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Abstract 

Stirred tanks are widely used in industry for industrial processes such as mixing, wastew­

ater treatment and flotation processes. Computational fluid dynamics (CFD) provides 

a useful tool for determining detailed information about the flow fields in stirred tanks. 

Many numerical studies have been carried out on single phase flow fields, however, mul­

tiphase studies have not been investigated as comprehensively. The development of 

multiphase CFD models of stirred tanks has significant implications for industrial pro­

cesses. Existing processes could be optimized while predictive models could aid in the 

design of flotation systems. For example, important processes such as bubble-particle 

collision, attachment and detachment could be characterized in terms of stirred tank 

hydrodynamics. In addition, collector and frother models could be incorporated into 

CFD models to predict the flotation process in greater detail. 

This thesis deals with the development of a multi phase model for stirred tank appli­

cations. The general purpose, commercially available CFD code, FLUENT 6.2, is used 

to model a Rushton turbine-agitated stirred tank with T = 0.14 m. 

A single phase model was developed as a basis for the multiphase model. The MRF im­

peller model was used in conjunction with the standard k-E turbulence model to model 

the impeller rotation and turbulence respectively. The higher order QUICK discreti­

sation scheme was used for all single phase simulations. The single phase data was 

primarily evaluated in axial profiles of mean velocity and turbulent kinetic energy. In 

addition. the single phase data was also evaluated in terms of mean and turbulent RMS 

velocities, turbulent dissipation rates and power draw. 

The MRF and sliding mesh models were used for the multiphase model. The Eule­

rian mixture model was used in conjunction with the dispersed k-E turbulence model to 

model turbulence. The spargers in the stirred tank were modeled as velocity inlets and 

a single bubble size (0.2 mm) was assumed. The higher order QUICK discretisation 

scheme was used for the sliding mesh model, while first order upwind differencing was 

used for the MRF model. Initial concentrations of gas hold up, i.e., 0.15 % (GH 1), 

25 % (GH 2) and 70 % (GH 3) of the experimental gas hold up reported by Deglon 

(1998), were patched into the stirred tank with a view to shortening calculation times. 
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A solution from a MRF simulation (GH 4) was also used as the input to the sliding mesh 

model for the same reason. Initial concentrations of gas hold up were not patched into 

the tank for MRF simulations, as these calculations times are substantially shorter than 

those of the sliding mesh. The effect of grid density on the flow field was investigated 

using the MRF model. The multiphase model was evaluated primarily in terms of mean 

and turbulent RMS velocities, turbulent dissipation rates, power draw and gas hold up. 

In addition, axial profiles of mean velocity and turbulent kinetic energy were also used 

to compare the multiphase data to published experimental data. 

It was found that the single phase model accurately predicted the axial mean veloc­

ity and turbulent kinetic energy profiles. Bulk tank data poorly predicted experimental 

mean and turbulent RMS velocities as well as turbulent dissipation rates. The poor cor­

relation was attributed to inaccuracies associated with the experimental measurement 

technique used to measure these parameters. Mean velocity predictions in the impeller 

stream and at the impeller tip were satisfactory and good, respectively. RMS velocity 

predictions were good in the impeller stream and satisfactory at the impeller tip, while 

turbulent dissipation rate predictions were good in the impeller stream and at the im­

peller tip. Power draw predictions were accurate for all simulations. 

Axial profiles of mean velocity and turbulent kinetic energy for the multiphase model 

showed good correlation with published experimental and numerical profiles. However, 

for sliding mesh simulations, profiles corresponding to concentrations of gas hold up 

which were patched into the stirred tank (GH 1, GH 2 and GH 3) were inconsistent 

with increasing impeller rotations. No such inconsistencies were observed for profiles 

resulting from the use of the MRF solution (GH 4) as an input to the sliding mesh 

model. The fact that profiles corresponding to G HI, G H 2 and G H 3 were not identical 

for increasing impeller rotations indicated that the flow fields corresponding to these 

initial patched concentrations were not fully developed. Profiles corresponding to the 

IvlRF simulations,to determine the effect of grid density, showed good correlation with 

the published experimental and numerical data. 

Bulk tank data poorly predicted mean and turbulent RMS velocities as well as tur­

bulent dissipation rates. The reason is the same as for the single phase model. For the 

sliding mesh model, mean velocity predictions in the impeller stream and at the impeller 

tip were accurate, apart for simulations corresponding to GH 1. Predictions correspond-
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ing to GH 1 were, for the most part, inconsistent with predictions corresponding to GH 

2, GH 3 and GH 4. Thrbulent RMS velocities were satisfactory in the impeller stream 

and the impeller tip, but poor correlation was observed for turbulent dissipation rate at 

the impeller tip for both impeller models. This poor correlation was attributed to the 

difference in measurement techniques used in this study and the study carried out by 

Deglon (1998). 

Power draw was accurately predicted by both impeller models and it was found that 

power draw was unaffected by gas hold up. Gas hold up was found to be dependent on 

the initial gas hold up in the stirred tank. Furthermore, both impeller models under 

predicted the experimental gas hold up due to the absence of collectors and surfactants 

in the numerical model. 

It was concluded that the single phase model could accurately predict single phase ex­

perimental data. Furthermore, it was concluded that patching initial concentrations of 

gas hold up into the stirred tank did not produce a fully developed flow field, even after 

30 impeller rotations. It is therefore recommended that the solution to an MRF simu­

lation be used as the input to the sliding mesh model, as this case produced consistent 

results. 
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Referring to instantaneously measured data 
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Outer region of the stirred tank, excluding the 

region encapsulating the impeller. 

Fraction by volume of the gas phase in the 

mixture. 

Impeller Discharge Stream Region of the stirred tank swept by the outflow 

of the impeller. Also known as the impeller 
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Lower Vortex 

Mid Baffle Plane 
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Referring to instantaneously measured data. 
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as a result of the radial flow pattern induced 

by the impeller. 

Measurement plance located midway between 

two baffles. 

Clearance between the impeller and bottom of 
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1. IntroJuc,io!l 

Chapter 1 

Introduction 

Slirr('d '.,ll.ks are widely llSOO in many industrial proc es.,,,~ such <t.' mixing, w<,~wwCil<'r 

and fio tlition prO<"N"'~. Ham('d \.;ULb ~l'e uwel most frequentl,'" '"~ tht baffles prevent 

solid body rota!·ioJL which hinders mixing. Stirr€d tanks can b(' ar;ital.('d by Ci Hln~" of 

illl ]l€Il€rs, d€[l€nding on the fiow field rell nir€c\. Factors HlI'h CiS olI holi,olll d"llf~m'" (C) 

and dearml(" l"'lwe€n iJl<' impdkr ~l.d tJ»m('~ ~I~o inHu(,JLc:e t l. e How ti€ ld. F:xt€nsi,'€ 
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pha~ flows in slin€d tanks. The infill€UCe of previously mentioned paramHers, such a~ 
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1. l",rod""!;,,n 
------------------------

off l){lttom clearance as well as impeller L)'p~, on Ilw flow field lms bE'l"n r~l)ort.ed. Tlw 

single phase flow fi~ld is i.lwr,,[ore w"ll 11lld~rstood ill t.enus or l.ml",lpIl('p pam.lllPLprs, 

jXlwer draw and IIlP3n velocities, 

Fii\l1rp 1.2: R11shlonluriJine impeller 

COmP11tatiOllal Fl11id [)ynmllic:s (CFD) is a nf;e[nl too l [or dderminini\ (kl,,,ilL~1 informa­

tion aIlout the flow lipId in st.irrfl(1 tanks. "lany nurnerica.l stndi"" (Rmmd" d ,J" 1%8: 

Kresta mLt] Wood, 1891; L110 el aI., 1~J:I; Tal){lr et ai" 1996: R..'.nade, 1997: Brucato 

et ~L. 1998; Jenne ami Reu~s, 1999; CaJlljXllo pI, ~L 21))3' Anbi" d "I., 2()04; Siwal~, 

'l0{)4; lIartmiUlll et aI., 2004: Deglon and " leypr, 20iJ6j havp b"pn cauied out, OIL si"~l,, 

ph~sp How field~. Turbul"ILCP p~rmllpl ~rs, I'()w~r dmw aad lIW,m velocities w~re often 

found to be accur~tply predict.eJ by CFD. 

XUllwr;c~lly, m11lt,il'hm;p flows in , I irr~d I " mk~ have not been im·pst,ig~teJ as (~"IUl'r<,­

hen.sivel,l' as single ph~se flows. H owen"" st udiPlj h"v~ been presented by Bakker (1992), 

Goslllan d ai, (E¥.l'l), Ranade and van dpn J\kk"r (19~l4), R,m"de and j)~shpallde 

(1999). Koh et aL \2{)OO) mJ(] more ruc~ntl.Y by Lane et al. (2002) [)""n pt, ~1. \21Hl"21, 

Koh ~"d S(,hwan (2Il1J:lj, Gentric et al (2005). Kerdouss Pt aL (20I.l!i), Khopkar el al. 

(2000) aJl(] Sl1Il ~I , ,J, (20()(j). Th~ d~veloplllent ()f lIlultiphasp CF[) lllodpL~ o[ ~lirwd 

ta llks has sii':nifiC:'lJll impli""l,ions for industrial ~pplication~. Exi~l, ini': pnJCI'S..',es ('Ould 

he opt.imi7.pd an<1 st,rpamliIlfl(] whil~ predictive models could also aid in thp d"sil4H or 

bubble columns aJHlllot<l-l,ioIl ~yHlpm". for example. important fiot~t,inrl subprocp~'l<':S 
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1. Introduction 

such as bubble-particle collision, attachment and detachment could be characterized in 

terms of stirred tank hydrodynamics. In addition to this, collector and frother models 

could be developed to predict the flotation process in greater detail. 

The purpose of this study was to develop a multiphase model for a Rushton turbine­

agitated stirred tank. The sliding mesh and MRF impeller models will be used to model 

the impeller rotation, while the k-t turbulence model will be used to model turbulence. 

The multiphase model will be primarily evaluated in terms of gas hold up and power 

draw, while mean velocity and turbulence parameters will also be of interest. 

This thesis begins with a literature review, where key aspects of CFD are discussed 

and a review of multiphase studies on stirred tanks in CFD is presented. 

The CFD methodology for this thesis is presented in Chapter 3. Boundary condi­

tions specific to the each impeller model and the secondary (gas) phase as well as those 

applicable to the single and multiphase models are described. The chapter is concluded 

with a description of techniques for reproducing phase averaged and phase resolved ex­

perimental data. 

The results for the single phase and multiphase models are presented in Chapter 4. 

The single phase model was evaluated in terms of axial profiles of mean velocity and 

turbulent kinetic energy. An extensive single phase experimental data set published by 

Wu and Patterson (1989) as well as a numerical data set presented by Siwale (2004) 

were used to validate the single phase model. The single phase model was then further 

validated in terms of mean velocities, turbulence parameters and power draw using ex­

perimental data published by Deglon (1998). The multiphase model was validated using 

a multiphase experimental data set, containing detailed turbulence parameter informa­

tion for an aerated stirred tank, published by Deglon (1998). The multiphase model 

was evaluated in terms of mean velocity, turbulence parameters, power draw and gas 

hold up. In addition, axial profiles of mean velocity and turbulent kinetic energy were 

compared to those published by Wu and Patterson (1989) and Siwale (2004). 

The thesis is concluded in Chapter 5 and recommendations are made based on the 

conclusions drawn. 
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2. Literature Review 

Chapter 2 

Literature Review 

This literature review begins with an overview of the governing equations of fluid flow fol­

lowed by an overview of discretisation, turbulence modeling and grid resolution. Impeller 

modeling techniques are subsequently presented, followed by a description of numeri­

cal multiphase models. The literature review is concluded with a review of multiphase 

modeling of stirred tanks using CFD. 

2.1 Governing Equations 

The conservation equations which govern fluid flow are given by the continuity and 

N avier-Stokes equations, which are time-averaged to yield the Reynolds averaged N avier­

Stokes equations. These sets of equations are presented below. 

2.1.1 Continuity Equation 

The continuity (mass) equation for a general case, it is given by 

For an incompressible fluid, the continuity equation is given by 

Centre for Research in Computational and Applied Mechanics 
University of Cape Town 
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2. Literature Review 2.1. Governing Equations 

2.1.2 Navier-Stokes Equations 

The Navier-Stokes equations govern fluid flow. They are given by the momentum equa­

tions in each of the coordinate directions. The momentum equation is given by 

Where Si is a momentum source term. 

2.1.3 Time Averaging 

Through time averaging, transported properties can be divided into average and fluctu­

ating components. For example, velocity can be written as 

(2.4) 

\\There Ui and u: are the average and fluctuating velocity components. The average 

velocity is defined by 
11t2 

'iii = - Uidt 
t tl 

(2.5) 

\\There tl « t «h After many cycles of time averaging, the fluctuating compo­

nents, given by u: in equation 2.4, average to zero (Marshall and Bakker, 2003). Scalar 

quantities, such as pressure, can be defined in a similar manner to equations 2.4 and 

2.5. Substituting the time averaged equations into the instantaneous continuity and 

momentum equations yields 

(2.6) 

and 

Equation 2.7 can be rewritten as 

o _ 0 __ op 0 [Cui Cuj] 20Uk) -,-, ( ) 
-(pUi) + -(pUiUj) = pbi - - + J.L(- -) + - - -- + Si - puiuj 2.8 
at OXj OXi OXi OXj OXi 30Xk 

Equation 2.8 is known as the time-averaged, or Reynolds Averaged Navier Stokes 

(RANS) equation. Additional terms, represented here by the last term on the right­

hand side of equation 2.8, pu:u~, now appear in the momentum equation. These terms 

are known as the Reynolds stresses, which need to be modeled to close the RANS equa­

tions. 
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2. Literature Review 2.2. Discretisation 

2.2 Discretisation 

Discretisation involves converting the governing equations from a differential form into 

an algebraic form. Discretisation schemes must possess certain properties in order to 

yield physically and numerically realistic results. Versteeg and Malalasekera (1995) de­

fined fundamental properties for discretisation, namely conservativeness, boundedness 

and transportiveness. 

To ensure conservativeness of the transported property, ¢, for the entire solution do­

main, the flux of ¢ leaving a control volume must be equal to the flux of ¢ entering the 

adjacent control volume through the same face. Boundedness states that in the absence 

of sources, the internal values of a property ¢ should be bounded by its boundary values. 

For transportiveness, the cell Peclet number is defined as 

Pe = pu<5x 
r (2.9) 

Where p is the fluid density, u is the fluid velocity, <5x is the characteristic length and r 
is the diffusion coefficient. The Peclet number is a measure of the relative strengths of 

convection and diffusion. For high Peclet numbers, i.e., Pe ---* 00, convection dominates 

and ¢ will be strongly influenced by conditions upstream. For low Peclet numbers, i.e., 

Pe ---* 0, the flow will be strongly diffusive and ¢ will be spread equally in all directions. 

The directionality of influence is known as transportiveness. Widely used discretisation 

schemes will be presented below and will be described in terms of accuracy and the 

degree to which flow directionality, or transportiveness, is taken in to account. 

2.2.1 First Order Upwind Differencing Scheme 

<l>vv 1jl'N <1>. <PE 

• wi • Ie • 
W P E .. • 

u U 
'II 

Figure 2.1: First order upwind scheme for flow in the positive direction 

For upwind differencing, the face value of cjJ is derived from quantities upstream, 

or upwind to the direction of the normal velocity. The first order upwind differencing 
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2. Literature Review 2.2. Discretisation 

scheme is only first order accurate, but it does take the directionality of the flow into 

account. For flow in the positive direction, as in figure 2.1, where U w > 0, U e > 0 

cPw = cPw (2.10) 

and 

(2.11) 

For flow in the negative direction, as in figure 2.2, where U w < 0, U e < 0 

$"" i)lw <!>e <PE 

• wi • Ie • 
W P E .. ... 

u u 
oN 

Figure 2.2: First order upwind scheme for flow in the negative direction 

(2.12) 

and 

(2.13) 

Versteeg and Malalasekera (1995) stated that a major drawback of the upwind differ­

encing scheme is that is produces erroneous results when the flow is not aligned with the 

grid. This error is commonly referred to as false diffusion. It has been reported by Han 

et al. (1981) that grid refinement can reduce false diffusion, however the amount of grid 

refinement required to compensate for false diffusion is often impractical, as relatively 

fine grids would be required. 

2.2.2 Central Differencing Scheme 

The central differencing scheme is a second order accurate discretisation scheme which 

assumes that the transported variable cP varies linearly between two nodal positions. 

Therefore, with reference to figures 2.1 and 2.2 

cPe = cPE( Xe - Xp ) + cPp(1 _ _ xe_-_xp_) 
XE - Xp XE - Xp 

(2.14) 

For a uniform grid, the degree of influence on a node is equal in all directions. Si­

wale (2004) found that the central differencing scheme, in conjunction with a high grid 
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2. Literature Review 2.2. Discretisation 

density, accurately predicted experimental power numbers and turbulent kinetic energy 

values. However, Versteeg and Malalasekera (1995) have stated that for Pe > 2, the 

central differencing scheme may lead to physically impossible solutions. Furthermore, 

the central differencing scheme does not take flow directionality into account. 

2.2.3 Hybrid Discretisation Scheme 

The Hybrid discretisation scheme is a combination of the central and upwind differencing 

schemes. The central differencing scheme is employed for Pe < 2 and the upwind scheme 

for Pe ~ 2. It has been stated by Han et al. (1981) that for convection dominated 

flows, the Hybrid scheme is only marginally superior to the upwind differencing scheme 

and that using it places restrictions on the density of the grid used. Furthermore, it's 

accuracy, due to Taylor series truncation, is only first order. 

2.2.4 Quadratic Upwind Interpolation Differencing Scheme 

(j)ww \))'1. cjl .. IP, <PE liJEE 

• • wi • Ie • • 
ww w p E EE 

• • 
u u 

w e 

Figure 2.3: Schematic representation of the QUICK scheme 

The Quadratic Upwind Interpolation Differencing (QUICK) scheme uses three-point 

upstream-weighted interpolation for cell face values (Versteeg and Malalasekera, 1995). 

