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ABSTRACT

The efficiency of mixing processes in impeller agitated tanks depends highly on the
hydrodynamics. Computational fluids dynamics (CFD) provides a method of predicting the
complex flow structures in stirred tanks. As with any approximate numerical method, CFD
methods are subject to errors due to assumptions in the underlying mathematical models, as well
as errors due to the numerical solution procedures. The aim of this thesis was to present a CFD

method that accurately models the hydrodynamic properties of the flow in stirred tanks.

The general purpose CFD software Fiuens 6.1 was used to develop the model of a laboratory-
scale stirred tank. Numerical experiments were conducted to investigate the effects of the

computational grid density, discretization schemes, turbulence models and impeller modeling
method on the accuracy of the simulated tflow. The results were validated with Laser Doppler

Velocimetry data from the literature.

It was found that the density of the numerical grid had more intluence on the predicted turbulent
quantities than on the mean velocity components. For the mean velocity components, reasonable
agreement with the experimental data was observed even on relatively coarse grids. The choice of
discretization scheme was found to have significant effect on the predicted turbulent kinetic
energy and Power numbers. Very good agreement with experimental data was achieved for both
these flow variables when higher order discretization schemes were used on fine grids. This is an
important finding as it suggests that the generally reported underestimation of turbulence in
literature is caused by numerical errors in the CFD simulation as opposed to inadequacies in the

turbulence models as suggested by most researchers.

Steady-state and time-dependent impeller models were compared and found to have little effect
on the mean velocity and turbulent kinetic energy. However impeller Power numbers calculated
trom the time-dependent simulations were found to be in better agreement with the experimental
values. A comparison was also made between the standard k- and RNG models. It was found
that the standard k- turbulence model gave better predictions of the flow than the RNG- k-

turbulence model.
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CHAPTER 1 INTRODUCTION

1.1. Overview

In engineering practice, impeller stirred tanks are used for a wide variety of mixing operations
involving both single liquid phase and multi-phase processes. In the mineral processing industry
for example, impeller stirred tanks are used for solid particle suspension and gas dispersion in the
flotation process. As efficient mixing is critical to these processes, considerable effort has been

devoted to the detailed understanding of the fluid dynamics in stirred tanks.

The six-bladed disc or Rushton turbine impeller has received the most attention because of its
widely accepted application in processes involving low viscosity fluids that often occur in
industry. Over the years, a standard vessel configuration with vertical baffles along the tank
periphery has evolved (Figure 1-1). The baffles prevent the formation of a central vortex and
minimize solid body rotation of the fluid, a situation that is detrimental to mixing. This standard
configuration is based on power draw studies and should be viewed as a point of reference for

improved stirred vessel design (Tatterson, 1991).

Figure 1-1: Standard baffled stirred tank configuration with Rushton turbine impeller.

1.2. Hydrodynamic Properties of Stirred Tanks

The flow structures in a stirred tank depend on a number of parameters, including the shape and

size of the impeller, geometric configuration of the tank and operating conditions such as
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impeller rotational speed. Flow properties such as velocity, turbulent kinetic energy and turbulent
energy dissipation rates can be used to characterize the flow throughout the vessel. It is therefore
desirable to relate the required performance characteristics of the stirred tank to these fluid

dynamic properties, in order to make appropriate choices in hardware and operating conditions.

Velocity distributions give an insight into the flow patterns generated in the stirred tank and in
identifying regions of rich and poor mixing. This in turn assists in selecting suitable impellers for
particular applications. For example, in solid suspension applications, an impeller that generates
an axial flow pattern is desired in order to sweep the solids off the bottom of the tank. Higher-
level parameters such as vorticity, shear rates and elongation, which are critical in processes such
as polymerization (Fields and Ottino, 1987), fermentation and cell culture engineering (Converti
etal., 1996), are also derived from velocity distributions. In most studies of engineering
relevance, a detailed description of all turbulent quantities in the stirred tank is not necessary and
a statistical approach is usually employed. This involves resolving the flow variables into mean
values and small scale fluctuating components. Apart from the mean and root-mean-square
tluctuating velocities, two quantities that are important in mixing studies are the turbulent kinetic

energy, & and the turbulent energy dissipation rate &.

