreentgee of gas for the syatom with
the swstem with the bigher drag. Similar obsetvations were marde, where an mcrease wpas o Lhe svstemn
resu e fev i deereuse i e rool mean soguare seloctthy wadues. These ob=zersations were in gocd correlation
with findings presonted by Deglon (19083 whore Ul anthor elaimed Lhal aecation led tooa decrease
the mean Quid velociby,  The forbalent cnerey wvalges i the bolk region showed negligible change. This
i5 most probably cue dhe the fuen Uial Lhe bulk cegion was basieally conprised ol water and the offec of
thedrag wmaode] was minimal in that tegion, However, a4 deorease in Lhe enierpy dissipation rale vwaluss wis
ohgerved 1o Lhe oopeller stream and at the apelloe tipe This was in contradiction w the findings made hy

Dhoglon (1995), who repocted that ascalion led tooan ineresse tn enevpy dissipation in those twa rogions.

The power deas was vensonably well pradicted [or all cases. Howewer, the effeet of the drag on the
poser deasw was conrradicrory, sinee the bgher volume of gas wich a higher drag confficiont should b
resulted inoa desroase i the power draw, The lnerease in power i he attribuled Lo the decrease in the

tnrbulent snerpy dissipation rates obtained with the tnevease o drag.

The gas hold-up wloes inereased wich an inerease o drag eocllicient,  However, the ineressc in deas
did nol resull s propartional nerease inogas Lold-ap, Uhe valnes for the 41'% and TEE case weore yery

sinsilar.
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CONCLUSIONS

5 CONCLUSIONS

The purpose of this investigation was to develop a multiphase model able to simulate the basic gas
dispersion and the inherent hydrodynamics within the Rushton turbine agitated tank. This model was
to be suitable to be used as the stepping stone for the modelling and investigation of gas-liquid related
systems. The multiphase model was based on the previous numerical work of Siwale (2004) and on the
recent work of Engelbrecht (2006). The models were compared and validated with the experimental work
presented by Deglon (1998). The results were validated in terms of the mean velocities, the turbulence
parameters, the power draw and the gas hold-up. Based on the results, the following conclusions were

drawn.

5.1 STEADY STATE MODEL

The steady state model was found to be convenient for modelling the hydrodynamic phenomena. The
mean velocity values were in good agreement with the experimental data, although they were under-
predicted in the bulk region. This was attributed to the experimental accuracy due to the method used
in determining fluid velocities. The poor prediction of the root mean square velocity determined from
the turbulent kinetic energy was ascribed to the sampling technique used. Similarly, the discrepancy in
the prediction of the turbulent energy dissipation rate was regarded as an experimental inaccuracy. The
power draw showed good correlation for all cases. The value of the gas hold-up was poorly predicted,

which was most probably due to the numerical instability upon introduction of air in the system.

The boundary conditions employed for the outlet was found to have negligible effect on the system.
The convergence criterion were not met when a pressure outlet and outflow boundary was used. The
system with a velocity outlet resulted in the accumulation of gas in the system. Thus, the steady state
models were found inappropriate for the prediction of the gas phase. It is unclear whether it is due to the
inherent unsteadiness of the system or just a numerical problem. However, the MRF model was found

suitable for the prediction of the velocity values, the turbulence parameters and the power draw.

5.2 UNSTEADY STATE MODEL

The comparison of the mixture and Euler-Euler model over the first 30 impeller rotations showed that
both models can be used for the prediction of the gas dispersion, velocities and the associated turbulence
parameters. When compared, the velocity values were found to show the same correlation in the different
regions in the tank. The root mean square turbulent velocity in bulk region and in the impeller stream
were found to follow the same trend. However, at the impeller tip, the mixture model showed a better
correlation to experimental data than the Euler-Euler model. The same observations were made for the
prediction of the turbulent energy dissipation rate. This was attributed to the different turbulence mod-
els used, where the k — ¢ dispersed model and the standard & — £ turbulence model were used for the
Euler-Euler model and the mixture model respectively. The considerable difference was mainly due to

the high degree of turbulence in the region close to the impeller. The gas hold-up for the two models
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5.2 UNSTEADY STATE MODEL CONCLUSIONS

showed the correlation over the 30 impeller rotations simulated. Thus, both multiphase models can be

used for the prediction of the hydrodynamics in a gas-liquid system and for the modelling of gas dispersion.