A parabola is fitted to the nodal values at either side of a face and at a point upstream 

of a face. For figure 2.3, when U w > 0 

3 3 1 
<Pw = 4<Pw + S<pp - S¢ww (2.15) 

For figure 2.3, when Ue > 0 

(2.16) 

Siwale (2004) reported that the QUICK scheme, in conjunction with a high grid density, 

accurately predicted power numbers and turbulent kinetic energies that were in good 

agreement with experimental values. Aubin et al. (2004) reported that the QUICK 

scheme was more accurate in predicting turbulent kinetic energy than the upwind dif­

ferencing scheme. 
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2. Literature Review 2.3. Turbulence Modeling 

2.3 Turbulence Modeling 

'TUrbulence modeling is required to provide accurate information about real, i.e. non­

idealized, flows. To resolve turbulence all the way down to the smallest scales (turbu­

lence micro scales), Direct Numerical Simulation (DNS) of the Navier-Stokes equations 

is required. However, DNS is impractical as a very fine grid resolution and substantial 

calculation times are required. 

Two alternative approaches have been developed to modify the N avier-Stokes equations 

so that turbulence micro scale fluctuations are taken into account, namely the Reynolds 

Averaged Navier-Stokes (RANS) equations and Large Eddy Simulations (LES). Both 

approaches introduce additional terms into the governing equations which need to mod­

eled to achieve closure for the unknown variables. For Large Eddy Simulations, the flow 

field is explicitly solved at spaces larger than the grid spacing (Derksen and van den 

Akker, 1999). At smaller scales, isotropic turbulence is assumed and a simple turbulence 

model is applied. The rationale behind LES is that large eddies are dictated by geometry 

and flow boundaries and that momentum, mass, energy and other passive scalars are 

transported mostly by these eddies. LES has been used by researchers such as Eggels 

(1996), Derksen and van den Akker (1999) and Hartmann et al. (2004). These authors 

reported accurate predictions of experimental data. By resolving only the large eddies, a 

much coarser mesh and larger time-steps sizes than those used for DNS can be used. One 

advantage LES has over RANS models is that it uses only one semi-empirical parameter 

in its formulation, while RANS models typically use 5 to 10 parameters (Derksen and 

van den Akker, 1999). Furthermore, through explicitly resolving large scale turbulence, 

LES models less turbulence than RANS models and is therefore seen to be more accu­

rate than RANS modeling. For this same reason, however, LES is more computationally 

intensive than RANS turbulence models. The RANS equations model all the turbulence 

scales and therefore requires less computational effort than DNS or LES. 

Launder and Spalding (1974) stated that a good turbulence model should have ex­

tensive universatility and should not be too complex to use. Universatility, as implied 

by the authors, meant that a single set of empirical constants or functions, inserted into 

the relevant equations, should provide close simulation of a wide range of flows. The 

k-E turbulence model meets these requirements. It will be described in section 2.3.1 and 

other RANS models will be briefly discussed. 
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2. Literature Review 2.3. Turbulence Modeling 

2.3.1 The k-E Turbulence Model 

The standard k-E turbulence model is a two-equation, semi-empirical, isotropic model 

based on the Boussinesq hypothesis. It relates the Reynolds stresses to the mean velocity 

gradients by means of the following equation 

In equation 2.17, k is a function of the fluctuating velocities and is given by 

k 1 (-,-, -" -I-I) = - u·u· + v·v· + w·w· 2222222 

(2.17) 

(2.18) 

The k-E model solves two additional transport equations for k and E, where these trans­

port equations are given by 

(2.19) 

and 

(2.20) 

Gl { and G2{ are model constants and ak and a{ are the turbulent Prandtl numbers for 

k and E. In equations 2.19 and 2.20, Gk represents the generation of turbulent kinetic 

energy due to the mean velocity gradients (FLUENT, 2005) and is given by 

(2.21) 

The turbulent viscosity is a function of k and E and is given by 

(2.22) 

where GJl is a model constant. The model constants for the k-E model are given in table 

2.1. Launder and Spalding (1974) tested the applicability of the standard k-E model to 

Table 2.1: Model Constants for the k-E turbulence model (Launder and Spalding, 1974) 

GJl Gl { G2{ ak a{ 

0.09 1.44 1.92 1.00 1.30 

nine different types of flow. The authors reported good agreement between numerical 
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2. Literature Review 2.3. Turbulence Modeling 

and experimental results. However, both Launder and Spalding (1974) and Abujelala 

and Lilley (1984) reported that the standard k-E model inaccurately predicted swirling 

flows. Two variants of the k-E model, namely the Renormalization group (RNG) and 

Realizable k-E models, have been developed in an effort to overcome the shortcomings 

of the standard k-E model. The RNG k-E model takes swirl into account and uses an 

analytical formula to calculate the turbulent Prandtl numbers (O"k and O"E). The RNG 

model has also been formulated to suite low Reynolds number flows. The Realizable k-E 

model is consistent with the physics of turbulent flow in that it satisfies certain math­

ematical constraints on the Reynolds Stresses. However, one major limitation of the 

Realizable model is that it produces non-physical turbulent viscosities for flows involv­

ing stationary and rotating reference frames (FLUENT, 2005), e.g. Multiple Reference 

Frames. 

Most researchers have used the standard k-E model to model turbulence in stirred tanks 

(Ranade et al., 1989; Kresta and Wood, 1991; Ranade and van den H.E.A. Akker, 1994; 

~Iorud and Hjertager, 1996; Brucato et al., 1998; Ng et al., 1998; Montante et al., 2001; 

Campolo et al., 2003). Other researchers have employed the variants of the k-E tur­

bulence model. Aubin et al. (2004) employed the standard and RNG k-E models and 

found that the results from the two models did not differ significantly. Siwale (2004) 

also employed the standard and RNG k-E models and found the standard k-E model to 

more accurately predict turbulence kinetic energy and mean velocity profiles. 

Hartmann et al. (2004) used both the k-w turbulence model and LES to model a 

Rushton turbine-agitated stirred tank with T=0.15m. The authors generally found 

good agreement for velocity profiles with the exception of the tangential velocity at the 

impeller tip, which was over-predicted. Moreover, the authors found that both turbu­

lence models failed to accurately predict turbulent kinetic energy. Aubin et al. (2004) 

modeled a six blade, 45° pitched blade turbine-agitated tank with T=0.19 musing 

the standard and RNG k-E turbulence models. Poor correlation between experimental 

and numerical values of turbulent kinetic energy was reported. Montante et al. (2001) 

modeled a Rushton turbine-agitated stirred tank with T=0.290 m using the standard 

k-E model. While the authors reported good agreement between experimental and nu­

merical velocity profiles, they too found that their numerical model poorly predicted 

turbulent kinetic energy. The three previously mentioned groups attributed the discrep­

ancy between experimental and numerical results to the shortcomings of the turbulence 
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2. Literature Review 2.4. Grid Resolution 

model. 

Siwale (2004) modeled a tank with T=0.15 m, using the k-£ model and found good 

agreement between experimental and numerical data sets for both velocity and turbu­

lent kinetic energy profiles. Wechsler et al. (1999) modeled a tank with T = 0.152 

m, using the standard k-£ model and found good agreement for mean velocities and 

reasonable agreement for turbulent kinetic energy. 

2.3.2 The k-w Turbulence Model 

The k-w model is a two equation, isotropic turbulence model which also makes use of the 

Boussinesq hypothesis (see equation 2.17) to relate the Reynolds stresses to the mean 

velocity gradients and is numerically similar to the k-£ model. In addition to solving an 

equation for the turbulent kinetic energy, k, the model also solves a transport equation 

for the specific dissipation, w, which is the inverse of the time scale associated with 

turbulence. 

2.3.3 The Reynolds Stress Model 

The Reynolds Stress model (RSM) closes the RANS equations by calculating the Reynolds 

stresses and solving transport equations for each of them. With the introduction of the 

Reynolds stresses, six additional transport equations need to be solved for three dimen­

sional flows and four for two dimensional flows. For most flows, turbulence models based 

on the Boussinesq hypothesis, such as the k-£ model, perform well (FLUENT, 2005). 

However, the Reynolds stress model is better suited for highly anisotropic flows. 

2.4 Grid Resolution 

The grid densities used by various researchers are given in table 2.2 (Note that the 

grid densities given refer to the maximum control volumes used by the respective re­

searchers). The domain refers to the portion of the stirred tank modeled, e.g., a 180 0 

domain refers to half of the stirred tank. 

Due to computational restrictions in the past, researchers were limited by the amount 

of control volumes that could be used. Bakker (1992) used grid densities of 21 500, 23 

900 and 25 000 and reported good agreement with experimental data for mean velocity 
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2. Literature Review 2.4. Grid Resolution 

Table 2.2: Grid densities used by various researchers 

Reference T (m) Domain N umber of Cells 

Kresta and Wood (1991) 0.456 45 0 23400 

Bakker (1992) 0.444 90 0 25000 

Luo et al. (1993) 0.147 180 0 151 200 

Fokema et al. (1994) 0.15 90 0 17200 

Ranade and van den Akker (1994) 0.3 180 0 13 500 

Harvey et al. (1995) 0.145 90 0 619 750 

Tabor et al. (1996) 0.27 180 0 120 000 

Ranade (1997) 0.3 180 0 61 100 

Ng et al. (1998) 0.1 180 0 240000 

Ranade and Deshpande (1999) 0.3 180 0 176 400 

Jenne and Reuss (1999) 0.444 90 0 194 500 

Wechsler et al. (1999) 0.152 90 0 1 003 500 

Bartels et al. (2002) 0.152 180 0 2 082 800 

Deen et al. (2002) 0.222 180 0 370 900 

Lane et al. (2002) 1.0 60 0 44000 

Campolo et al. (2003) 0.294 360 0 450 000 

Aubin et al. (2004) 0.19 360 0 155 000 

Hartmann et al. (2004) 0.15 360 0 228 000 

Si wale (2004) 0.15 180 0 1 900 000 

Khopkar et al. (2005) 0.2 180 0 352 700 

Kerdouss et al. (2006) 0.292 180 0 280000 

profiles. However, the author stated that the turbulent RMS velocity was under pre­

dicted in the outflow if the impeller. Harvey et al. (1995) used grid densities of 89 000, 

223 000 and 619 750 control volumes and reported good agreement with experimental 

data for radial and axial velocities. However, the authors reported an over prediction 

of the tangential velocities and no turbulence data was reported. Tabor et al. (1996) 

used grid densities of 50 000 and 120 000 control volumes. The authors reported good 

agreement for mean velocity profiles but made no mention of turbulence parameters. 

Grid resolution greatly influences the accuracy of a CFD solution. In order to get a 

realistic, grid independent solution, simulations would need to be carried out on succes-
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2. Literature Review 2.5. Impeller Models 

sively fine grids until no noticeable difference in solution is observed. Grid dependence 

studies were carried out by Ng et al. (1998) with grid densities of 46 000, 103 000, 

140 000 and 240 000 control volumes, Wechsler et al. (1999) with grid densities of 15 

700, 125 400 and 1 003 500 control volumes and by Siwale (2004) with grid densities 

of 33 000, 230 000, 800 000 and 1 900 000. Ng et al. (1998) found that all but the 

coarsest grid produced similar results. The authors found turbulent kinetic energy was 

under predicted by 50 percent in certain regions. The error was attributed to factors 

such as the turbulence model used, the time step size, wall region treatment and grid 

resolution. The authors went on to say that further grid refinements were unlikely to 

improve the prediction of turbulent kinetic energy. However, the studies of Wechsler et 

al. (1999) and Siwale (2004) showed that very fine grids (in excess of 1 000 000 control 

volumes) were required to attain grid independence for turbulent kinetic energy. Some 

researchers (Montante et al., 2001; Hartmann et al., 2004; Aubin et al., 2004) have at­

tributed poor numerical results to RANS turbulence models, specifically the k-E model. 

However, the results reported by Siwale (2004) and Wechsler et al. (1999) suggest that 

the poor results reported by Hartmann et al. (2004), Aubin et al. (2004) and Montante 

et al. (2001) might be due to numerical errors rather than the deficiencies of the k-E 

model. 

2.5 Impeller Models 

A major problem in modeling stirred tanks is the relative motion between the station­

ary baffles and rotating impeller. Various steady and unsteady approaches have been 

proposed to accommodate for this. The most common impeller models will be described 

in sections 2.5.1 to 2.5.4. 

2.5.1 Multiple Reference Frames Model 

\\Then the clearance between the impeller and baffles is of the order of or greater than 

the impeller diameter, the flow pattern in the region of the impeller is unaffected by 

the flow in the rest of the tank (Tabor et al., 1996; Aubin et al., 2004). Therefore, the 

problem can be assumed to be time-independent with respect to the impeller. 

A frame of reference, rotating in the fluid zone containing the impeller, is used to 

calculate flow variables. The impeller is therefore stationary in the MRF formulation. 
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2. Literature Review 2.5. Impeller Models 

The velocity vectors for the stationary and rotating reference frames are related by 

the following expression 

(2.23) 

Where Ui and Ui are the velocity vectors for the stationary and rotating reference frames, 

Cijk is the permutation operator, Wj is the angular velocity and Xk is the position relative 

to the axis of rotation. 

The MRF model is appropriate for tank geometries where there is sufficient spacing 

between the impeller blades and baffles (Tabor et al., 1996) and where the interactions 

between the two are relatively weak (FLUENT, 2005). 

2.5.2 Sliding Mesh Model 
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v 
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Figure 2.4: Schematic representation of the sliding intersection (FLUENT, 2005) 

The Sliding Mesh (SM) model is a fully transient method which allows the compu­

tation to take place simultaneously across the whole flow field and enhances numerical 

stability and accuracy (Tabor et al., 1996). Two or more cell zones are used where 

one or more cell zones move, by either rotating or translating, relative to other cell 

zones. Interface zones, shown in figure 2.4, are defined for each distinct face zone at the 

sliding boundary. Each zone moves relative to each other at this interface at discrete 

time-steps. The intersection across the the interface zones is determined at each new 

time step to compute the interface flux. With respect to figure 2.4, the interface zones 
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are made up of faces A-B, B-C, D-E and E-F. The intersection of the interfaces are 

represented by faces a-d, d-b, b-e, e-c and c-f. Faces produced where the two cell zones 

overlap (faces a-d, d-b, b-e, e-c and c-f) are grouped to form an interior zone. The flux 

across interface cell IV will be calculated using faces d-b and b-e, instead offace D-E, for 

example. Therefore, as the grids move relative to each other, node alignment along the 

grid interface is not required (FLUENT, 2005). The number of faces at the intersection 

varies as the zones move relative to one another. 

Luo et al. (1993) modeled half a stirred tank from rest and found that the flow pattern 

reached a steady state after 6 impeller rotations, at which point data was sampled. Ta­

bor et al. (1996) also modeled half a stirred tank using the MRF model to generate the 

flow field and subsequently ran the sliding mesh model for 10 complete impeller rota­

tions before sampling data. However, Wechsler et al. (1999) stated that when starting 

the sliding mesh from rest, 10 to 30 impeller rotations are required to overcome the start 

up flow patterns. Deen et al. (2002) modeled half a stirred tank and ran the sliding 

mesh model for 20 impeller rotations, using the flow field from another simulation for 

the starting conditions. The solution from an MRF simulation can therefore be used 

as an initial condition for sliding mesh simulations. The sliding mesh resolves the full 

flow field and is time-dependent, therefore it is more computationally expensive than 

the MRF model. 

2.5.3 Computational Snapshot Model 

For the Computational Snapshot approach, the impeller is considered fixed in position. 

The flow field generated by an impeller is mainly governed by pressure and centrifugal 

forces generated by the impeller rotation and the corresponding rotating flows (Desh­

pande and Ranade, 2003). The rotation of the impeller blades cause suction at the back 

and equivalent ejection at the front of the blades. Ranade (1997) modeled the suction 

and ejection on the impeller blades by specifying mass sources and sinks at the compu­

tational cells at the front and back sides of the blades respectively. This approach was 

also used by Ranade and van den Akker (1994), Ranade and Deshpande (1999), Ranade 

et al. (2001), Deshpande and Ranade (2003) and Khopkar et al. (2005). However, Luo 

et al. (1993) have stated that the representation of the impeller action by momentum 

sources contains many uncertainties about the magnitude and distribution of the body 

forces acting on the impeller. 
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2.5.4 Impeller Boundary Conditions Model 

The Impeller Boundary Conditions (IBC) model is a steady-state model where the rota­

tion of the impeller is modeled by applying experimentally derived boundary conditions 

to the outflow of the impeller. The IBC model was used successfully by Ranade and 

Joshi (1989), Kresta and Wood (1991), Fokema et aI. (1994), Brucato et aI. (1998) and 

Jenne and Reuss (1999). The biggest limitation of the IBC model is its reliance on ex­

perimental data. Furthermore, because the impeller geometry is not explicitly modeled, 

flow features such as the trailing vortex pair described by van't Riet and Smith (1973; 

1975) and Yianneskis et aI. (1987) are not captured. 

2.6 Multiphase Models 

Generally, two approaches are available for modeling multiphase flows, namely the Euler­

Euler approach and the Euler-Lagrange approach. The Euler-Euler approach treats dif­

ferent phases as interpenetrating continua while the Euler-Lagrange approach treats the 

fluid phase as a continuum and the dispersed phase is solved by tracking the secondary 

phase through the flow field. Euler-Lagrange models assume that the secondary phase 

occupies a small volume fraction (FLUENT, 2005). Therefore, these models are inap­

propriate for applications where the second phase is not negligible. 

As the volume of one phase cannot be occupied by that of another, phase volume 

fractions are introduced. Volume fractions represent the space occupied by each phase. 

The volume of phase q, Vq, is defined by 

(2.24) 

where 
n 

2:aq = 1 (2.25) 
q=l 

The effective density of phase q is 

(2.26) 

Continuity and momentum equations are satisfied for each phase individually. These 

equations are closed through constitutive relations by means of empirical information. 

Various Euler-Euler models will be described in sections 2.6.1 to 2.6.3. 
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2. Literature Review 2.6. Multiphase Models 

2.6.1 The Eulerian Model 

The Eulerian model solves a set of momentum and continuity equations for each phase. 