Turbulent energy dissipation rate is incorporated into many reactor engineering models. For
example in mineral flotation studies, ¢ is incorporated into bubble break-up and coalescence
models (Bakker, 1992; Deglon, 1998; Lane et al., 2002), and in chemical reacting processes, € is
incorporated in micro-mixing models for determining blending time and product distribution
(Ranade and Van Den Akker, 1994). Therefore, understanding how ¢ is distributed in the stirred
vessel and how this distribution is affected by design and operating conditions like scale-up,
operating speed of impeller, etc., is necessary. Values of the turbulent kinetic energy k in the
stirred vessel can be obtained from measurements of the fluctuating velocities (RMS values) and
the energy dissipation rates calculated from k using turbulence macro scale models (Wu et al.,
1989a-b; Lee and Yianneskis, 1998). As might be expected, the highest values of energy
dissipation are found in the high speed regions around the impeller blades and in the impeller

discharge stream. Therefore most studies of turbulence in stirred tanks focus on this region.

Various parameters have been defined to quantify the performance characteristics of impellers in
stirred tanks. These values, based on dimensional analysis, are used as a basis for the selection of

suitable impellers and as guidance in the scale-up of mixing processes (Wernerson and Tragardh,
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1999). The performance of an impeller is dependent on geometric factors such as the ratios of
impeller diameter to tank diameter (D/T), impeller clearance to tank diameter (C/T), and also the
operating speed of the impeller. Important parameters for the design and scale-up of stirred tanks

include the Power number Np, the Pumping number N,, and mixing time N,
ping ¢ g

1.3. Methods of Measuring Fluid Flow Variables

The complexity of the flow in stirred vessels, and indeed many other practical flow problems,
prevents the sound application of analytical studies. Hence up to recent years, most developments
in fluid flow equipment have been based on empirical studies. Mavros (2001) has presented a
comprehensive review of the different flow measuring techniques in stirred tanks. In earlier
studies, simple techniques like pitot-tubes were used to quantity the velocity fields in stirred
tanks. Later, hot wire anemometry was introduced and has also been used to measure flow
variables in stirred tanks, especially gas-liquid flows. The main disadvantage with the Pitot tube
and hot wire techniques is that they are intrusive and may affect the flow being measured.

In recent studies, detailed measurements of flow in stirred vessels have been obtained using non-
intrusive techniques such as laser Doppler Velocimetry, LDV (Yianneskis et al., 1987; Wu and
Patterson, 1989a; Morud and Hjertager, 1996) or Particle Image Velocimetry, PIV (Dyster et al.,
1993; Mavros et al., 1996; Schafer et al., 1997; Lee and Yianneskis, 1998; Aubin et al., 2004b).
Although these advanced methods have been shown to give detailed information on the flow
fields in stirred tanks, they are often impractical for industrial applications. These experimental
methods require for example, that the fluid and the vessel are transparent in order to allow laser
light transmission. [n the case of gas-liquid flow, gas quantities are restricted to small amounts in
order to avoid light scattering in LDV and bubble interference in PIV images (Aubin et al.,
2004b). However, most often in industry, the fluid is opaque and the vessels are made from non-
transparent materials and in gas-liquid flows, the required gassing rates are high. Also, high

quality experimental facilities using LDV or PIV are relatively expensive.

In view of the complex nature of the flow in stirred tanks that precludes analytical solution and
the limitations ot experimental methods outlined above, a considerable amount ot effort has been
devoted towards the numerical prediction of the flow. Recent advances in the development of
efficient numerical solution procedures, coupled with the immense increase in computational
power, have promoted the research into the use of Computational Fluids Dynaniics (CFD) as a

reliable tool in design of fluid flow processes. CFD involves the use of digital computers to
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predict the flow field in the system of interest by numerical solution of the transport equations of

flow variables such as mass and momentum.

1.4. Scope of Thesis

This thesis was initiated as part of the studies intended to incorporate CFD into the Mineral
Flotation research being conducted at the University of Cape Town. It is strongly believed that
before CFD can be confidently used in the study of complex multi-phase processes such as those
occurring in the flotation process, it is important to examine the accuracy of the technique in
simulating less complex single phase flows in stirred tanks. Therefore, in the present study, the
accuracy of CFD techniques in predicting the flow of single phase fluids in stirred tanks was
investigated, with the vision of extending this study to multi-phase flows involving gases and

solids.