The numerical results for the range of impeller speed showed good correlation to the experimental data.
The disagreement to the experimental data observed, was attributed the experimental sampling tech-
niques. However, the discrepancies were found more substantial with increasing impeller speed. The
prediction of the turbulent energy dissipation rates was found to be over-predicted in all cases. Thus, the
prediction of the turbulence parameters in regions of high turbulence with the standard k — ¢ model in
a multiphase system might not be adequate. This might be regarded as one of the shortcomings of the
mixture model, where the system treating the phases on a volume fraction (mixture) basis fails to predict
highly turbulent flows. The volume fraction of air was qualitatively well predicted, with the common gas
distribution patterns. However, the models failed to accurately simulate the gas-liquid interface, resulting
in the water rising to an unrealistic amount over the baflles. This was found to be exacerbated with in-
creasing impeller speed. The multiphase model was found be inappropriate to model gas dispersion with
the current modelling approach, and it was concluded that this could result in misleading and inaccurate

predictions.

The approach used to account for frothers, by increasing the drag coefficient via the Schiller and Nau-
mann correlation resulted in some unclear results. The mean and root mean square velocities decreased
insignificantly with the increase in the volume fraction of gas in the tank. The turbulent energy dissipation
rates decreased with increasing gas hold-up, disagreeing with the findings made by Deglon (1998). This
supports the claim made with regards to the prediction of the turbulent energy dissipation rate while
using the mixture model. The gas hold-up did not increase significantly with the increase in drag. This

was unclear as a substantial increase in gas hold-up should have been obtained.
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RECOMMENDATIONS

6 RECOMMENDATIONS

Recommendations made were based on the conclusions and are as followed:

The MRF model with the current modelling approach is unable to simulate gas-liquid systems due to
its inability to simulate a numerically converged result. However, the model was adequate for the pre-
diction of the velocity values, turbulence parameters and power draw. The model produced comparable
results to the more computationally intensive sliding mesh model. Therefore, MRF model is unsuitable

for the prediction of gas dispersion in stirred tanks.

The results between the mixture model and Euler-Fuler model were comparable. Therefore, the mix-
ture model can be used as an alternative multiphase model for the prediction of gas-dispersion, especially

when computing power and time is limited.

Both models failed to correctly predict the fluid flow at the gas-liquid interface. The only acceptable
solution was obtained at low impeller speeds. Thus, if the current modelling approach is used, it is rec-

ommended to be used only at low impeller speed.

The drag model gave acceptable results, with the increase in gas hold-up when the drag coefficient was
increased. However, the modified model of Schiller and Naumann did not result in significant increase or
decrease in values for the fluid properties, the power draw and most importantly the gas hold-up. Thus,

further investigations are recommended.
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STEADY STATE AND UNSTEADY STATE RESULTS DATA

A STEADY STATE AND UNSTEADY STATE

RESULTS DATA

A.1 STEADY STATE REsSuULTS DaTA

A.1.1 Gas Hop-Up

Table A.1: Gas hold-up, ¢

Iteration Boundary
Outflow | Pressure Qutlet | Velocity Inlet
5 600 0.0201 0.0197 0.0144
10 000 0.0321 0.0514 0.0249
15 000 0.0471 0.0677 0.0363
20 000 0.0501 0.0736 0.0456
25 000 0.0573 0.0769 0.0527
30 000 0.0647 0.080 0.0603

A.2 UNsTEADY STATE REsSuLTs DATA

A.2.1 MEAN VELOCITY DATA

Table A.2: Mean velocity, U (m.s™1)

Region

Impeller %peed Bulk LImpeller Stream AL Impeller Tip

(rpm Impeller Rotation

10 20 30 10 20 30 10 20 30
940 (Eulerian) 0.018 | 0.020 | 0.033 | 0.439 | 0.427 | 0.425 | 1.772 | 1.806 | 1.805
940 (Mixture) 0.025 | 0.030 | 0.051 | 0.425 | 0.401 | 0.392 | 1.768 | 1.799 | 1.793

630 (Mixture-C1) | 0.019 | 0.025 | 0.033 | 0.246 | 0.248 | 0.247 | 1.160 | 1.186 | 1.191

630 (Mixture-C2) | 0.018 | 0.027 | 0.029 | 0.220 | 0.210 | 0.228 | 1.150 | 1.184 | 1.192