The phases are coupled by means of pressure and interphase coefficients. The continuity 

equation for phase q is given by 

(2.27) 

where mpq is the mass transfer from phase p to phase q, mqp is the mass transfer from 

phase q to phase p and Sq is a source term. V; is the velocity of phase q. The momentum 

equation is given by 

(2.28) 

Where 
---+ ---+ ---+ ---+ 
F = (F q + F lijt,q + F vm,q) (2.29) 

and Tq is the qth phase strain tensor given by 

(2.30) 

Where fLq and Aq are the shear and bulk viscosities for phase q, Fq is an external body 
---+ 

force, Flijt,q is a lift force and Fvm,q is a virtual mass force. Rpq is an interaction term 

between the phases and p is the pressure, common for all phases. The interaction term 

is given by 
n n 

L,Rpq = L,Kpq(Up - uq) (2.31) 
p=l p=l 

Where Kpq is the interphase momentum exchange coefficient. For fluid-fluid flows, each 

secondary phase is assumed to form droplets or bubbles (FLUENT, 2005). The exchange 

for these types of flows is given generally as 

Where f is the drag function and Tp is the particulate relaxation time, defined as 

ppd~ 
T =--

p 18fLq 

(2.32) 

(2.33) 
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2. Literature Review 2.6. Multiphase Models 

Here, dp is the bubble diameter of phase p. For the calculation of the drag function, f, 

the Schiller and Naumman (1933) model is given by 

Where 

f = CDRe 
24 

24( 1 +O.15Reo.687 ) 

C = { Re 
D 0.44 

Re :s:: 1000 

Re> 1000 

(2.34) 

(2.35) 

Re is the relative Reynolds number, which for the primary and secondary phases, p and 

q, is obtained from 
Re = pql1fp -1fqldp 

J.Lq 

The relative Reynolds number for secondary phases p and r is given by 

Re = Prpl1fr - 1fpldrp 

J.LrP 

Where J.LrP = apJ.Lp + arJ.Lr is the mixture viscosity for phases p and r. 

(2.36) 

(2.37) 

The dispersed k-E model is an appropriate turbulence model when concentrations of 

the secondary phase are dilute (FLUENT, 2005). For this case, interparticulate col­

lisions are negligible and the primary phase dominates the the random motion of the 

secondary phases. The turbulent viscosity, J.Lt,q, is defined in terms of the turbulent 

kinetic energy of phase q as 

(2.38) 

The transport equations for k and E are given by 

and 

fJ fJ ---t J.Lt,q Eq ( ) 
-;:;-(QqpqEq) + ~(aqpqU qEq) = V'. (aq-V'Eq) + a q-

k 
C1EGk,q - C 2E PqEq + aqpqIIEq 

ut UXi O'k q 

(2.40) 

Where IIkq and llEq represent the influence of the dispersed phases on the continuous 

phase q. IIkq is given by 
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which can be simplified to 

(2.42) 

Where kpq is the covariance of the velocities of the continuous phase q and the dispersed 

phase p. IIEq is given by 

(2.43) 

Gk.q is the production of turbulent kinetic energy, given by equation 2.21. All other 

terms are as described for the single phase k-f model. 

2.6.2 The Volume of Fluid Model 

The Volume of Fluid (VOF) model relies on the fact that two or more phases are not 

interpenetrating. For each phase added to a model, a volume fraction of the added phase 

is introduced in the computational cell. The volume fraction of all the phases sum to 

unity in each control volume. 

2.6.3 The Mixture Model 

The mixture model is similar to the VOF model in that only one fluid is modeled. It 

differs from the VOF model by allowing phases to be interpenetrating and to have dif­

ferent velocities. The mixture model solves continuity, momentum and energy equations 

for the mixture and also solves the volume fraction equation for the secondary phase 

and algebraic expressions for the relative velocities. 

2.7 Review of Multiphase Studies using CFD 

A review of CFD studies of multiphase flows in stirred tanks will be presented below. 

Literature will be reviewed in terms of impeller models and turbulence models employed 

as well as reported results such as mean velocities, gas hold up and turbulence parame­

ters where possible. 

Bakker (1992) modeled a 90 0 section of a 0.444 m diameter stirred tank using a single 

phase flow pattern as the input for the gas-liquid model. An in-house code was used to 

determine the gas hold up, bubble size, mass transfer, bubble break-up and coalescence. 
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The standard k-E and algebraic stress turbulence models were used to model turbu­

lence and experimental profiles were applied in the outflow of the impeller to model 

the rotation of the impeller. The author generally reported good agreement between 

experimental and numerical results. 

Gosman et al. (1992) carried out simulations for gas-liquid and solid-liquid flows using 

a 90 0 model of stirred tank (with T = 1.83 m and T = 0.294 m respectively) for 

the calculation domain. The Eulerian mixture model was employed and the standard 

k-E model was used to model turbulence. Experimentally derived boundary conditions 

were applied to the volume swept by the impeller blades to simulate the rotation of the 

impeller. For solid-liquid flows, mean velocities were generally well predicted. However, 

the RMS velocities were under predicted above and below the impeller. The authors also 

reported an under prediction of gas hold up near the free surface of the tank and in the 

upper region (upper vortex) of the tank, above the impeller. Under predictions of gas 

hold up were also reported in the impeller stream and in the lower region (lower vortex) 

of the tank. The authors attributed the discrepancy to inadequate grid resolution and 

the assumptions of spherical bubbles and constant bubble radii. 

Ranade and van den Akker (1994) modeled a 180 0 section of a stirred tank using a 

the computational snapshot approach to simulate the impeller rotation and the stan­

dard k-E model to model turbulence in conjunction with the Eulerian multiphase model. 

Good agreement between experimental and numerical profiles for axial and tangential 

velocity were reported. However, turbulent kinetic energy was found to be poorly pre­

dicted in certain regions of the tank. 

Morud and Hjertager (1996) simulated a two dimensional model of a stirred tank with 

T=0.222 m. The standard k-E model was used to model turbulence and the impeller 

and baffles were treated as source and sink terms respectively. The Eulerian mixture 

model was used. The authors reported good predictions of tangential velocities and 

radial velocities. However, axial velocities were over predicted. Good predictions of gas 

volume fraction were reported. 

Ranade and Deshpande (1999) modeled a 180 0 section of a stirred tank with T = 
0.3 m using the standard k-E model to model turbulence and the computational snap­

shot approach to simulate the impeller rotation. The authors stated that the grids used 
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were too coarse to capture the trailing vortices behind the impeller blades. However, 

the authors went on to say that the computational snapshot approach was adequate for 

simulating flow properties in the bulk tank. 

Deen et al. (2002) used the Eulerian mixture model to simulate gas-liquid flow in a 

stirred tank with T = 0.222 m, using a 180 0 numerical model as the calculation do­

main. The sliding mesh model was used to simulate the rotation of the impeller and the 

standard k-f model was used to model turbulence. The authors reported a 30 percent 

reduction in mean velocities in the impeller swept region for the aerated tank when 

compared to the unaerated tank. Good agreement between experimental and numerical 

radial velocity profiles was reported. However, the authors reported an over prediction 

of axial velocity profiles. 

Lane et al. (2002) used the Eulerian model to simulate gas-liquid flow in a 60 0 numer­

ical model of aIm diameter stirred tank. The authors used the standard k-f model 

in conjunction with the MRF model to model turbulence and the impeller rotation re­

spectively. Bubble size variations resulting from bubble break-up and coalescence were 

also modeled. Although the flow pattern predicted the experimental flow pattern, the 

gas hold up was under predicted. The authors stated that the difference was most likely 

due to the specification of the bubble drag coefficient. No mean velocity or turbulence 

data was presented. 

Khopkar et al. (2005) simulated gas-liquid flow using a 180 0 numerical model as the 

calculation domain for a stirred tank with T = 0.2 m. The Eulerian multiphase model 

was used to model the mixture, the standard k-f model was used to model turbulence 

and the computational snapshot approach was used to model the impeller rotation. 

The authors reported good overall prediction of mean velocities, however the radial and 

tangential velocities were over predicted in the impeller discharge stream. The authors 

produced only a qualitative comparison of gas hold up, comparing gas distributions in 

the region of the impeller. The CFD predictions were found to inaccurately predict 

the gas hold up. The authors stated that the experimental results were very sensitive 

with respect to the way in which data was processed, which could have resulted in the 

discrepancy between the two sets of results. 

Gentric et al. (2005) modeled two stirred tanks, one being a scaled up version of the 
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other using a calculation domain of 180 0 for each model. The Eulerian multiphase 

model was used. The MRF model was used to simulate the rotation of the impeller 

and the standard k-E model was used to model turbulence. Single phase flow fields were 

compared with two-phase flows by means of contour plots. The authors reported that 

the numerical gas hold up was in accordance with the experimental gas hold up. No 

mean velocity or turbulence data was presented. 

Kerdouss et al. (2006) simulated gas-liquid flow in a 180 0 section of a 0.292 m di­

ameter stirred tank agitated by two Rushton turbines. The MRF model was used to 

account for the impeller rotation, the dispersed k-E model was used to model turbulence 

and bubble break-up and coalescence were modeled. The authors reported good quan­

titative agreement with experimental data for gas holdup and bubble size distributions. 

No mean velocity or turbulence data was presented. 

Sun et al. (2006) modeled a surface-aerated stirred tank with T = 0.38 m using the 

standard k-E model to model turbulence and the Inner-Outer (1-0) model to model the 

impeller rotation. The 1-0 model is a variation of the MRF model, where the major 

difference is that the two cell zones partially overlap. A 180 0 numerical model was used 

as the calculation domain. The authors reported satisfactory agreement for gas hold 

up close to the liquid surface but stated that the gas hold up in the bulk region was 

substantially under predicted. 

2.8 Discussion 

From the studies presented in the literature, the combination of the k-E turbulence model 

and Eulerian mixture model is appropriate for simulating the flow field in an aerated 

stirred tank. However, the choice of impeller model is not as uniform among researchers. 

The MRF and sliding mesh models are the most accurate impeller models in that no 

experimental data is required and there is no uncertainty, as stated by Luo et al. (1993), 

about body forces acting on the impeller. 

Therefore, based on suggestions in the literature, the Eulerian mixture model will be 

used in conjunction with the k-E turbulence model. The MRF and sliding mesh models 

will be used to model the impeller rotation and results of the two model compared. 
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These models will be described in detail in Chapter 3. 
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3. CFD Methodology 

Chapter 3 

CFD Methodology 

3.1 Geometry 

The numerical model was modeled as a fiat-bottomed, bottom aerated tank and was 

identical to the experimental tank used by Deglon (1998). The tank consisted of four 

equally spaced baffles and was agitated by a Rushton turbine-impeller. A 180 a model 

was used as the calculation domain for the single phase model, while 180 a and 360 a 

models were used as the calculation domain for the multiphase model. The ratios of 

impeller dimensions are consistent with those of Rushton et al. (1950). The tank has a 

diameter of T = 0.14 m. Other dimensions for the tank are given in table 3.1. 
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Figure 3.1: Stirred tank dimensions 
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3. CFD Methodology 3.2. Single Phase Model 

Figure 3.2: Impeller diameter and baffle dimensions 

W 
4 ~ 

I I 

Figure 3.3: Impeller dimensions 

Table 3.1: Stirred tank dimensions used in this study 

H HIT CIT J/T D W:L:D 

0.14 1 1/3 1/10 0.047 4:5:20 

3.2 Single Phase Model 

The single phase model will form the basis for the multiphase model. It will provide an 

overall picture of the flow field, in terms of mean velocity and turbulence, which can be 

used to determine trends between the experimental and numerical data. 
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3.2. 1 Grid R esolut.ion 

A grid of approximately 758 000 control volumes was used, Care was takeu to refiup the 

f\rid ifl ref\iolls wh,'re larf\e gr<uiieni.h Wen, ,'xp,'Cted, e,f\. W'al' the impell"r 1,lilIk!; and 

bafHeh. The control volume dihlribution ih ~howf] if] table 3.2 for the Tegiml~ ill,,~trai('d 

in figure!; :1.4 and :1.5. 
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Figure 3.1: Cell ,,(lIleh if] the stined tank 

T3ble 3.2: Cout,Tol volume di~l.rih"tiOf] for this st"dy 
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32 . Singlp Ph"", l\Iodel 

F'igurp 3.5: C-ell zones in the region of the impeller 

3.2.2 Discrdisation Schemes 

Init.ially, the fir~t order llPwind diffCl'encing &;heme wa~ u~ed to di~ITeti'5l' mon"-'ntum 

and turbulence parallwtpro Momentum was then ciiscrNisflC! again nsing th~ QUICK 

schemA. "'here the solunons from the upwind differencing Himlliatiolls were lISed a.S the 

startinp: conditioIlS, The SD.IPLE a.lp;m ithm Wlk" lL',ed t.o cuuple pms~ure and \'elocity, 

3.2.3 Fluid ZUlles 

T\vo flnid ZOIles wrre dAfined, Olle pncomp3ssinp; the imp~llrr and another encomp&C,ing 

t.he rest. of the t.ank "oim"e, The region eIH'omp<k"~ing the impeller extewled 1,5 blade 

Iwight~ above and below and half t lw imp<?ller diameter (D/2) 8W8)' from tlw imp<'llpl' 

blades. which is consistent with the work of Siwrue (2004), 

3 .2.4 Bou ildary COll(\i(.ions 

P"ri()(\ic ROlltldari"H 

The now field in a ~tirre<l t.ank i~ ~ynll' wtrical , t hel'efore only hal l' of the tank ww; 11se<1 

,~, tlw calculation domain. Periodic boundary (,{\!ldition~ were applied to the periodic 

planeb shown in figure .l.G. Thi ~ meant that the now pxiting one fare wa~ identi(,al to 

the How entering the face periodically li nked to it. Thi~ is cOllsistent wit.h the met.hod~ 
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.1. eVil M~!"odoloro' :J . ~. SillWc Pha.", Model 

of 'Jlll"-'r d a l. (19'-J6). Siwal" (2'OCH), l)"glull alld M~yC'r (2'((lti) and KcrdouilS ct al. 

(2'(()6). 

Figllrp :Hi: PAriodic p l atlt~ for th~ 8tirr<>cl lank 

Ro undary Layer alld \Vall Round'll"i ('s 

Sta"d",d wall fUJl(1iulls I-'ropca~1 by Launder and Spalding (HI7-t) wCre l~~,-d to re,oh'" 

t.oo b{llH"lary lay'']" in U'" ''''aT-wail "'giofl. \Vall hlllct.io,," ar" ""mi-empiricall(>Tmula8 

nsed 1,0 bridg<' t.h" visco,," rf'gioll uf 1 h" boundary lay,'!" to the ful ly t."rbnlpnt fi ow away 

frOiIl (he wall (FLUE.'!"T. ll.l()5) . 

The' walls were modeled as infinitely thill f=. No-slip bou",lary conditious wCrC ap­

plioo 1.0 "I I th" wal l" ",,~uri"g lha[ th" nui<! imm',-lia["ly adjac"nt. to tI", w"lI" m()md 

at. thp ",";n", ~1'",,-l IL" t.h" w".Ils. \\'il h tt..' "xc"ption to t.h" ""ct.ioll" ()f tit" impdler ,haft 

in tite' statiouary frame of refcrence, all walls ",erC modeled M s(.alionary wal l,. The 

5C'<:lions of th~ impcllcr shafl in 1 hc stationary rcferenct' frmll~ were set ll.~ rotaling walb 
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3. CFD Methodology 3.3. Multiphase Model 

3.3 Multiphase Model 

The multiphase model geometry was identical to that of the single phase model. The 

MRF model as well as the sliding mesh models were used to model the impeller rotation. 

Wall and periodic boundary conditions were common to both the single phase and 

multi phase models. Furthermore, only half of the stirred tank was modeled for the 

MRF model for the reasons outlined in section 3.2.4. This model will be referred to as 

the 180 0 model from now on. The full geometry will be modeled using the sliding mesh 

model. This model will be referred to as the 360 0 model. The multiphase model is 

described in detail in this section. 

3.3.1 Discretisation Schemes 

First order upwind differencing was used to discretise momentum, volume fraction and 

turbulence parameters for the MRF model. The QUICK scheme was used to discre­

tise momentum and volume fraction for the sliding mesh model. First order upwind 

differencing was used to discretise turbulence parameters for the sliding mesh model as 

the extra computational expense required for higher order discretisation on turbulence 

models was not justified. The phase-coupled SIMPLE algorithm was used to couple 

pressure and velocity for both impeller models. 

3.3.2 Fluid Zones 

Three fluid zones were defined, one zone encompassing the impeller region and another 

the rest of the stirred tank. The third fluid zone was defined as a volume of air above the 

tank, to facilitate the natural degassing of air. Adding a gas zone at the liquid surface 

has also been reported to diminish instabilities (Kerdouss et al., 2006). The height of 

the volume of air above the tank was equivalent to the height of the tank (H). The 

region encompassing the impeller extended 1.5 blade heights above and below and half 

the impeller diameter (D /2) away from the impeller blades, which is consistent with the 

single phase model as well as the work of Siwale (2004). 

3.3.3 Boundary Conditions 

Wall boundaries were specified as they were for the single phase model. Furthermore, 

the tank wall was extended upwards to encapsulate the volume of air above the tank. 
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3. CFD Methodology 3.3. Multiphase Model 

rotational speed used by Deglon (1998) (310 RPM) and the superficial gas velocity. The 

gas hold up can then be calculated from the previously mentioned swarm velocity and 

be assumed to be the volume fraction of air at the spargers. 

Air Free Surface 

An outflow boundary was prescribed at the top surface, i.e., above the volume of air, to 

allow air to freely leave the system. 

MRF Model Boundary Conditions 

Periodic boundaries were specified as they were for the single phase model. Separate cell 

zones were defined for the fluid zones described in section 3.2.3. The faces separating 

the bulk tank from the region encapsulating the impeller were grouped and defined as 

an interior boundary. The interior boundary is located at 1.5 blade heights above and 

below and half the impeller diameter (D /2) away from the impeller blades. The interior 

boundary is shown in figure 3.8. 

Sliding Mesh Model Boundary Conditions 

For the Sliding Mesh model, separate cell zones must have distinct faces on each side of 

the sliding boundary. The faces from each cell zone are defined as interface boundaries. 

The interface boundaries are shown in figure 3.9. The sliding boundary is situated at 

1.5 blade heights above and below and half the impeller diameter (D/2) away from the 

impeller blades. 

3.3.4 Initial Gas Hold Up 

Cas hold up requires a substantial calculation time to reach a steady state. For this 

reason, it was decided to patch various initial gas hold up concentrations into the stirred 

tank with a view to shortening the time to a solution. Initial concentrations of 0.15, 

25 and 70 percent of the gas hold up values measured by Deglon (1998) were patched 

into the tank. In addition to this, the 360 0 model was simulated using the MRF model 

and this flow field was then used as the input for the sliding mesh model. These initial 

patched values will be referred to as CHI, CH2, CH3 and CH 4 from now on. 