A critical analysis of many publications concerning the numerical simulation of fluid flow in
baffled impeller agitated tanks shows several discrepancies. The most important differences
concern the modeling approaches for the rotation of the impeller. turbulence modeling, as well as
the accuracy of the numerical predictions.
In any numerical calculation, there are two sources of errors:
¢ Error due to the assumptions made on the physical behavior of the system. In the stirred
tank case, this pertains to assumptions made in deriving the mathematical models of the
mixing process, turbulence models and the method ot modeling the rotation of the
impeller.
e Numerical errors, due to the numerical solution procedures, such as inadequate grids and

discretization practices for the underlying equations of the mathematical models.

Most studies have concentrated on the assessment of the various mixing process models,
turbulence models and on the method used to specify the rotating impeller, with not as much
effort given to the numerical solution procedure. However, in order that solutions purely reflect
the outcome of the various physical models, it is necessary to isolate as much as possible from the
computations any errors due to the numerical solution procedure. The aim of this thesis was to
present a CFD method that accurately models the hydrodynamic properties of the flow in stirred

tanks. The influence of grid density and discretization schemes on the predicted flow field was
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investigated. Two commonly used impeller modeling methods and different turbulence models

were also examined.
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CHAPTER 2 LITERATURE REVIEW

In this Chapter, the differential equations that govern the flow ot a single phase fluid are
presented. For the stirred tank system, analytical solution of the governing equations is not
possible and the equations need to be solved using numerical methods. The steps involved in the
finite volume solution method - grid generation, discretization of the model equations, are
described in detailed. This is followed by a review of other studies that have been conducted on

CFD modeling of flow in stirred tanks.

2.1. Governing Equations of Fluid Flow

With the assumption of isothermal conditions, the equations governing single phase fluid flow in
a stirred tank are the transport equations for mass and momentum. For an incompressible tluid,

the transport equation for mass (continuity equation) is written as foilows.

Mg 2-1]

ax,

The transport equations for momentum, known as the Navier-Stokes equations are represented by

the following equation.

Ly pe +F [2-2]

The equations presented above need to be solved in order to obtain values of the velocity
components, turbulent kinetic energy and turbulent energy dissipation rates in the isothermal

incompressible system of interest.

2. 2. Turbulence Modeling

The equations outlined in the previous section are applicable to both laminar and turbulent flows
and thus in principle can be calculated directly using numerical methods for both these tlow

regimes. Turbulent flows are however characterized by variables that are randomly fluctuating in
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three dimensions and these fluctuations can be of very small scale and high frequency. Direct
solution of turbulent flows using numerical methods would therefore require grids with an
immense and often impractical number of grid points in order to resolve these small scales and

high frequencies.

2.2.1. Time Averaging

As mentioned in Chapter 1, for studies of flows that are of practical engineering relevance,
detailed description of turbulence is not necessary. The governing equations are instead time-
averaged. resulting in a modified set of equations that are less demanding to solve. In a randomly
unsteady turbulent flow, time-averaging can be used to resolve any variable into an average and

fluctuating component. The instantaneous velocity, for example, becomes:

u =u, +u [2-3]

i

Where, the mean value is given by the following time average.

u, =—|( udt [2-4]

The time T, over which the mean is taken is large compared to the period of fluctuation of u;and
thus small details of the flow are lost. Each dependent variable in the transport equation is
substituted by its mean and fluctuating term and time averaged, resulting in the following

modified set of governing equations known as the Reynolds-averaged equations.

Reynolds Averaged Continuity Equation

%*, _, [2-5]
ox,

1

Reynolds Averaged Navier-Stokes Equation

O, _\ 9 (__ — p 0 ou, o, _
— +—\pw i, + pu )= ———+— —+— | |+pg. +F 2-6

/
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. . . . L ~
Time averaging introduces six unknown terms represented by the tensor pu;u; and referred to as

the Reynolds stresses. For closure of the governing transport equations, it is necessary to relate
these Reynolds stresses to known or calculable quantities. This is done through various

turbulence models.

2.2.2. The k-¢ Turbulence Model

Experimental observation has shown that for isothermal incompressible flows, the Reynolds
stresses are proportional to the mean velocity gradient. Using Boussinesq’s hypothesis of a
turbulent eddy viscosity, &, (White, 1991), the following relation between the Reynolds stresses

and the mean velocity gradients was formulated.