630 (Mixture-C3) | 0.016 | 0.027 | 0.030 | 0.230 | 0.208 | 0.224 | 1.150 | 1.184 | 1.192
1260 (Mixture) 0.074 | 0.068 | 0.094 | 0.570 | 0.541 | 0.520 | 2.404 | 2.424 | 2.403

Centre for Research in Computational & Applied Mechanics PAGE A-1

UNIVERSITY OF CAPE TOowN



A.2 UNSTEADY STATE RESULTS DATA STEADY STATE AND UNSTEADY STATE RESULTS DATA

A.2.2 RooT MEAN SQAURE VELOCITY DaArta

Table A.3: Root mean square velocity, Vi a5 (m.s™1)

Region
Impe(ller %peed Bulk T Impeller Stream I Impeller Tip
rpm

Impeller Rotation
10 20 30 10 20 30 10 20 30
940 (Eulerian) 0.138 | 0.113 | 0.115 | 0.380 | 0.379 | 0.378 | 0.422 | 0.340 | 0.396
940 (Mixture) 0.139 | 0.116 | 0.114 | 0.377 | 0.366 | 0.361 | 0.566 | 0.569 | 0.571
630 (Mixture-C1) | 0.107 | 0.073 | 0.071 | 0.251 | 0.244 | 0.247 | 0.395 | 0.389 | 0.389
630 (Mixture-C2) | 0.104 | 0.072 | 0.072 | 0.220 | 0.211 | 0.223 | 0.367 | 0.363 | 0.359
630 (Mixture-C3) | 0.105 | 0.0730 | 0.072 | 0.230 | 0.208 | 0.224 | 0.366 | 0.362 | 0.359
1260 (Mixture) 0.183 | 0.163 | 0.159 | 0.514 | 0.499 | 0.492 | 0.802 | 0.804 | 0.800

A.2.3 TURBULENT ENERGY DISSIPATION RATE DATA

Table A.4: Turbulent energy dissipation rate, e (W.kg™ 1)

Region

Impeller Speed Bulk Impeller Stream I Impeller Tip
rpm

Impeller Rotation
10 20 30 10 20 30 10 20 30
940 (Eulerian) 0.150 | 0.132 | 0.149 | 11.82 | 12.73 | 12.86 | 28.0 25.95 | 25.57
940 (Mixture) 0.150 | 0.146 | 0.151 | 11.69 | 11.75 | 11.60 | 76.71 | 82.57 | 84.01
630 (Mixture-C1) | 0.073 | 0.033 | 0.035 | 3.07 | 3.19 | 0.32 | 21.81 | 22.62 | 22.97
630 (Mixture-C2) | 0.053 | 0.033 | 0.035 | 3.16 | 3.20 | 3.22 19.54 | 20.54 | 20.23
630 (Mixture-C3) | 0.055 | 0.033 | 0.035 | 3.12 | 3.23 | 3.23 | 19.34 | 2046 | 20.27
1260 (Mixture) 0.360 | 0.390 | 0.383 | 30.20 | 29.90 | 29.34 | 227.71 | 244.25 | 241.07
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STEADY STATE AND UNSTEADY STATE RESULTS DATA A .2 UNSTEADY STATE RESULTS DATA

A.2.4 POWER Draw DATA

Table A.5: Power draw, (W.kg™!)

Impeller Speed Impeller Rotation
(rpm) 10 20 30
940 (Eulerian) | 2.01 | 2.19 | 2.19
940 (Mixture) 2.04 | 219 | 217
630 (Mixture-C1) | 0.591 | 0.620 | 0.622
630 (Mixture-C2) | 0.601 | 0.625 | 0.624
630 (Mixture-C3) | 0.600 | 0.625 | 0.625
1260 (Mixture) 5.10 | 5.36 | 5.23

A.2.5 Gas HoLp-Up s

Table A.6: Gas hold-up, (¢)

Impeller Speed Impeller Rotation

(rpm) 10 20 30
940 (Eulerian) 0.0261 | 0.0302 | 0.0328
940 (Mixture) 0.0086 | 0.0169 | 0.0259
630 (Mixture-C1) | 0.0035 | 0.0050 | 0.0066
630 (Mixture-C2) | 0.0031 | 0.0059 | 0.0080
630 (Mixture-C3) | 0.0031 | 0.0057 { 0.0079
1260 (Mixture) 0.0171 | 0.0290 | 0.043
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