Zero concentration of air was patched into the stirred tank for the MRF model, as 
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3. CFD Methodology 3.3. Multiphase Model 

Figure 3.10: Plan view of tank mesh 

Figure 3.11: Close up view of tank mesh (impeller shaft at the center) 

break-up and coalescence were not considered. The densities for the grids used for the 

IvIRF and sliding mesh models are given in table 3.3. Note that the regions defined in 

table 3.3 are the same regions defined in figures 3.4 and 3.5. The grid densities range 

from 246 000 to 1.2 million cells for the MRF model, while a grid of approximately 1.35 

million cells was used for the sliding mesh model (Grid SM). 
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3. CFD Methodology 3.4. Data Validation 

Table 3.3: Control volume distribution for various grids 

Grid 1 Grid 2 Grid 3 Grid 4 Grid SM 

Blade Region 11 520 11 520 11 520 30720 11 520 

Hub region 5040 5040 5040 10 752 5 760 

Blade Edge Region 17280 36000 37440 101 376 22080 

Impeller Discharge Region (top) 23688 36792 37800 62496 69984 

Impeller Discharge Region (bottom) 23688 36792 37800 62496 74208 

Bulk Region (top) 42300 131 400 199 800 330 336 376 512 

Bulk Region (bottom) 23688 73584 126 900 209 808 142 464 

Outer Region 28 188 45360 85 176 121 632 188 160 

Air Section 70560 140436 224 280 241 392 450 240 

Total 245 952 516 924 765 168 1 171 008 1 340 928 

3.4 Data Validation 

Wu and Patterson (1989) presented an extensive phase averaged LDV data set in the 

form of axial profiles of mean velocities and RMS turbulent velocities. The profiles were 

presented for a Rushton turbine-agitated stirred tank with T = 0.27 m. Experimen­

tal studies by Costes and Couderc (1988), Wu and Patterson (1989) and Dyster et al. 

(1993) have shown that for turbulent flow in geometrically similar stirred tanks, mean 

velocity and turbulent kinetic energy profiles normalized with the impeller tip velocity 

(Utip ) and the impeller tip velocity squared (Ut~p) respectively, were independent of im­

peller speed. For these reasons, the data presented by Wu and Patterson (1989) was 

used to validate the single phase model. In addition, numerical data presented by Siwale 

(2004) was used to further validate the single phase model, as the numerical model used 

by the author was similar to the model used in this study. Finally, experimental data 

published by Deglon (1998) was also used to validate the single phase model. For the 

purpose of comparison with the data presented by Deglon (1998), the single phase model 

was evaluated in terms of mean velocities, turbulence parameters and power draw for a 

range of impeller speeds. 

The multiphase model was validated using multi phase experimental data published by 

Deglon (1998), as this data set contained detailed turbulence parameter information for 
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3. CFD Methodology 3.4. Data Validation 

an aerated stirred tank. Data measurement techniques will be described in this sec­

tion followed by a motivation for the use of the previously mentioned experimental and 

numerical data sets as validation for this study. 

3.4.1 Data Measurement 

The points used for data sampling in this study correspond to those used by Deglon 

(1998) (see figure 3.12). For this study, data was sampled instantaneously and the in­

stantaneous data was also averaged, in an effort to reproduce phase resolved as well as 

phase unresolved experimental data. 
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Figure 3.12: Measurement points used in this study (Deglon, 1998) 

In the case of phase-resolved data, the impeller position is recorded with each measure­

ment. However, the impeller position is not taken into account with phase unresolved 

measurements. As information about the impeller angle is not contained in phase unre­

solved data, only phase averaged data can be obtained. Techniques for simulating phase 

averaged and phase resolved data will be presented in this section. 
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3. CFD Methodology 3.4. Data Validation 

Circumferential Averaging 

To simulate phase averaged data, measurements were sampled at points along radially 

clipped surfaces (see figure 3.13), where the number of points is dependent on the grid 

density. The surfaces were made as thin as possible to approximate lines. The data 

along each surface was averaged to yield one value per measurement location, shown in 

figure 3.12. 

2 

5 

8 

10 

Gnd Oct 06. 2006 
FLUENT 6.2 (3d, dp, segregatod, ~ul~rian, sk~) 

Figure 3.13: Clipped surfaces used for measurement in tank 

Instantaneous Measurements 

Instantaneous measurements were made at point surfaces corresponding to the points 

used by Deglon (1998) in figure 3.12, at 45° to the baffle plane, i.e., midway between 

two baffles. These points are shown in figure 3.14. 

3.4.2 Experimental Data 

As previously stated, the single phase model will be validated with single phase data 

presented by Wu and Patterson (1989), Siwale (2004) and Deglon (1998). The multi­

phase model will be primarily validated using data published by Deglon (1998). Even 
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3. CFD Methodology 3.4. Data Validation 

Grid 
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Figure 3.14: Instantaneous measurement points used in this study 

though the electrochemical probe used by the author produced only" reasonably" accu­

rate velocity measurements, accurate RMS velocities were reported assuming isotropic 

turbulence, This data set was used as the benchmark for this study in the absence of a 

more accurate data set. Furthermore, it will be useful to compare the multiphase data 

to the data published by Wu and Patterson (1989). Even though the authors presented 

only single phase data, the measurement technique used is more accurate than that used 

by Deglon (1998) and the profiles are not expected to differ significantly in the outflow 

of the impeller. For these reasons, the Wu and Patterson (1989) will be for additional 

validation for the multiphase model. 
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Chapter 4 

Results and Discussion 

The results for the single and multiphase models are presented in this chapter. Single 

phase data was validated in terms of axial profiles of mean velocity and turbulent kinetic 

energy using experimental data published by Wu and Patterson (1989) and numerical 

data presented by Siwale (2004). In addition, the single phase results were further 

validated with single phase data published by Deglon (1998). In the absence of a more 

accurate data set, the multi phase model was validated with experimental data published 

by Deglon (1998). Multiphase data was also validated using experimental data published 

by Wu and Patterson (1989) and numerical data presented by Siwale (2004). Even 

though these authors presented only single phase data, the correlation between these 

data sets and the multiphase data from this study was of interest. The results are 

discussed at the end of this chapter. 

4.1 Single Phase Results 

4.1.1 Comparison with Wu and Patterson and Siwale Data 

Mean Velocity Profiles 

The radial velocity profiles for the entire range of impeller speeds are plotted in figure 

4.1. Radial velocities are slightly over predicted in the impeller discharge stream, but 

predictions are generally accurate. Tangential velocity profiles are plotted in figure 4.2 

for the entire range of impeller speeds. Tangential velocities are slightly over predicted 

in the impeller stream, but the predictions are otherwise consistent with the profiles of 

Wu and Patterson (1989) and Siwale (2004). 
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4. Results and Discussion 4.1. Single Phase Results 
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Figure 4.1: Axial profiles of normalized radial velocity at r IT =0.185 
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Figure 4.2: Axial profiles of normalized tangential velocity at r IT =0.185 
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4. Results and Discussion 4.1. Single Phase Results 

Turbulent Kinetic Energy Profiles 

Turbulent kinetic energy profiles for the entire range of impeller speeds at normalized 

radial distances of rlT = 0.185 and rlT = 0.285 are plotted in figures 4.3 and 4.4. The 

profiles show good correlation with those of Siwale (2004) and follow the same trend as 

those of Wu and Patterson (1989). 
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Figure 4.3: Axial profiles of normalized TKE at rlT =0.185 
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4. Results and Discussion 4.1. Single Phase Results 
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Figure 4.4: Axial profiles of normalized TKE at rlT =0.285 

Centre for Research in Computational and Applied Mechanics 
University of Cape Town 

Page 43 

Univ
ers

ity
 of

 C
ap

e T
ow

n



4. Results and Discussion 4.1. Single Phase Results 

4.1.2 Comparison with Deglon Data 

Mean Tangential Velocity 

The numerical and experimental tangential velocities in the bulk tank for a range of 

impeller speeds are plotted in figure 4.5. The bulk tank velocities for both studies 

(Deglon (1998) and current study) were arithmetically averaged from the sum of the 

measurement points 1 - 6 and 9 - 11 (see figure 4.5) in the tank. There is generally poor 

agreement between the numerical and experimental data. The significant difference in 

the two data sets is thought to be due to the inaccuracy associated with the measure­

ment technique (electrochemical probe) used by Deglon (1998). The numerical and 

-'" ...... 
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• 
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N(RPM) 

Figure 4.5: Mean tangential velocity vs impeller speed in the bulk tank 

experimental mean velocities in the impeller stream are shown in figure 4.6. For this 

case, the agreement between the data sets is improved, compared to the bulk tank. 

The numerical and experimental velocities at the impeller tip are shown in figure 4.7. 

With the exception of the last data point, the correlation between the tangential com­

ponents from the two data sets is good. 
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4. Results and Discussion 4.1. Single Phase Results 
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Figure 4.6: Mean tangential velocity vs impeller speed in the impeller stream 
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Figure 4.7: Mean tangential velocity vs impeller speed at the impeller tip 
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4. Results and Discussion 4.1. Single Phase Results 

Turbulent RMS Velocity 
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Figure 4.8: RMS velocity vs impeller speed in the bulk tank 

The numerical and experimental turbulent RMS velocities in the bulk tank are plot­

ted in figure 4.8. In the bulk tank, the correlation between the experimental and nu­

merical data is generally poor and even though the trends are similar, the discrepancy is 

exacerbated with increasing impeller speeds. The poor correlation here is also thought 

to be due to the measurement technique used by Deglon (1998). 

The numerical and experimental turbulent RMS velocities in the impeller stream are 

plotted in figure 4.9. Agreement is good over the full range of impeller speeds. 

The numerical and experimental turbulent RMS velocities at the impeller tip is shown 

in figure 4.10. RMS velocities are under predicted over the range of impeller speeds, 

however the two sets of results are comparable. 
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4. Results and Discussion 4.1. Single Phase Results 
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Figure 4.9: RMS velocity vs impeller speed in the impeller stream 
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Figure 4.10: RMS velocity vs impeller speed at the impeller tip 
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Thrbulent Dissipation Rate 
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Figure 4.11: Turbulent dissipation rate vs impeller speed in the bulk tank 

The numerical and experimental turbulent dissipation rates in the bulk tank are 

plotted in figure 4.11. The agreement between the two sets of data is poor, but the 

trends are similar. The reason for the poor correlation is the same as the one for the 

poor mean and RMS velocity correlation, i.e., possible inaccuracies associated with the 

measurement technique used by Deglon (1998). 

The numerical and experimental turbulent dissipation rates in the impeller stream and 

at the impeller tip are plotted in figures 4.12 and 4.14. The trends for the two sets of 

data are similar and the agreement is significantly improved compared to the bulk tank. 

The correlation between experimental and numerical data is good. 
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Figure 4.12: Turbulent dissipation rate vs impeller speed in the impeller stream 
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Figure 4.13: Turbulent dissipation rate vs impeller speed at the impeller tip 
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4. Results and Discussion 4.1. Single Phase Results 

Power Draw 

Power per unit mass for the numerical and experimental tanks are plotted in figure 4.14. 

The numerical data accurately predicts the experimental data. This is expected as a 

higher order discretisation scheme was used for all simulations and the experimental 

torque (and therefore power) measurements were reported to an accuracy of 0.05 Watts 

by Deglon (1998). 
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Figure 4.14: Power draw vs impeller rotational speed 
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4. Results and Discussion 4.2. Multiphase Results 

4.2 Multiphase Results 

The results for the multiphase model described in Chapter 3 are presented here. Sim­

ulations were carried out for an impeller rotational speed of 940 RPM. The Eulerian 

mixture model was used, in conjunction with the MRF and sliding mesh models to 

model the impeller rotation. The dispersed k-E turbulence model was used to model 

turbulence. The first order implicit solver formulation was used and a fixed time step, 

Table 4.1: Time step size and time steps per revolution 

N(RPM) No of Intervals llt Number of llt per revolution 

940 48 6.65 X 10 -04 96 

shown in table 4.1, was used for all sliding mesh simulations. The number of control 

volumes at the sliding interface as well as the impeller rotational speed were used to 

determine the time step size. These are shown in table 4.1. Using this method to de­

termine the time step resulted in the grid moving by one control volume per time step 

at the sliding interface. This is consistent with the methods of Wechsler et al. (1999) 

and Deen et al. (2002). 

A convergence criterion of 1 x 10-3 for all residuals was used for all simulations. How­

ever, the MRF model did not converge to this criterion, as residuals typically converged 

to between 2 X 10-3 and 5 x 10-3 . In light of this, simulations were carried for 30 000 

iterations (after which all residuals converged to the within the previously mentioned 

range) before data was sampled. 

The results were firstly compared to experimental and numerical data presented by 

Wu and Patterson (1989) and Siwale (2004), respectively and evaluated in terms of 

axial profiles of mean velocity and turbulent kinetic energy. It should be noted that 

Wu and Patterson (1989) as well as Siwale (2004) presented only single phase data. 

However, the single phase data provides a useful benchmark against which to gauge the 

state of the multiphase flow field. Therefore, while exact correlation between the two 

data sets was not expected, the trends for, or more specifically any possible similarity 

between the trends for the single and multiphase data sets, were of interest. In addition, 

data was further validated using experimental data published by Deglon (1998). The 

model was evaluated in terms of mean velocities, turbulent dissipation rate, power draw 
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and gas hold up. The results are discussed at the end of this chapter. 

4.2.1 Comparison with Wu and Patterson and Siwale Data 

Siwale (2004) and Wechsler et al. (1999) reported that fine grids (in excess of 1 000 

000 control volumes) were necessary to resolve turbulent kinetic energy. For this rea­

son, the influence of grid density on mean velocity and turbulent kinetic energy profiles 

was investigated using the MRF impeller model. The influence of initial gas hold up 

concentrations on mean velocity and turbulent kinetic energy profiles was also investi­

gated, using the sliding mesh model. The initial concentrations were GH 1, GH 2, GH 

3, corresponding to 0.15 %, 25 % and 70 % of the experimental gas hold up measured 

by Deglon (1998), respectively. A MRF solution (GH 4) was also used as the initial 

condition for the sliding mesh model 

Mean Velocity Profiles 

Radial and tangential velocity profiles, resulting from an initial gas hold up of GH 1, 

are plotted in figures 4.15 and 4.17. Mean velocities are under predicted in the impeller 

stream, however the correlation with the Wu and Patterson (1989) and Siwale (2004) 

profiles improves with increasing impeller rotations. Contrary to the profiles resulting 

from an initial gas hold up of GH 1, profiles corresponding to an initial gas hold up 

concentration of GH 4 are consistent at 10, 20 and 30 impeller rotations (see figures 

4.16 and 4.18). Profiles for GH 2 and GH 3 were consistent with those presented and 

are therefore not shown. The profiles presented are consistent with those of Wu and 

Patterson (1989) and Siwale (2004). 

Radial and tangential velocity profiles for the grids investigated are plotted in figures 

4.19 and 4.20. Note that Grid SM refers to the 360 0 model (sliding mesh grid), while 

all other grids refer to the 180 0 model. The mean velocity profiles are consistent with 

those of Wu and Patterson (1989) and Siwale (2004). 
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Figure 4.15: Axial profiles of normalized radial velocity for GH 1 at rlT = 0.185 
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Figure 4.16: Axial profiles of normalized radial velocity for GH 4 at rlT = 0.185 
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Figure 4.17: Axial profiles of normalized tangential velocity for GH 1 at rlT = 0.185 
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Figure 4.18: Axial profiles of normalized tangential velocity for GH 4 at rlT = 0.185 
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Figure 4.19: Axial profiles of normalized radial velocity at r IT = 0.185 
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Figure 4.20: Axial profiles of normalized tangential velocity at r IT = 0.185 
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Turbulent Kinetic Energy Profiles 

Turbulent kinetic energy profiles at 10, 20 and 30 impeller rotations, corresponding to 

an initial gas hold up of GH 1 are compared to profiles presented by Wu and Patterson 

(1989) and Siwale (2004) in figure 4.21. There is a notable difference in profiles with 

increasing impeller rotations. However, starting from initial gas hold up concentraions 

of G H 2 and G H 3 (see figures 4.22 and 4.23), the profiles show more consistency with 

increasing impeller rotations. There is no change in turbulent kinetic energy profiles 

corresponding to an initial gas hold up of GH 4 (see figure 4.24). These results tend 

to suggest that the flow field is not fully developed for simulations corresponding to 

GH 1, GH 2 and GH 3. Turbulent kinetic energy profiles at 10, 20 and 30 impeller 

rotations for simulations starting from initial concentrations of GH 1, GH 2, GH 3 

and GH 4 are plotted in figures 4.25, 4.26, 4.27 and 4.28 respectively, at a normalized 

radial position of r IT = 0.285. All profiles under predict the profiles presented by 

\Vu and Patterson (1989) and Siwale (2004). However, what was of interest was the 

inconsistency for profiles corresponding to GH 1 with increasing impeller rotations. A 

slight inconsistency for profiles corresponding to GH 2 and GH 3 was also noted with 

increasing impeller rotations. It should be noted that profiles corresponding to GH 4 

show consistency with increasing impeller rotations. These plots suggest that the flow 

field is not fully developed for simulations corresponding to GH 1, GH 2 and GH 3. 
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Figure 4.21: Axial profiles of normalized TKE velocity for GH 1 at rlT = 0.185 
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Figure 4.22: Axial profiles of normalized TKE velocity for GH 2 at rlT = 0.185 
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Figure 4.23: Axial profiles of normalized TKE velocity for GH 3 at rlT = 0.185 
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Figure 4.24: Axial profiles of normalized TKE velocity for GH 4 at rlT = 0.185 
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Figure 4.25: Axial profiles of normalized TKE velocity for GH 1 at rlT = 0.285 
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Figure 4.26: Axial profiles of normalized TKE velocity for GH 2 at rlT = 0.285 
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Figure 4.27: Axial profiles of normalized TKE velocity for GH 3 at rlT = 0.285 
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Figure 4.28: Axial profiles of normalized TKE velocity for GH 4 at rlT = 0.285 
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Turbulent kinetic energy profiles at r IT = 0.185 for the grids investigated are plotted 

in figure 4.29. Both model profiles (360 0 and 180 0 models) show good correlation with 

the profiles presented by Wu and Patterson (1989) and Siwale (2004), however the 180 

° model under predicts the profile presented by Siwale (2004). This can be attributed 

to the choice of discretisation scheme. First order upwind differencing was used for the 

MRF (180 0) model, while the higher order QUICK scheme was used for the sliding 

mesh grid (360 0 model). Turbulent kinetic energy profiles at r IT = 0.285 for the grids 
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Figure 4.29: Axial profiles of normalized TKE at rlT = 0.185 

investigated are plotted in figure 4.30. The profiles show good correlation with that of 

Siwale (2004). 
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Figure 4.30: Axial profiles of normalized TKE at r IT = 0.285 
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4.2.2 Comparison with Deglon Data 

Mean Tangential Velocity 

The mean tangential velocity plots for the sliding mesh model are shown in figures 4.31 

through 4.33 and are plotted at intervals of 10, 20 and 30 impeller rotations. The numer­

ical data severely underpredicts the experimental data in the bulk tank (an observation 

also made for the single phase experimental data), especially starting from an initial gas 

hold up of GH 1. The reason for this is the same as for the single phase results, i.e., 

inaccuracies associated with the measurement technique used by Deglon (1998). 

Correlation between the experimental and numerical data corresponding to initial con­

centrations of GH 2, GH 3 and GH 4 improves for the impeller stream, however, the 

data set corresponding to G H 1 significantly under predicts the experimental data. 

Agreement for impeller tip mean tangential velocity for all initial gas hold up condi­

tions is good. 
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Figure 4.31: Mean tangential velocity vs impeller rotations for the bulk tank 

The mean velocity for the MRF model is plotted in figures 4.34 through 4.36 for the 

180 0 model as well as the 360 0 model, which constitutes the last data point for figures 
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Figure 4.32: Mean tangential velocity vs impeller rotations for the impeller stream 
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Figure 4.33: Mean tangential velocity vs impeller rotations at the impeller tip 
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Figure 4.34: Mean tangential velocity vs grid density for the bulk tank 

111 -... 
E 

0.5,--------------,------------------------------------, 

0.4 

0.3 

. __ ---t ____ --- -----.. _____ ----

0.1 

~Numencal 

___ Deglon (1998) 
O+-----~~--~_+------,_------~----_.------_.----~ 

o 200000 400000 600000 800000 1000000 1200000 1400000 

Grid Density 

Figure 4.35: Mean tangential velocity vs grid density for the impeller stream 
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Figure 4.36: Mean tangential velocity vs grid density at the impeller tip 

4.34 through 4.36. The trends are generally comparable with the data from sliding 

mesh model. The mean velocity in the bulk tank is severely under predicted. However, 

correlation between the experimental and numerical data is very good in the impeller 

stream and at the impeller tip. 
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Figure 4.37: RMS velocity vs impeller rotations for the bulk tank 

The RMS velocity plots for the sliding mesh model are shown in figures 4.37 through 

4.39, at intervals of 10, 20 and 30 impeller rotations. The sliding mesh model predictions 

in the bulk tank and impeller stream are satisfactory for data corresponding to GH 2, 

GH 3 and GH 4. Predictions from all initial conditions are poor at the impeller tip. It is 

thought that the poor correlation is due to the use of different measurement techniques 

used in this study and that of Deglon (1998). This will be discussed in detail at the end 

of this chapter. 

The RMS velocity data for the MRF model are plotted in figures 4.40 through 4.42. 

The numerical results are comparable with the sliding mesh data. 

Centre for Research in Computational and Applied Mechanics 
University of Cape Town 

Page 67 

Univ
ers

ity
 of

 C
ap

e T
ow

n



4. Results and Discussion 4.2. Multiphase Results 

0,4...------------,----,-----,-----1-------------, 

i 

r-----..-i 

:-------r------,l" T 0.3 ---~---- ~ _______ 1· ____ · ______ +-----~-~-4----------.--~-.-.~--~~------

T 
~ 0,2--- ___. ________ +_~___ i 

-:::l 

0,1 -tr-GH 1 

--a-GH 2 

-&-GH 3 

-+-- GH 4 

o --- Deglon (1 99B) 

---1------

o 5 10 15 20 25 30 35 

Impeller Rotations 

Figure 4.38: RMS velocity vs impeller rotations for the impeller stream 
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Figure 4.39: RMS velocity vs impeller rotations at the impeller tip 
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Figure 4.40: RMS velocity vs grid density for the bulk tank 
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Figure 4.41: RMS velocity vs grid density for the impeller stream 
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Figure 4.42: RMS velocity vs grid density at the impeller tip 
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Turbulent Dissipation Rate 

The turbulent dissipation rate plots for the sliding mesh model are shown in figures 4.43 

through 4.45, at intervals of 10, 20 and 30 impeller rotations. The sliding mesh model 

predictions in the impeller stream are good for simulations carried out at all initial gas 

hold up concentrations. Predictions at the impeller tip are poor for all initial conditions. 

The bulk tank data is poorly predicted for all starting conditions. 

The turbulent dissipation rate plots for the MRF model are shown in figures 4.46 through 

4.48. The trends are comparable to the sliding mesh model results. It should be noted 

that the 360 0 model (the last data point) poorly predicts the turbulent dissipation rate 

in the impeller stream and at the impeller tip. The reasons for this are unclear. 
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Figure 4.43: Turbulent dissipation rate vs impeller rotations for the bulk tank 
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Figure 4.46: Turbulent dissipation rate vs grid density for the bulk tank 
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Figure 4.48: Thrbulent dissipation rate vs grid density at the impeller tip 
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Power Draw 

The influence of gas hold up on power draw for the sliding mesh model is evident in fig­

ure 4.49, where power draw is plotted for various initial gas hold up conditions. Power 

draw is resolved after 20 impeller rotations for all initial conditions. Predictions are 

good for all cases. 

Power draw for the MRF model for various grid densities is plotted in figure 4.50. 

Predictions are good for all grid densities. This is expected for the same reasons out­

lined for the single phase power draw. 

The difference between predicted power draw for the MRF and sliding mesh models 

can be attributed to the discretisation schemes used. First order upwind differencing 

was used for the MRF model, while the higher order QUICK scheme was used for the 

sliding mesh model. 
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Figure 4.49: Comparison of varying initial gas hold up on power draw 
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Figure 4.50: Comparison of Power draw for various grid densities 
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4.2.3 Comparison of Single Phase and Multiphase Data Trends 

RrvIS velocity and turbulent dissipation rate trends were compared for the single and 

multiphase data, for this numerical study and the experimental study carried out by 

Deglon (1998), to determine the effect of gas on these parameters. In other words, it 

was of interest to find if the presence of gas increased or decreased these parameters. 

Single phase and multiphase trends are compared for RMS velocity in table 4.2. Note 

that SP and MP indicate single phase and multiphase data respectively. Furthermore, 

data is presented for an impeller speed of 940 RPM. It can be seen that experimental and 

numerical trends are similar for the bulk tank and impeller stream, i.e., the presence of 

gas decreases the RMS velocity. This trend is repeated for the turbulent dissipation rate 

for the bulk tank and impeller stream as shown in table 4.3. However, at the impeller 

tip, the experimental data shows an increase in RMS velocity and turbulent dissipation 

rate, while the numerical data shows a decrease. Possible reasons for this are discussed 

at the end of this chapter. 

Table 4.2: TUrbulent RMS velocity (m/s) [940 RPM] 

Deglon (SP) Deglon (MP) Numerical (SP) Numerical (MP) 

Bulk tank 0.19 0.15 0.13 0.11 

Impeller stream 0.38 0.25 0.42 0.38 

Impeller tip 0.53 0.56 0.35 0.32 

Table 4.3: TUrbulent dissipation rate (m 2 / S3) [940 RPM] 

Deglon (SP) Deglon (MP) Numerical (SP) Numerical (MP) 

Bulk tank 0.83 0.48 0.20 0.11 

Impeller stream 22.3 10.5 17.7 12.6 

Impeller tip 58.8 77.3 46.6 26.2 
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4.3 Discussion 

Single Phase Data 

It was found that axial profiles of mean velocity and turbulent kinetic energy were ac­

curately predicted by the single phase model. 

Bulk tank data poorly predicted mean velocities, RMS velocities and turbulent dis­

sipation rates presented by Deglon (1998). This can be attributed to the measurement 

probe used by Deglon (1998) to measure bulk tank parameters. The electrochemical 

probe used by the author did not take the flow directionality into account and the flow 

field in the bulk tank is not expected to be as strongly tangential as in the outflow of the 

impeller. Mean velocity predictions in the impeller stream and at the impeller tip were 

satisfactory and good respectively. RMS velocity predictions were good in the impeller 

stream, while satisfactory at the impeller tip. Turbulent dissipation rate predictions in 

the impeller stream and at the impeller tip were good. 

Power draw predictions were accurate for the full range of impeller speeds. This re­

sult was expected as higher order discretisation was used for the numerical model and 

the experimental measurement technique was accurate. 

Multiphase Data 

Profiles of mean velocity started from all initial gas hold up concentrations showed 

good correlation with those presented by Wu and Patterson (1989) and Siwale (2004). 

However, it was noted that mean velocity profiles were under predicted by profiles cor­

responding to GH 1 and were inconsistent at 10, 20 and 30 impeller rotations. Further­

more, even though there was improved correlation with the Wu and Patterson (1989) 

and Siwale (2004) profiles for profiles corresponding to GH 2 and GH 3, there was still 

a lack of consistency with impeller rotations. No such inconsistencies were noted for 

mean velocity and turbulent kinetic energy profiles corresponding to GH 4. This finding 

suggests that the flow fields, resulting from simulations started at GH 1, GH 2 and GH 

3 are not fully developed, even after 30 impeller rotations. Mean velocity and turbulent 

kinetic energy profiles predicted by the MRF model showed good correlation with the 

profiles presented by Wu and Patterson (1989) and Siwale (2004). 

Bulk tank data was poorly predicted by both the MRF and sliding mesh models. Sim-
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ilar poor correlation was observed for the single phase model and the reason for the 

poor correlation are the same here. Mean velocity predictions in the impeller stream 

and at the impeller tip were comparable for the impeller models, apart from predic­

tions corresponding to G H 1. Predictions corresponding to G H 1 were for the most 

part inconsistent with predictions corresponding to other initial concentrations in all 

regions of the tank. This finding adds weight to the suggestion that the flow field is not 

fully developed for simulations corresponding to GH 1. Turbulent RMS velocities and 

turbulent dissipation rate predictions were satisfactory in the impeller stream, but poor 

at the impeller tip for both impeller models. This poor correlation can be attributed 

to the use of different measurement techniques in this study and the one carried out by 

Deglon (1998). Deglon (1998) used the energy spectrum to determine the RMS velocity 

from the following equation 

(4.1 ) 

Where E1 (n) is the energy spectrum function and n is the frequency. However, the RMS 

velocity in this study was calculated using equation 2.18, such that the RMS turbulent 

velocity was given by 

( 4.2) 

Furthermore, turbulence measurements for this study were sampled at the impeller tip 

in regions unaffected by the periodic component of turbulence, i.e., outside of the trail­

ing vortices behind the impeller blades. It is possible that the periodic component of 

turbulence was not entirely removed in the data presented by Deglon (1998). For this 

reason, it is thought that the data presented by Deglon (1998) might contain a significant 

periodic component, which could be the difference between the turbulence parameter 

measurements for the two data sets. 

Power draw predictions were unaffected by gas hold up and predictions were good for 

both impeller models. This result was expected as higher order discretisation was used 

for the numerical model and the experimental measurement technique was accurate. 

Gas hold up was found to be dependent on the initial gas hold up. For initial con­

centrations of GH 2 and GH 3, gas hold up was found to steadily increase even after 30 

impeller rotations. However, gas hold up was almost constant after 30 impeller rotations 

after starting from initial concentrations of GH 1 and GH 4. The trend for the former 

can be attributed to the fact that the flow field is not yet fully developed after 30 im­

peller rotations, while the trend for the latter can be attributed to the flow field having 
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reached a "steady-state". i.e., being fully developed. Simulations carried out from all 

initial concentrations under predict the experimental gas hold up reported by Deglon 

(1998). This is due to the absence of surfactants in the numerical model. 
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5. Conclusions and Recommendations 

Chapter 5 

Conclusions and Recommendations 

The purpose of this study was to develop a multiphase model for a Rushton turbine­

agitated stirred tank. The MRF model was used for single phase flow simulations while 

the sliding mesh and MRF impeller models were used to simulate multiphase flow. The 

models were evaluated in terms of mean velocities and turbulence parameters and power 

draw, as well as gas hold up for the multiphase model. Single phase data was validated 

using experimental data published by Wu and Patterson (1989) and numerical data pre­

sented by Siwale (2004). Multiphase data was primarily validated using data published 

by Deglon (1998) and also compared to the data presented by Wu and Patterson (1989) 

and Siwale (2004). From the results, the following conclusions can be drawn. 

5 .1 Conclusions 

5.1.1 Single Phase Model 

Axial profiles of mean velocity and turbulent kinetic energy accurately predicted the 

profiles presented by Wu and Patterson (1989) and Siwale (2004). 

Bulk tank data poorly predicted mean velocities, RMS velocities and turbulent dissipa­

tion rates presented by Deglon (1998). This was attributed to the measurement probe 

used by Deglon (1998) to measure bulk tank parameters. Mean velocity predictions 

in the impeller stream and at the impeller tip were satisfactory and good respectively. 

R~1S velocity predictions were good in the impeller stream, while satisfactory at the 

impeller tip. Turbulent dissipation rate predictions in the impeller stream and at the 

impeller tip were good. 
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Power draw predictions were accurate for the full range of impeller speeds. This re­

sult was expected as higher order discretisation was used for the numerical model and 

the experimental measurement technique was accurate. 

It was therefore concluded that the single phase model can predict the single phase 

experimental data with reasonable (in the case of the data presented by Deglon (1998)) 

to good (in the case of the data presented by Wu and Patterson (1989) and Siwale 

(2004)) accuracy. 

5.1.2 Multiphase Model 

Axial profiles of mean velocity and turbulent kinetic energy corresponding to the MRF 

and sliding mesh models, showed good correlation with the profiles presented by Wu and 

Patterson (1989) and Siwale (2004). Only profiles corresponding to GH 1 were notably 

inconsistent with profiles corresponding to other initial concentrations. It is concluded 

that the inconsistency is as a result of the flow field being under developed. 

Furthermore, upon inspection of turbulent kinetic energy profiles resulting from ini­

tial gas hold up concentrations of GH 1, GH 2, GH 3 and GH 4, it can he concluded 

that patching initial values of gas hold up into the stirred tank does not produce a 

fully developed flow field, even after 30 impeller rotations. Using the solution from an 

:vfRF simulation as the iniitial condition for the sliding mesh model produced the most 

consistent results. 

5.2 Recommendations 

From the conclusions drawn, it was evident that MRF model produces reasonable results 

for a low computational cost, compared to the sliding mesh model. However, the MRF 

model did not converge to the required convergence criterion after 30 impeller rotations. 

Therefore, even though the MRF model produced satisfactory results, it is recommended 

that it should not be used to model multiphase flow in a stirred tank. However, the use 

of an MRF solution as an input for the sliding mesh model produced consistent results 

for 10, 20 and 30 impeller rotations. It is therefore recommended that the solution to 

an MRF simulation be used as the initial condition for the sliding mesh model. 
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Appendix A 

Single phase results data 

A.I Mean Velocity Data 

Table A.l: Mean velocity data for the Bulk Tank 

N(RPM) Ue(m/s) 

310 0.027 

630 0.04 

940 0.066 

1260 0.073 

Table A.2: Mean velocity data for the Impeller Stream 

N(RPM) Ue(m/s) 

310 0.15 

630 0.29 

940 0.42 

1260 0.57 
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A. Single phase results data A.2. RMS Velocity Data 

Table A.3: Mean velocity data at the Impeller Tip 

N(RPM) Ue(m/s) 

310 0.59 

630 1.2 

940 1.81 

1260 2.28 

A.2 RMS Velocity Data 

Table A.4: RMS velocity data for the Bulk Tank 

N(RPM) u'(m/ s) 

310 0.04136 

630 0.08482 

940 0.1271 

1260 0.1712 

Table A.5: RMS velocity data for the Impeller Stream 

N(RPM) u'(m/ s) 

310 0.1381 

630 0.2848 

940 0.4206 

1260 0.5694 
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A. Single phase results data A.3. Turbulent Dissipation Rate data 

Table A.6: RMS velocity data at the Impeller Tip 

N(RPM) u'(m/8 ) 

310 0.1196 

630 0.2366 

940 0.3460 

1260 0.4674 

A.3 Turbulent Dissipation Rate data 

Table A.7: Turbulent Dissipation Rate data for the Bulk Tank 

N(RPM) E(m
2 

/ 8
3

) 

310 0.006928 

630 0.05860 

940 0.2014 

1260 0.4736 

Table A.8: Turbulent Dissipation Rate data for the Impeller Stream 

N(RPM) c(m2
/8

3
) 

310 0.6069 

630 5.340 

940 17.66 

1260 42.90 
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A. Single phase results data A.4. Power Draw data 

Table A.9: Turbulent Rate data at the Impeller Tip 

N(RPM) E(m2/s3) 

310 1.938 

630 15.03 

940 46.64 

1260 114.8 

A.4 Power Draw data 

Table A.I0: Power draw data for various impeller speeds 

N(RPM) P(W/kg) 

310 0.08 

630 0.69 

940 2.3 

1260 5.51 
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Appendix B 

Multiphase model results data 

B.l Mean Velocity Data 

Table B.1: Mean velocity data for the Bulk Tank - MRF model 

Grid 1 Grid 2 Grid 3 Grid 4 Grid 8M 

Uo(m/ s) 0.05166 0.04693 0.03978 0.04922 0.05318 

Table B.2: Mean velocity data for the Bulk Tank - 8M model 

IR GH 1 GH 2 GH 3 GH 4 

Uo(m/ s) 10 0.005656 0.02976 0.02990 0.04480 

Uo(m/ s) 20 0.008869 0.03022 0.03066 0.04633 

Uo(m/ s) 30 0.01019 0.03844 0.03905 0.04725 

Table B.3: Mean velocity data for the Impeller 8tream - MRF Model 

Grid 1 Grid 2 Grid 3 Grid 4 Grid 8M 

Uo(m/s) 0.4315 0.4043 0.4382 0.4223 0.4490 
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B. Multiphase model results data B.l. Mean Velocity Data 

Table B.4: Mean velocity data for the Impeller Stream - SM model 

IR GH 1 GH 2 GH 3 GH 4 

U()(m/s) 10 0.009891 0.4470 0.4518 0.4283 

U()(m/s) 20 0.03835 0.4240 0.4364 0.4284 

U()(m/s) 30 0.04793 0.4265 0.4382 0.4281 

Table B.5: Mean velocity data at the Impeller Tip - MRF Model 

Grid 1 Grid 2 Grid 3 Grid 4 Grid SM 

U()(m/s) 1.598 1.608 1.638 1.618 1.633 

Table B.6: Mean velocity data at the Impeller Tip - SM model 

IR GH 1 GH 2 GH 3 GH 4 

U()(m/s) 10 1.502 1.772 1.767 1.789 

U()(m/s) 20 1.559 1.801 1.791 1.787 

U()(m/s) 30 1.574 1.800 1.790 1.788 
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B. Multiphase model results data B.2. Turbulent RMS Velocity Data 

B.2 Turbulent RMS Velocity Data 

Table B.7: RMS velocity data for the Bulk Tank - MRF Model 

Grid 1 Grid 2 Grid 3 Grid 4 Grid SM 

u'(m/ s) 0.09519 0.09804 0.1029 0.1055 0.1042 

Table B.8: RMS velocity data for the Bulk Tank - SM model 

IR GH 1 GH 2 GH 3 GH 4 

u'(m/ s) 10 0.1985 0.1400 0.1396 0.1131 

u'(m/s) 20 0.1044 0.1146 0.1135 0.1104 

u'(m/s) 30 0.08734 0.1183 0.1184 0.1061 

Table B.9: RMS velocity data for the Impeller Stream - MRF Model 

Grid 1 Grid 2 Grid 3 Grid 4 Grid SM 

u'(m/s) 0.3424 0.3419 0.3509 0.3606 0.3169 

Table B.lO: RMS velocity data for the Impeller Stream - SM model 

IR GH 1 GH 2 GH 3 GH 4 

u'(m/s) 10 0.009891 0.3844 0.3827 0.3802 

u'(m/ s) 20 0.03835 0.3828 0.3829 0.3798 

u'(m/s) 30 0.04793 0.3818 0.3821 0.3791 
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B. Multiphase model results data B.2. Turbulent RMS Velocity Data 

Table B.11: RM8 velocity data at the Impeller Tip - MRF Model 

Grid 1 Grid 2 Grid 3 Grid 4 Grid 8M 

u'(m/ s) 0.2806 0.2853 0.2907 0.2971 0.2984 

Table B.12: RM8 velocity data at the Impeller Tip - 8M model 

IR GH 1 GH 2 GH 3 GH 4 

u'(m/ s) 10 0.2853 0.3182 0.3112 0.3426 

u'(m/s) 20 0.2354 0.3441 0.3426 0.3196 

u'(m/ s) 30 0.2285 0.3212 0.3135 0.3202 
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B. Multiphase model results data B.3. Turbulent Dissipation Rate data 

B.3 Turbulent Dissipation Rate data 

Table B.13: Turbulent Dissipation Rate data for the Bulk Tank - MRF Model 

Grid 1 Grid 2 Grid 3 Grid 4 Grid SM 

E(m2 / 83) 0.08353 0.08740 0.1021 0.1040 0.1010 

Table B.14: Turbulent Dissipation Rate data for the Bulk Tank - SM model 

IR GH 1 GH 2 GH 3 GH 4 

E(m2 
/ 8

3
) 10 0.2867 0.1542 0.1533 0.1229 

E(m2 
/ 8

3
) 20 0.07339 0.1268 0.1224 0.1179 

E(m2 
/ 8

3
) 30 0.06257 0.1411 0.1408 0.1080 

Table B.15: Turbulent Dissipation Rate data for the Impeller Stream - MRF Model 

Grid 1 Grid 2 Grid 3 Grid 4 Grid SM 

E(m2 / 83) 9.624 9.375 9.745 10.97 8.286 

Table B.16: Turbulent Dissipation Rate data for the Impeller Stream - SM model 

IR GH 1 GH 2 GH 3 GH 4 

E(m2 
/ 8

3
) 10 8.953 11.84 11.79 12.65 

E(m2
/8

3
) 20 8.466 12.72 12.67 12.62 

E(m2
/8

3
) 30 8.487 12.79 12.72 12.64 
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B. Multiphase model results data B.3. Turbulent Dissipation Rate data 

Table B.17: TUrbulent Dissipation Rate data at the Impeller Tip - MRF Model 

Grid 1 Grid 2 Grid 3 Grid 4 Grid 8M 

t(m2
/8

3
) 13.44 14.41 15.25 19.18 12.19 

Table B.18: Turbulent Dissipation Rate data at the Impeller Tip - 8M model 

IR GH 1 GH 2 GH 3 GH 4 

t(m2 
/ 8

3
) 10 18.14 25.18 23.55 27.04 

t(m2 
/8

3
) 20 10.81 27.34 27.05 26.02 

t(m2 
/8

3
) 30 10.02 26.46 24.45 26.22 
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B. Multiphase model results data B.4. Power Draw Data 

B.4 Power Draw Data 

Table B.19: Power draw data - MRF Model 

Grid 1 Grid 2 Grid 3 Grid 4 Grid 8M 

P(W/kg) 1.893 1.938 1.933 2.006 1.863 

Table B.20: Power draw data - 8M model 

IR GH 1 GH 2 GH 3 GH 4 

P(W/kg) 10 2.183 1.978 2.067 2.153 

P(W/kg) 20 2.117 2.125 2.197 2.155 

P(W/kg) 30 2.115 2.118 2.195 2.166 
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B. Multiphase model results data B.5. Gas hold up Data 

B.5 Gas hold up Data 

Table B.21: Gas hold up data - MRF Model 

Grid 1 Grid 2 Grid 3 Grid 4 Grid 8M 

¢ 0.04104 0.03730 0.03209 0.04137 0.03238 

Table B.22: Gas hold up data - 8M model 

IR GH 1 GH 2 GH 3 GH 4 

¢ 10 0.003997 0.02607 0.05418 0.02999 

¢ 20 0.004010 0.02983 0.05813 0.03050 

¢ 30 0.004785 0.03169 0.05945 0.03147 
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Appendix C 

Comparative Data 

C.l Single Phase Data 

C.l.I Mean Velocity Profile Data 

Table C.1: Normalized radial velocity profiles at r/T = 0185 

z/H 310 630 940 1260 

0.2333 0.0005993 0.001289 0.0006579 0.001935 

0.2466 0.01213 0.01483 0.01536 0.01592 

0.2600 0.01778 0.02083 0.02200 0.02208 

0.2733 0.02310 0.02656 0.02851 0.02800 

0.2866 0.02759 0.03164 0.03456 0.03338 

0.3000 0.02581 0.03083 0.03530 0.03313 

0.3133 0.1572 0.1558 0.1349 0.1516 

0.3266 0.5323 0.5326 0.4855 0.5245 

0.3400 0.7320 0.7457 0.7630 0.7519 

0.3533 0.3468 0.3447 0.3783 0.3496 

0.3666 0.06421 0.06020 0.05770 0.05826 

0.3800 0.01479 0.01810 0.008510 0.01627 

0.3933 0.02089 0.02702 0.01742 0.02526 

0.4066 0.02077 0.02610 0.01769 0.02426 

0.4200 0.01992 0.02449 0.01798 0.02267 

0.4333 0.01950 0.02366 0.01838 0.02195 
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c. Comparative Data C.l. Single Phase Data 

Table C.2: Normalized tangential velocity profiles at r/T = 0185 

z/H 310 630 940 1260 

0.2333 0.001076 0.001438 0.004820 0.001245 

0.2466 0.002663 0.003167 0.004102 0.0007172 

0.2600 0.004096 0.004697 0.003104 0.002346 

0.2733 0.004943 0.005562 0.002891 0.003239 

0.2866 0.0009488 0.001283 0.008398 0.001167 

0.3000 0.06420 0.06413 0.07159 0.06585 

0.3133 0.3815 0.3745 0.3462 0.3677 

0.3266 0.6611 0.6648 0.6538 0.6635 

0.3400 0.7367 0.7424 0.7505 0.7447 

0.3533 0.5774 0.5750 0.5925 0.5776 

0.3666 0.2499 0.2322 0.2253 0.2276 

0.3800 0.08882 0.06736 0.03321 0.05805 

0.3933 0.03974 0.02092 0.01146 0.01165 

0.4066 0.03785 0.01917 0.01253 0.009705 

0.4200 0.03832 0.01972 0.01157 0.009931 

0.4333 0.03907 0.02050 0.01047 0.01049 
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C. Comparative Data C.1. Single Phase Data 

C.1.2 Turbulent Kinetic Energy Data 

Table C.3: Normalized TKE profile data for 310 and 630 RPM (r/T = 0.185) 

z/H 

0.2333 

0.2350 

0.2405 

0.2461 

0.2517 

0.2573 

0.2629 

0.2685 

0.2741 

0.2797 

0.2853 

0.2909 

0.2965 

0.3021 

0.3049 

0.3077 

0.3105 

0.3133 

0.3161 

0.3189 

0.3217 

0.3245 

0.3273 

0.3301 

0.3329 

630 RPM 310 RPM z/H 630 RPM 

0.005031 0.005004 0.3357 0.04750 

0.005086 0.005063 0.3385 0.04695 

0.005218 0.005218 0.3413 0.04738 

0.005293 0.005309 0.3441 0.04876 

0.005402 0.005419 0.3469 0.05077 

0.005594 0.005595 0.3497 0.05293 

0.005937 0.005901 0.3525 0.05472 

0.006494 0.006398 0.3552 0.05568 

0.007335 0.007156 0.3580 0.05550 

0.008585 0.008302 0.3608 0.05404 

0.01059 0.01020 0.3636 0.05136 

0.01431 0.01387 0.3664 0.04826 

0.02084 0.02062 0.3692 0.04342 

0.03009 0.03050 0.3748 0.03041 

0.03464 0.03545 0.3804 0.01946 

0.03884 0.03999 0.3860 0.01255 

0.04322 0.04460 0.3916 0.009009 

0.04706 0.04853 0.3972 0.007098 

0.05004 0.05150 0.4028 0.005895 

0.05200 0.05339 0.4084 0.005073 

0.05287 0.05417 0.4140 0.004512 

0.05276 0.05398 0.4196 0.004145 

0.05184 0.05305 0.4252 0.003918 

0.05040 0.05169 0.4308 0.003800 

0.04881 0.05026 0.4333 0.003786 
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310 RPM 

0.04914 

0.04877 

0.04933 

0.05080 

0.05292 

0.05523 

0.05722 

0.05844 

0.05854 

0.05733 

0.05484 

0.05182 

0.04687 

0.03305 

0.02106 

0.01335 

0.009409 

0.007357 

0.006127 

0.005316 

0.004769 

0.004407 

0.004175 

0.004044 

0.004011 
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C. Comparative Data C.1. Single Phase Data 

Table C.4: Normalized TKE profile data for 310 and 630 RPM (r/T = 0.285) 

z/H 

0.2333 

0.2350 

0.2405 

0.2461 

0.2517 

0.2573 

0.2629 

0.2685 

0.2741 

0.2797 

0.2853 

0.2909 

0.2965 

0.3021 

0.3049 

0.3077 

0.3105 

0.3133 

0.3161 

0.3189 

0.3217 

0.3245 

0.3273 

0.3301 

0.3329 

630 RPM 310 RPM z/H 630 RPM 

0.004662 0.004587 0.3357 0.06965 

0.004670 0.004595 0.3385 0.06993 

0.004696 0.004618 0.3413 0.07019 

0.004708 0.004628 0.3441 0.07058 

0.004716 0.004634 0.3469 0.07108 

0.004745 0.004657 0.3497 0.07148 

0.004804 0.004707 0.3525 0.07151 

0.004898 0.004790 0.3552 0.07084 

0.005048 0.004929 0.3580 0.06920 

0.005302 0.005178 0.3608 0.06646 

0.005803 0.005681 0.3636 0.06261 

0.006936 0.006819 0.3664 0.05785 

0.009586 0.009398 0.3692 0.05187 

0.01529 0.01472 0.3748 0.03886 

0.01979 0.01886 0.3804 0.02718 

0.02538 0.02401 0.3860 0.01767 

0.03180 0.02992 0.3916 0.01118 

0.03862 0.03625 0.3972 0.007491 

0.04543 0.04269 0.4028 0.005720 

0.05185 0.04886 0.4084 0.004953 

0.05749 0.05444 0.4140 0.004626 

0.06209 0.05915 0.4196 0.004479 

0.06551 0.06280 0.4252 0.004403 

0.06775 0.06535 0.4308 0.004354 

0.06903 0.06693 0.4333 0.004335 

Centre for Research in Computational and Applied Mechanics 
University of Cape Town 

310 RPM 

0.06780 

0.06824 

0.06855 

0.06893 

0.06942 

0.06989 

0.07012 

0.06981 

0.06870 

0.06660 

0.06345 

0.05937 

0.05401 

0.04163 

0.02977 

0.01964 

0.01240 

0.008097 

0.005956 

0.005009 

0.004596 

0.004401 

0.004292 

0.004223 

0.004200 
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C. Comparative Data C.l. Single Phase Data 

Table C.5: Normalized TKE profile data for 940 and 1260 RPM (r/T = 0.185) 

z/H 

0.2333 

0.2350 

0.2405 

0.2461 

0.2517 

0.2573 

0.2629 

0.2685 

0.2741 

0.2797 

0.2853 

0.2909 

0.2965 

0.3021 

0.3049 

0.3077 

0.3105 

0.3133 

0.3161 

0.3189 

0.3217 

0.3245 

0.3273 

0.3301 

0.3329 

1260 RPM 940 RPM z/H 1260 RPM 

0.005062 0.005291 0.3357 0.04707 

0.005118 0.005358 0.3385 0.04662 

0.005241 0.005469 0.3413 0.04718 

0.005301 0.005457 0.3441 0.04869 

0.005403 0.005482 0.3469 0.05081 

0.005600 0.005615 0.3497 0.05303 

0.005959 0.005937 0.3525 0.05482 

0.006543 0.006518 0.3552 0.05573 

0.007422 0.007429 0.3580 0.05543 

0.008723 0.008800 0.3608 0.05382 

0.01080 0.01099 0.3636 0.05098 

0.01458 0.01486 0.3664 0.04770 

0.02109 0.02114 0.3692 0.04275 

0.03016 0.02937 0.3748 0.02976 

0.03456 0.03312 0.3804 0.01907 

0.03860 0.03652 0.3860 0.01246 

0.04286 0.04026 0.3916 0.009093 

0.04660 0.04369 0.3972 0.007264 

0.04952 0.04654 0.4028 0.006088 

0.05145 0.04860 0.4084 0.005254 

0.05231 0.04975 0.4140 0.004658 

0.05221 0.05004 0.4196 0.004247 

0.05131 0.04960 0.4252 0.003979 

0.04990 0.04863 0.4308 0.003821 

0.04834 0.04746 0.4333 0.003571 

Centre for Research in Computational and Applied Mechanics 
University of Cape Town 

940 RPM 

0.04656 

0.04648 

0.04747 

0.04947 

0.05215 

0.05489 

0.05706 

0.05820 

0.05800 

0.05630 

0.05313 

0.04928 

0.04345 

0.02880 

0.01747 

0.01104 

0.008043 

0.006508 

0.005556 

0.004885 

0.004389 

0.004026 

0.003771 

0.003608 

0.003792 
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C. Comparative Data C.l. Single Phase Data 

Table C.6: Normalized TKE profile data for 940 and 1260 RPM (r/T = 0.285) 

z/H 

0.2333 

0.2350 

0.2405 

0.2461 

0.2517 

0.2573 

0.2629 

0.2685 

0.2741 

0.2797 

0.2853 

0.2909 

0.2965 

0.3021 

0.3049 

0.3077 

0.3105 

0.3133 

0.3161 

0.3189 

0.3217 

0.3245 

0.3273 

0.3301 

0.3329 

1260 RPM 940 RPM z/H 1260 RPM 

0.004763 0.005001 0.3357 0.06986 

0.004770 0.005016 0.3385 0.07012 

0.004784 0.005042 0.3413 0.07032 

0.004786 0.005031 0.3441 0.07064 

0.004783 0.004990 0.3469 0.07108 

0.004800 0.004954 0.3497 0.07146 

0.004851 0.004950 0.3525 0.07149 

0.004940 0.004981 0.3552 0.07085 

0.005078 0.005049 0.3580 0.06929 

0.005305 0.005169 0.3608 0.06666 

0.005732 0.005391 0.3636 0.06296 

0.006675 0.005855 0.3664 0.05837 

0.008915 0.006934 0.3692 0.05259 

0.01401 0.009611 0.3748 0.03991 

0.01826 0.01223 0.3804 0.02838 

0.02378 0.01626 0.3860 0.01875 

0.03028 0.02168 0.3916 0.01196 

0.03730 0.02826 0.3972 0.007965 

0.04439 0.03557 0.4028 0.005993 

0.05112 0.04309 0.4084 0.005122 

0.05706 0.05027 0.4140 0.004741 

0.06192 0.05665 0.4196 0.004566 

0.06553 0.06189 0.4252 0.004474 

0.06789 0.06577 0.4308 0.004417 

0.06924 0.06836 0.4333 0.004395 

Centre for Research in Computational and Applied Mechanics 
University of Cape Town 

940 RPM 

0.06986 

0.07054 

0.07078 

0.07089 

0.07108 

0.07137 

0.07162 

0.07161 

0.07105 

0.06972 

0.06749 

0.06442 

0.06012 

0.04938 

0.03787 

0.02664 

0.01732 

0.01077 

0.007025 

0.005247 

0.004481 

0.004144 

0.003976 

0.003881 

0.003852 
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C. Comparative Data C.2. Data for Gas Hold Up investigation 

C.2 Data for Gas Hold Up investigation 

C.2.1 Mean Velocity Data 

Table C.7: Normalized radial velocity profile data for CHI 

z/H 10IR 20IR 30IR 

0.2333 0.02415 0.002445 0.006643 

0.2466 0.01724 0.006174 0.01089 

0.2600 0.01079 0.008545 0.01365 

0.2733 0.007331 0.009483 0.01472 

0.2866 0.004678 0.01150 0.01691 

0.3000 0.06253 0.03213 0.03655 

0.3133 0.2423 0.1812 0.1818 

0.3266 0.5218 0.4947 0.4942 

0.3400 0.6332 0.6735 0.6896 

0.3533 0.4089 0.4008 0.3900 

0.3666 0.1810 0.1334 0.1142 

0.3800 0.04985 0.007478 0.007008 

0.3933 0.004564 0.01195 0.001002 

0.4066 0.009260 0.01175 0.003990 

0.4200 0.01358 0.01078 0.006088 

0.4333 0.01839 0.009208 0.009267 

Centre for Research in Computational and Applied Mechanics 
University of Cape Town 
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C. Comparative Data C.2. Data for Gas Hold Up investigation 

Table C.8: Normalized radial velocity profile data for GH2 

z/H 10 IR 20IR 30IR 

0.2333 0.005107 0.02241 0.02515 

0.2466 0.01071 0.03146 0.03469 

0.2600 0.01563 0.03955 0.04322 

0.2733 0.01795 0.04347 0.04734 

0.2866 0.02100 0.04980 0.05403 

0.3000 0.02506 0.04739 0.05161 

0.3133 0.1502 0.1425 0.1473 

0.3266 0.4977 0.4827 0.4889 

0.3400 0.6882 0.7260 0.7281 

0.3533 0.3901 0.4166 0.4123 

0.3666 0.09750 0.09820 0.09821 

0.3800 0.007122 0.004189 0.01407 

0.3933 0.01628 0.006372 0.01851 

0.4066 0.01407 0.009413 0.02030 

0.4200 0.01302 0.01052 0.02079 

0.4333 0.01198 0.01177 0.02131 

Centre for Research in Computational and Applied Mechanics 
University of Cape Town 
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C. Comparative Data C.2. Data for Gas Hold Up investigation 

Table e.9: Normalized radial velocity profile data for GH3 

z/H 10IR 20IR 30IR 

0.2333 0.003032 0.02176 0.02415 

0.2466 0.008105 0.02999 0.03283 

0.2600 0.01255 0.03734 0.04063 

0.2733 0.01463 0.04094 0.04445 

0.2866 0.01736 0.04675 0.05067 

0.3000 0.02257 0.04368 0.04760 

0.3133 0.1499 0.1407 0.1449 

0.3266 0.4990 0.4818 0.4866 

0.3400 0.6826 0.7214 0.7226 

0.3533 0.3748 0.4063 0.4019 

0.3666 0.08897 0.09053 0.08794 

0.3800 0.007481 0.003472 0.01305 

0.3933 0.01498 0.006614 0.01935 

0.4066 0.01288 0.009892 0.02177 

0.4200 0.01201 0.01096 0.02235 

0.4333 0.01125 0.01201 0.02276 

Centre for Research in Computational and Applied Mechanics 
University of Cape Town 

Page 111 

Univ
ers

ity
 of

 C
ap

e T
ow

n



C. Comparative Data C.2. Data for Gas Hold Up investigation 

Table C.10: Normalized radial velocity profile data for GH4 

z/H 10IR 20IR 30IR 

0.2333 0.02524 0.02567 0.02763 

0.2466 0.03492 0.03562 0.03801 

0.2600 0.04342 0.04443 0.04715 

0.2733 0.04747 0.04861 0.05148 

0.2866 0.05397 0.05537 0.05849 

0.3000 0.05054 0.05196 0.05495 

0.3133 0.1435 0.1447 0.1459 

0.3266 0.4838 0.4848 0.4852 

0.3400 0.7224 0.7226 0.7240 

0.3533 0.4140 0.4155 0.4181 

0.3666 0.1015 0.1035 0.1059 

0.3800 0.01123 0.01267 0.01525 

0.3933 0.01421 0.01522 0.01816 

0.4066 0.01694 0.01792 0.02088 

0.4200 0.01775 0.01869 0.02165 

0.4333 0.01850 0.01936 0.02233 

Centre for Research in Computational and Applied Mechanics 
University of Cape Town 
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C. Comparative Data C.2. Data for Gas Hold Up investigation 

Table C.ll: Normalized tangential velocity profile data for CHI 

z/H 10IR 20IR 30IR 

0.2333 0.03393 0.002820 0.004691 

0.2466 0.03570 0.003391 0.005725 

0.2600 0.03664 0.004255 0.007041 

0.2733 0.03735 0.004633 0.007637 

0.2866 0.04463 0.003664 0.007090 

0.3000 0.1135 0.03747 0.03367 

0.3133 0.3367 0.2838 0.2801 

0.3266 0.5221 0.5239 0.5232 

0.3400 0.5570 0.5891 0.5991 

0.3533 0.4447 0.4683 0.4674 

0.3666 0.2422 0.2194 0.1929 

0.3800 0.09087 0.03925 0.01183 

0.3933 0.04833 0.009438 0.005851 

0.4066 0.03855 0.005216 0.006913 

0.4200 0.03632 0.004098 0.006735 

0.4333 0.03416 0.002864 0.006080 

Centre for Research in Computational and Applied Mechanics 
University of Cape Town 
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C. Comparative Data C.2. Data for Gas Hold Up investigation 

Table C.12: Normalized tangential velocity profile data for GH2 

z/H 10IR 20IR 30IR 

0.2333 0.0003492 0.01091 0.009814 

0.2466 0.001214 0.009508 0.008439 

0.2600 0.002729 0.007880 0.006778 

0.2733 0.003553 0.007119 0.005978 

0.2866 0.006244 0.005733 0.004476 

0.3000 0.06314 0.05270 0.05168 

0.3133 0.3416 0.3172 0.3176 

0.3266 0.6137 0.6037 0.6038 

0.3400 0.6902 0.7067 0.7067 

0.3533 0.5591 0.5811 0.5796 

0.3666 0.2629 0.2601 0.2600 

0.3800 0.05003 0.02749 0.03514 

0.3933 0.01874 0.005384 0.01645 

0.4066 0.01582 0.004979 0.01668 

0.4200 0.01529 0.005009 0.01706 

0.4333 0.01487 0.005149 0.01772 

Centre for Research in Computational and Applied Mechanics 
University of Cape Town 
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C. Comparative Data C.2. Data for Gas Hold Up investigation 

Table C.13: Normalized tangential velocity profile data for GH3 

z/H 10 IR 20IR 30IR 

0.2333 0.0005794 0.008730 0.009276 

0.2466 0.001373 0.007569 0.008013 

0.2600 0.003239 0.006230 0.006514 

0.2733 0.004223 0.005617 0.005806 

0.2866 0.007297 0.004621 0.004603 

0.3000 0.06510 0.05362 0.05379 

0.3133 0.3448 0.3222 0.3229 

0.3266 0.6167 0.6049 0.6044 

0.3400 0.6884 0.7035 0.7025 

0.3533 0.5475 0.5712 0.5653 

0.3666 0.2443 0.2424 0.2363 

0.3800 0.04578 0.02838 0.03251 

0.3933 0.01884 0.01018 0.01828 

0.4066 0.01628 0.009939 0.01863 

0.4200 0.01580 0.01007 0.01909 

0.4333 0.01544 0.01037 0.01987 

Centre for Research in Computational and Applied Mechanics 
University of Cape Town 
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C. Comparative Data C.2. Data for Gas Hold Up investigation 

Table C.14: Normalized tangential velocity profile data for GH4 

z/H lOIR 20IR 30IR 

0.2333 0.01563 0.01182 0.01507 

0.2466 0.01385 0.01043 0.01375 

0.2600 0.01166 0.008799 0.01208 

0.2733 0.01058 0.008026 0.01123 

0.2866 0.008435 0.006606 0.009519 

0.3000 0.05300 0.05256 0.05447 

0.3133 0.3174 0.3172 0.3169 

0.3266 0.6010 0.6003 0.6001 

0.3400 0.7032 0.7022 0.7025 

0.3533 0.5834 0.5832 0.5843 

0.3666 0.2711 0.2728 0.2756 

0.3800 0.04948 0.05165 0.05264 

0.3933 0.02861 0.03038 0.03093 

0.4066 0.02880 0.03062 0.03123 

0.4200 0.02924 0.03113 0.03178 

0.4333 0.03002 0.03202 0.03274 

Centre for Research in Computational and Applied Mechanics 
University of Cape Town 

Page 116 

Univ
ers

ity
 of

 C
ap

e T
ow

n



C. Comparative Data C.2. Data for Gas Hold Up investigation 

C.2.2 Turbulent Kinetic Energy Data 

Table C.15: Normalized TKE profile data for CHI (r/T = 0.185) 

z/H 10 IR 20IR 30IR z/H 10 IR 20IR 30IR 

0.2333 0.004999 0.001860 0.001812 0.3367 0.03857 0.02288 0.01970 

0.2402 0.005165 0.001876 0.001823 0.3436 0.04754 0.02909 0.02365 

0.2471 0.005385 0.001920 0.001860 0.3505 0.05926 0.03781 0.02988 

0.2540 0.005681 0.002008 0.001941 0.3574 0.06938 0.04418 0.03358 

0.2609 0.006094 0.002162 0.002087 0.3643 0.07388 0.04482 0.03213 

0.2678 0.006713 0.002409 0.002328 0.3712 0.06698 0.03578 0.02325 

0.2747 0.007774 0.002793 0.002709 0.3781 0.05158 0.02185 0.01228 

0.2816 0.01000 0.003466 0.003375 0.3850 0.03682 0.01194 0.006040 

0.2885 0.01531 0.005106 0.004978 0.3919 0.02760 0.007786 0.003926 

0.2954 0.02623 0.009719 0.009438 0.3988 0.02286 0.006248 0.003145 

0.3022 0.04040 0.01895 0.01830 0.4057 0.02042 0.005488 0.002684 

0.3091 0.04725 0.02648 0.02549 0.4126 0.01909 0.005015 0.002358 

0.3160 0.04557 0.02803 0.02699 0.4195 0.01828 0.004675 0.002112 

0.3229 0.04129 0.02634 0.02524 0.4264 0.01775 0.004415 0.001924 

0.3298 0.03724 0.02311 0.02147 0.4333 0.01740 0.004210 0.001779 

Centre for Research in Computational and Applied Mechanics 
University of Cape Town 
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C. Comparative Data C.2. Data for Gas Hold Up investigation 

z/H 

0.2333 

0.2402 

0.2471 

0.2540 

0.2609 

0.2678 

0.2747 

0.2816 

0.2885 

0.2954 

0.3022 

0.3091 

0.3160 

0.3229 

0.3298 

Table C.16: Normalized TKE profile data for GH2 (r/T = 0.185) 

10IR 20IR 30IR z/H 10IR 20IR 30IR 

0.004130 0.003826 0.003910 0.3367 0.04374 0.04026 0.03971 

0.004226 0.003878 0.003960 0.3436 0.04912 0.04372 0.04261 

0.004378 0.003982 0.004062 0.3505 0.05884 0.05172 0.04961 

0.004613 0.004169 0.004249 0.3574 0.06582 0.05724 0.05402 

0.004969 0.004486 0.004567 0.3643 0.06464 0.05485 0.05106 

0.005520 0.005006 0.005089 0.3712 0.05174 0.04196 0.03882 

0.006443 0.005880 0.005969 0.3781 0.03306 0.02459 0.02283 

0.008263 0.007545 0.007637 0.3850 0.01909 0.01241 0.01168 

0.01250 0.01127 0.01135 0.3919 0.01253 0.007252 0.006917 

0.02183 0.01921 0.01923 0.3988 0.009903 0.005420 0.005182 

0.03602 0.03094 0.03086 0.4057 0.008662 0.004567 0.004346 

0.04705 0.04045 0.04022 0.4126 0.007961 0.004054 0.003834 

0.05125 0.04537 0.04504 0.4195 0.007502 0.003702 0.003484 

0.05036 0.04628 0.04591 0.4264 0.007182 0.003449 0.003236 

0.04586 0.04298 0.04260 0.4333 0.006950 0.003265 0.003062 

Centre for Research in Computational and Applied Mechanics 
University of Cape Town 
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C. Comparative Data C.2. Data for Gas Hold Up investigation 

z/H 

0.2333 

0.2402 

0.2471 

0.2540 

0.2609 

0.2678 

0.2747 

0.2816 

0.2885 

0.2954 

0.3022 

0.3091 

0.3160 

0.3229 

0.3298 

Table C.17: Normalized TKE profile data for GH3 (fiT = 0.185) 

10IR 20IR 30IR z/H 10IR 20IR 30IR 

0.004085 0.003792 0.003962 0.3367 0.04302 0.03962 0.03918 

0.004180 0.003837 0.004001 0.3436 0.04875 0.04333 0.04263 

0.004330 0.003931 0.004091 0.3505 0.05893 0.05197 0.05062 

0.004560 0.004106 0.004263 0.3574 0.06587 0.05799 0.05566 

0.004908 0.004406 0.004564 0.3643 0.06378 0.05509 0.05189 

0.005447 0.004904 0.005068 0.3712 0.04987 0.04126 0.03822 

0.006349 0.005750 0.005928 0.3781 0.03121 0.02373 0.02182 

0.008140 0.007379 0.007574 0.3850 0.01804 0.01197 0.01113 

0.01235 0.01107 0.01126 0.3919 0.01205 0.007096 0.006683 

0.02169 0.01903 0.01920 0.3988 0.009674 0.005380 0.005091 

0.03599 0.03094 0.03099 0.4057 0.008533 0.004562 0.004302 

0.04706 0.04045 0.04031 0.4126 0.007877 0.004061 0.003811 

0.05103 0.04503 0.04472 0.4195 0.007444 0.003714 0.003472 

0.04979 0.04555 0.04514 0.4264 0.007139 0.003465 0.003232 

0.04507 0.04220 0.04177 0.4333 0.006920 0.003285 0.003063 

Centre for Research in Computational and Applied Mechanics 
University of Cape Town 
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C. Comparative Data C.2. Data for Gas Hold Up investigation 

z/H 

0.2333 

0.2402 

0.2471 

0.2540 

0.2609 

0.2678 

0.2747 

0.2816 

0.2885 

0.2954 

0.3022 

0.3091 

0.3160 

0.3229 

0.3298 

Table C.18: Normalized TKE profile data for GH4 (r/T = 0.185) 

10IR 20IR 30IR z/H 10IR 20IR 30IR 

0.003869 0.003942 0.003821 0.3367 0.03943 0.03927 0.03901 

0.003918 0.003990 0.003872 0.3436 0.04234 0.04226 0.04197 

0.004014 0.004086 0.003969 0.3505 0.04971 0.04967 0.04925 

0.004190 0.004261 0.004143 0.3574 0.05517 0.05520 0.05470 

0.004490 0.004563 0.004443 0.3643 0.05328 0.05348 0.05312 

0.004985 0.005063 0.004940 0.3712 0.04144 0.04182 0.04178 

0.005820 0.005908 0.005781 0.3781 0.02503 0.02548 0.02565 

0.007391 0.007501 0.007359 0.3850 0.01305 0.01344 0.01360 

0.01088 0.01103 0.01085 0.3919 0.007734 0.008046 0.008144 

0.01844 0.01862 0.01831 0.3988 0.005782 0.006041 0.006100 

0.02982 0.02993 0.02935 0.4057 0.004855 0.005084 0.005122 

0.03910 0.03905 0.03828 0.4126 0.004292 0.004502 0.004528 

0.04394 0.04377 0.04306 0.4195 0.003906 0.004103 0.004120 

0.04497 0.04475 0.04425 0.4264 0.003631 0.003819 0.003829 

0.04203 0.04181 0.04147 0.4333 0.003434 0.003615 0.003619 
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C. Comparative Data C.2. Data for Gas Hold Up investigation 

zlH 

0.2333 

0.2402 

0.2471 

0.2540 

0.2609 

0.2678 

0.2747 

0.2816 

0.2885 

0.2954 

0.3022 

0.3091 

0.3160 

0.3229 

0.3298 

Table C.19: Normalized TKE profile data for CHI (r/T = 0.285) 

10IR 20IR 30IR zlH 10 IR 20IR 30IR 

0.004274 0.002175 0.002067 0.3367 0.04605 0.03849 0.03720 

0.004400 0.002168 0.002060 0.3436 0.04780 0.03974 0.03799 

0.004564 0.002167 0.002060 0.3505 0.04900 0.04194 0.04012 

0.004786 0.002173 0.002067 0.3574 0.04782 0.04159 0.03924 

0.005114 0.002189 0.002082 0.3643 0.04382 0.03666 0.03302 

0.005645 0.002221 0.002111 0.3712 0.03792 0.02833 0.02337 

0.006584 0.002287 0.002165 0.3781 0.03176 0.01963 0.01409 

0.008313 0.002451 0.002292 0.3850 0.02643 0.01277 0.007684 

0.01140 0.002952 0.002673 0.3919 0.02217 0.008264 0.004279 

0.01637 0.004508 0.003918 0.3988 0.01909 0.005875 0.002962 

0.02353 0.008731 0.007590 0.4057 0.01695 0.004764 0.002528 

0.03176 0.01674 0.01522 0.4126 0.01549 0.004253 0.002371 

0.03880 0.02640 0.02501 0.4195 0.01451 0.003992 0.002299 

0.04328 0.03454 0.03360 0.4264 0.01382 0.003829 0.002253 

0.04501 0.03808 0.03730 0.4333 0.01332 0.003711 0.002217 
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C. Comparative Data C.2. Data for Gas Hold Up investigation 

z/H 

0.2333 

0.2402 

0.2471 

0.2540 

0.2609 

0.2678 

0.2747 

0.2816 

0.2885 

0.2954 

0.3022 

0.3091 

0.3160 

0.3229 

0.3298 

Table C.20: Normalized TKE profile data for GH2 (r/T = 0.28.5) 

10IR 20IR 30IR z/H lOIR 20IR 30IR 

0.003784 0.003477 0.003514 0.3367 0.05859 0.05978 0.05994 

0.003763 0.003449 0.003486 0.3436 0.05946 0.06068 0.06074 

0.003765 0.003436 0.003474 0.3505 0.06001 0.06150 0.06145 

0.003800 0.003442 0.003481 0.3574 0.05808 0.06080 0.06027 

0.003894 0.003470 0.003512 0.3643 0.05210 0.05575 0.05430 

0.004112 0.003535 0.003580 0.3712 0.04264 0.04565 0.04322 

0.004630 0.003675 0.003726 0.3781 0.03224 0.03338 0.03039 

0.005894 0.004018 0.004077 0.3850 0.02300 0.02195 0.01906 

0.008783 0.004955 0.005029 0.3919 0.01580 0.01297 0.01080 

0.01436 0.007476 0.007585 0.3988 0.01115 0.007563 0.006325 

0.02332 0.01342 0.01363 0.4057 0.008559 0.005060 0.004478 

0.03444 0.02393 0.02432 0.4126 0.007229 0.004094 0.003821 

0.04505 0.03680 0.03737 0.4195 0.006557 0.003731 0.003581 

0.05327 0.04900 0.04961 0.4264 0.006180 0.003562 0.003472 

0.05734 0.05678 0.05719 0.4333 0.005954 0.003472 0.003418 
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C. Comparative Data C.2. Data for Gas Hold Up investigation 

z/H 

0.2333 

0.2402 

0.2471 

0.2540 

0.2609 

0.2678 

0.2747 

0.2816 

0.2885 

0.2954 

0.3022 

0.3091 

0.3160 

0.3229 

0.3298 

Table C.2l: Normalized TKE profile data for GH3 (r/T = 0.28.5) 

10IR 20IR 30IR z/H 10 IR 20IR 30IR 

0.003674 0.003443 0.003577 0.3367 0.05813 0.05944 0.05947 

0.003654 0.003408 0.003528 0.3436 0.05890 0.06032 0.06035 

0.003661 0.003390 0.003497 0.3505 0.05909 0.06109 0.06099 

0.003709 0.003389 0.003487 0.3574 0.05635 0.05981 0.05908 

0.003830 0.003412 0.003504 0.3643 0.04952 0.05375 0.05198 

0.004111 0.003479 0.003571 0.3712 0.03964 0.04276 0.04005 

0.004784 0.003644 0.003747 0.3781 0.02932 0.03013 0.02705 

0.006388 0.004084 0.004220 0.3850 0.02057 0.01904 0.01631 

0.009866 0.005311 0.005532 0.3919 0.01408 0.01098 0.009179 

0.01611 0.008481 0.008864 0.3988 0.01011 0.006586 0.005699 

0.02549 0.01536 0.01596 0.4057 0.007984 0.004723 0.004366 

0.03653 0.02638 0.02713 0.4126 0.006911 0.004025 0.003887 

0.04663 0.03894 0.03965 0.4195 0.006363 0.003746 0.003693 

0.05402 0.05026 0.05076 0.4264 0.006049 0.003604 0.003592 

0.05728 0.05704 0.05724 0.4333 0.005857 0.003520 0.003536 
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C. Comparative Data C.2. Data for Gas Hold Up investigation 

Table C.22: Normalized TKE profile data for GH4 at 10 IR (r/T = 0.285) 

z/H 10 IR z/H 10IR 

0.2333 0.003674 0.3367 0.05813 

0.2402 0.003654 0.3436 0.05890 

0.2471 0.003661 0.3505 0.05909 

0.2540 0.003709 0.3574 0.05635 

0.2609 0.003830 0.3643 0.04952 

0.2678 0.004111 0.3712 0.03964 

0.2747 0.004784 0.3781 0.02932 

0.2816 0.006388 0.3850 0.02057 

0.2885 0.009866 0.3919 0.01408 

0.2954 0.01611 0.3988 0.01011 

0.3022 0.02549 0.4057 0.007984 

0.3091 0.03653 0.4126 0.006911 

0.3160 0.04663 0.4195 0.006363 

0.3229 0.05402 0.4264 0.006049 

0.3298 0.05728 0.4333 0.005857 
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C. Comparative Data C.2. Data for Gas Hold Up investigation 

Table C.23: Normalized TKE profile data for GH4 at 20 and 30 IR (r/T = 0.285) 

z/H 20IR 30IR z/H 20IR 

0.2333 0.003448 0.003821 0.3367 0.05893 

0.2402 0.003438 0.003872 0.3436 0.05988 

0.2471 0.003443 0.003969 0.3505 0.06073 

0.2540 0.003465 0.004143 0.3574 0.05988 

0.2609 0.003510 0.004443 0.3643 0.05431 

0.2678 0.003589 0.004940 0.3712 0.04340 

0.2747 0.003738 0.005781 0.3781 0.03052 

0.2816 0.004067 0.007359 0.3850 0.01915 

0.2885 0.004928 0.01085 0.3919 0.01100 

0.2954 0.007239 0.01831 0.3988 0.006638 

0.3022 0.01282 0.02935 0.4057 0.004813 

0.3091 0.02301 0.03828 0.4126 0.004115 

0.3160 0.03579 0.04306 0.4195 0.003820 

0.3229 0.04805 0.04425 0.4264 0.003659 

0.3298 0.05590 0.04147 0.4333 0.003559 

Centre for Research in Computational and Applied Mechanics 
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30IR 

0.03901 

0.04197 

0.04925 

0.05470 

0.05312 

0.04178 

0.02565 

0.01360 

0.008144 

0.006100 

0.005122 

0.004528 

0.004120 

0.003829 

0.003619 
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C. Comparative Data C.3. Data for Grid Density investigation 

C.3 Data for Grid Density investigation 

C.3.1 Mean Velocity Profile Data 

Table C.24: Normalized radial velocity profiles at rlT = 0185 

z/H Grid 1 Grid 2 Grid 3 Grid 4 Grid 8M 

0.2333 0.002030 0.006636 0.006781 0.01060 0.01371 

0.2466 0.007736 0.01269 0.001290 0.01736 0.02041 

0.2600 0.01145 0.01708 0.002625 0.02275 0.02613 

0.2733 0.01346 0.01948 0.004624 0.02592 0.02877 

0.2866 0.01654 0.02325 0.007789 0.03090 0.03431 

0.3000 0.02514 0.03261 0.02157 0.03921 0.05584 

0.3133 0.1320 0.1326 0.1605 0.1278 0.1838 

0.3266 0.4254 0.4238 0.4733 0.4107 0.4634 

0.3400 0.6415 0.6449 0.6320 0.6672 0.6472 

0.3533 0.4388 0.4498 0.3859 0.4688 0.3801 

0.3666 0.1543 0.1674 0.1240 0.1832 0.1241 

0.3800 0.02710 0.03712 0.02554 0.04376 0.01516 

0.3933 0.005069 0.01218 0.01357 0.02184 0.004110 

0.4066 0.005138 0.01193 0.01378 0.02096 0.005650 

0.4200 0.006113 0.01263 0.01422 0.02058 0.006624 

0.4333 0.007059 0.01319 0.01430 0.01991 0.007847 
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C. Comparative Data C.3. Data for Grid Density investigation 

Table C.25: Normalized tangential velocity profiles at r/T = 0185 

z/H Grid 1 Grid 2 Grid 3 Grid 4 Grid 8M 

0.2333 0.01222 0.007022 0.009291 0.007001 0.01976 

0.2466 0.01163 0.006457 0.009274 0.006474 0.01895 

0.2600 0.01087 0.005614 0.009507 0.005608 0.01820 

0.2733 0.01055 0.005245 0.009428 0.005327 0.01807 

0.2866 0.01188 0.006461 0.006960 0.007272 0.02081 

0.3000 0.05120 0.039437 0.03993 0.04304 0.07065 

0.3133 0.3038 0.2859 0.3267 0.2943 0.3136 

0.3266 0.5634 0.5615 0.5937 0.5619 0.5555 

0.3400 0.6534 0.6433 0.6656 0.6757 0.6435 

0.3533 0.5640 0.5711 0.5419 0.5892 0.5193 

0.3666 0.2975 0.3033 0.2576 0.3378 0.2485 

0.3800 0.07447 0.1303 0.05929 0.08219 0.05842 

0.3933 0.03367 0.03236 0.03005 0.03582 0.03102 

0.4066 0.03211 0.03033 0.02885 0.03328 0.02895 

0.4200 0.03265 0.03070 0.02938 0.03344 0.02903 

0.4333 0.03396 0.03191 0.03056 0.03456 0.02955 
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C. Comparative Data C.3. Data for Grid Density investigation 

C.3.2 Turbulent Kinetic Energy Data 

Table C.26: Normalized TKE profile data for Grids 1 - 3 (r/T = 0.185) 

z/H Grid 1 Grid 2 Grid 3 z/H Grid 1 Grid 2 Grid 3 

0.2333 0.002482 0.002877 0.003201 0.3357 0.02874 0.02909 0.03163 

0.2350 0.002492 0.002889 0.003203 0.3390 0.02763 0.02782 0.03040 

0.2397 0.002522 0.002901 0.003185 0.3424 0.02755 0.02755 0.03053 

0.2445 0.002518 0.002877 0.003167 0.3457 0.02875 0.02852 0.03208 

0.2493 0.002510 0.002856 0.003168 0.3491 0.03128 0.03080 0.03483 

0.2541 0.002522 0.002865 0.003202 0.3525 0.03484 0.03425 0.03834 

0.2589 0.002570 0.002920 0.003277 0.3558 0.03884 0.03850 0.04203 

0.2637 0.002667 0.003031 0.003403 0.3592 0.04261 0.04295 0.04513 

0.2685 0.002821 0.003210 0.003593 0.3625 0.04546 0.04674 0.04677 

0.2733 0.003046 0.003469 0.003861 0.3659 0.04695 0.04899 0.04638 

0.2781 0.003360 0.003831 0.004234 0.3692 0.04472 0.04717 0.04203 

0.2829 0.003812 0.004339 0.004771 0.3740 0.03467 0.03753 0.03049 

0.2877 0.004558 0.005124 0.005664 0.3788 0.02235 0.02519 0.01897 

0.2925 0.006160 0.006652 0.007581 0.3836 0.01244 0.01455 0.01093 

0.2973 0.009657 0.009961 0.01203 0.3884 0.007078 0.008373 0.006988 

0.3021 0.01560 0.01625 0.02074 0.3932 0.004844 0.005671 0.005295 

0.3054 0.02007 0.02152 0.02802 0.3980 0.003897 0.004509 0.004448 

0.3088 0.02418 0.02630 0.03423 0.4028 0.003386 0.003886 0.003921 

0.3122 0.02812 0.03052 0.03903 0.4076 0.003049 0.003480 0.003547 

0.3155 0.03118 0.03358 0.04180 0.4124 0.002804 0.003188 0.003269 

0.3189 0.03305 0.03517 0.04248 0.4172 0.002620 0.002972 0.003060 

0.3222 0.03368 0.03536 0.04146 0.4220 0.002482 0.002813 0.002907 

0.3256 0.03324 0.03444 0.03929 0.4268 0.002379 0.002700 0.002800 

0.3289 0.03200 0.03281 0.03656 0.4316 0.002308 0.002627 0.002732 

0.3323 0.03037 0.03090 0.03386 0.4333 0.002291 0.002612 0.002717 
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C. Comparative Data C.3. Data for Grid Density investigation 

z/H 

0.2333 

0.2350 

0.2397 

0.2445 

0.2493 

0.2541 

0.2589 

0.2637 

0.2685 

0.2733 

0.2781 

0.2829 

0.2877 

0.2925 

0.2973 

0.3021 

0.3042 

0.3063 

0.3084 

0.3105 

0.3126 

Table C.27: Normalized TKE profile data for Grid 4 (r/T = 0.185) 

Grid 4 

0.003534 

z/H Grid 4 

0.3147 0.03276 
z/H Grid 4 

0.3587 0.04545 
0.003557 0.3168 0.03435 

0.3608 0.04792 
0.003583 0.3189 0.03545 

0.3629 0.04987 
0.003569 0.3210 0.03605 

0.3650 0.05107 
0.003556 0.3231 0.03614 

0.3671 0.05154 
0.003579 0.3252 0.03580 

0.3692 0.04943 
0.003661 0.3273 0.03510 

0.3740 0.03811 
0.003815 0.3294 0.03415 

0.3788 0.02582 
0.004055 0.3315 0.03307 

0.3836 0.01565 
0.004401 0.3336 0.03196 

0.3884 0.009689 
0.004886 0.3357 0.03094 

0.3932 0.006902 
0.005572 0.3378 0.03013 

0.3980 0.005562 
0.006605 0.3399 0.02966 

0.4028 0.004780 
0.008380 0.3420 0.02962 

0.4076 0.004254 
0.01161 0.3441 0.03008 

0.4124 0.003876 
0.01753 0.3462 0.03109 

0.4172 0.003601 
0.02048 0.3483 0.03264 

0.4220 0.003405 
0.02313 0.3504 0.03470 

0.4268 0.003276 
0.02582 0.3524 0.03715 

0.4316 0.003201 
0.02840 0.3545 0.03987 

0.4333 0.003185 
0.03074 0.3566 0.04270 
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C. Comparative Data C.3. Data for Grid Density investigation 

Table C.28: Normalized TKE profile data for Grids 1 - 3 (r/T = 0.285) 

z/H Grid 1 Grid 2 Grid 3 z/H Grid 1 Grid 2 Grid 3 

0.2333 0.002520 0.002954 0.003125 0.3357 0.04092 0.04382 0.04518 

0.2350 0.002526 0.002940 0.003098 0.3390 0.04038 0.04385 0.04485 

0.2397 0.002554 0.002888 0.003008 0.3424 0.03982 0.04359 0.04474 

0.2445 0.002560 0.002832 0.002934 0.3457 0.03971 0.04350 0.04500 

0.2493 0.002549 0.002785 0.002882 0.3491 0.04027 0.04383 0.04552 

0.2541 0.002530 0.002752 0.002857 0.3525 0.04130 0.04455 0.04592 

0.2589 0.002511 0.002736 0.002860 0.3558 0.04238 0.04532 0.04571 

0.2637 0.002500 0.002739 0.002891 0.3592 0.04292 0.04569 0.04449 

0.2685 0.002503 0.002759 0.002952 0.3625 0.04246 0.04520 0.04209 

0.2733 0.002525 0.002800 0.003054 0.3659 0.04087 0.04362 0.03865 

0.2781 0.002579 0.002870 0.003227 0.3692 0.03796 0.04061 0.03417 

0.2829 0.002690 0.002992 0.003551 0.3740 0.03214 0.03450 0.02686 

0.2877 0.002928 0.003222 0.004219 0.3788 0.02571 0.02757 0.01982 

0.2925 0.003474 0.003710 0.005643 0.3836 0.01904 0.02041 0.01357 

0.2973 0.004712 0.004782 0.008380 0.3884 0.01311 0.01406 0.008921 

0.3021 0.007417 0.007112 0.01304 0.3932 0.008527 0.009196 0.006004 

0.3054 0.01053 0.009916 0.01741 0.3980 0.005520 0.006047 0.004448 

0.3088 0.01469 0.01382 0.02240 0.4028 0.003866 0.004328 0.003689 

0.3122 0.01955 0.01857 0.02761 0.4076 0.003069 0.003492 0.003311 

0.3155 0.02468 0.02377 0.03265 0.4124 0.002696 0.003091 0.003104 

0.3189 0.02965 0.02902 0.03717 0.4172 0.002508 0.002884 0.002979 

0.3222 0.03404 0.03391 0.04083 0.4220 0.002399 0.002768 0.002898 

I 0.3256 0.03750 0.03803 0.04342 0.4268 0.002322 0.002698 0.002847 

0.3289 0.03980 0.04112 0.04487 0.4316 0.002262 0.002657 0.002816 

0.3323 0.04087 0.04302 0.04534 0.4333 0.002243 0.002649 0.002810 
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C. Comparative Data C.3. Data for Grid Density investigation 

z/H 

0.2333 

0.2350 

0.2397 

0.2445 

0.2493 

0.2541 

0.2589 

0.2637 

0.2685 

0.2733 

0.2781 

0.2829 

0.2877 

0.2925 

0.2973 

0.3021 

0.3042 

0.3063 

0.3084 

0.3105 

0.3126 

Table C.29: Normalized TKE profile data for Grid 4 (r/T = 0.285) 

Grid 4 

0.003557 

z/H Grid 4 

0.3147 0.02498 
z/H Grid 4 

0.3587 0.04978 
0.003541 0.3168 0.02863 

0.3608 0.04933 
0.003484 0.3189 0.03223 

0.3629 0.04840 
0.003432 0.3210 0.03568 

0.3650 0.04695 
0.003391 0.3231 0.03885 

0.3671 0.04511 
0.003365 0.3252 0.04165 

0.3692 0.04251 
0.003361 0.3273 0.04401 

0.3740 0.03504 
0.003378 0.3294 0.04587 

0.3788 0.02719 
0.003418 0.3315 0.04721 

0.3836 0.01947 
0.003485 0.3336 0.04806 

0.3884 0.01309 
0.003588 0.3357 0.04849 

0.3932 0.008628 
0.003752 0.3378 0.04858 

0.3980 0.005996 
0.004041 0.3399 0.04848 

0.4028 0.004647 
0.004606 0.3420 0.04832 

0.4076 0.003989 
0.005758 0.3441 0.04821 

0.4124 0.003651 
0.008155 0.3462 0.04824 

0.4172 0.003461 
0.009883 0.3483 0.04843 

0.4220 0.003345 
0.01214 0.3504 0.04878 

0.4268 0.003271 
0.01488 0.3525 0.04920 

0.4316 0.003226 
0.01799 0.3545 0.04959 

0.4333 0.003215 
0.02140 0.3566 0.04983 
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C. Comparative Data C.3. Data for Grid Density investigation 

Table C.30: Normalized TKE profile data for Grid 8M (r/T = 0.185) 

z/H Grid 8M z/H Grid 8M 

0.2333 0.002847 0.3357 0.03909 

0.2373 0.002834 0.3424 0.04352 

0.2445 0.002846 0.3491 0.04881 

0.2517 0.002912 0.3558 0.04838 

0.2589 0.003058 0.3625 0.04401 

0.2661 0.003314 0.3692 0.03228 

0.2733 0.003728 0.3765 0.01720 

0.2805 0.004424 0.3838 0.008535 

0.2877 0.006008 0.3911 0.005386 

0.2949 0.01075 0.3983 0.004280 

0.3021 0.02227 0.4056 0.003701 

0.3088 0.03561 0.4129 0.003316 

0.3155 0.04441 0.4201 0.003041 

0.3222 0.04876 0.4274 0.002844 

0.3290 0.04502 0.4333 0.002731 
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C. Comparative Data C.3. Data for Grid Density investigation 

Table C.3l: Normalized TKE profile data for Grid 8M (r/T = 0.285) 
~ 

z/H Grid 8M z/H Grid 8M 

0.2333 0.002745 0.3357 0.03593 

0.2373 . 0.002710 0.3424 0.03610 
r---

0.2445 0.002678 0.3491 0.03886 

0.2517 0.002669 0.3558 0.04045 

0.2589 0.002679 0.3625 0.03705 

0.2661 . O.C02710 0.3692 0.02894 

0.2676 0.002724 0.3765 0.01882 
---

0.2733 0.002780 0.3837 0.01089 

0.2805 0.002945 0.3909 0.006115 

0.2877 0.003416 0.3981 0.004019 

0.2949 0.004885 0.4038 0.003412 

0.3021 0.009066 0.4053 0.003243 

0.3088 0.01651 0.4126 0.002941 

0.3155 0.02559 0.4198 0.002793 

0.3222 0.03330 0.4270 0.002705 

0.3289 0.03649 0.4333 0.002657 
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