— du, du | 2
~pui, = | —=+—-|-=po. k 2-7
puu; =, o, axj 3 PO, [2-7]

In the above equation, the turbulent kinetic energy 4 is defined by the following relation.

c=—ulu 2-8
5 [2-8]

In the k-¢ turbulence model, the following empirical relation is used to calculate the turbulent

viscosity.

kZ
/uz = C;/p_ [2'9]
£

Values of & and ¢ are needed to close the set of model equations. These values are determined

from their respective transport equations as follows:
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Turbulent Kinetic Energy:

0 0 0 M, | Ok
O o)+ (k) = -2 R G - 210

i

Turbulent Energy Dissipation Rate:

5

0 0 0 U, 0€E | € £°
L pe)+—=(pue)=—=| | u+L£- |22 |+ L0 6, -Cp 2-11
o el =—(pue) . [[ﬂ+0£]8x,}+k Ox =Cp~ [2-11]

!

G, represents a generation term for turbulent kinetic energy.

G aui au,. 811/. 12
= - + _ -
« =H axj dx, | ox, [2-12]

The constants in the model relations are obtained from empirical correlations. For the standard k-
g model, Lauder and Spalding (1974) proposed the following dimensionless constants after

extensive examination of free turbulent flows:
C//z0.0Q o, =10 O'f,=1.3 CN:I.44 C6,2:1.92

Although the standard form of the k- € model has been used successfully for a wide range of flow
problems, certain limitations have been observed. The model has been known to perform poorly
in highly swirling flows with strong streamline curvature and vortex generation (Abujelala, 1984;
White, 1991; Jenne and Reuss, 1999; Jaworski and Zakrzewska, 2002). Modified forms of the
standard k- model have been formulated to better represent the tlow in such cases. Two
commonly used modifications of the standard form are the Chen-Kim and the Renormalized
Group (RNG) variants of the k-¢ model (Jenne and Reuss, 1999; Montante et al., 2001; Jaworski
and Zakrzewska, 2002; Aubin et al., 2004). These variants differ from the standard form in the
definition of the transport equation for € and also in the values of the model constants. The eftect
of the changes in the Chen-Kim model is to reduce the turbulent viscosity in regions of high

shear. Hence, for re-circulating flow involving rapid changes in production of turbulent kinetic
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energy and in turbulence dissipation rates, the Chen-Kim modified k-& model is expected to give
better results than the standard form. In the RNG k-g model, the modifications provide a more
accurate description of how the etfective turbulent transport varies with the eddy scale, allowing
the model to better predict low Reynolds number and near wall flow (Fluent 6.1 User’s Guide
(2003)). Most researchers however, have used the standard form of the k-£ model to model the
turbulence in stirred tanks, although it is known that this form may fail in flows with strong
streamline curvature and vortex generation. Also, since the concept of an eddy viscosity assumes
isotropi¢ turbulence, flows driven by anisotropic Reynolds stresses can be poorly predicted by the

k- £ models.

2.2.3. Non-isotropic Turbulence Models

Other approaches to turbulence modeling that do not make usc of the turbulent eddy viscosity
assumption have been formulated. In the Reynolds stress model (RSM), transport equations for
each of the six Reynolds stresses are solved, along with the transport of €. Therefore, the effects
of turbulence are represented with greater accuracy in the time-averaged momentum equations
and this model is expected to give better predictions than k-& models for complex three
dimensional flows. Since seven additional transport equations are required, the RSM is more
computationally intensive than k-g models and is usually only considered as an alternative when
the flow features of interest are the result of high anisotropy in the Reynolds stresses.
Theoretically, it is possible to resolve the whole spectrum of turbulent scales by direct solution of
the Navier-Stokes equations. However, the range of scales of the turbulent eddies involved in
engineering problems makes this approach impractical. In Large eddy simulation (LES) methods,
the large eddies are resolved directly, while the small eddies are modeled. LES models are three
dimensional and time-dependent but require less restrictive numerical grids than direct solution.
However, LES methods are still much more computationally intensive than turbulence models

that are based on Reynolds-averaged equations.

2.2.4. Treatment of Flow near Walls

In bounded turbulent flows such as mixing in stirred tanks, there is a thin layer near the wall in
which viscous effects are more important than the high inertia effects of the free turbulent flow.

Theretfore the tlow behavior and turbulence structure near the wall are considerably different
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from the free flows. For successful prediction of wall-bounded turbulent flows, accurate
representation of the near wall flow is necessary (Ranade et al., 1989; Gosman et al., 1992;

Bartels et al., 2002).

There are two methods of modeling the flow near solid walls. In one approach, the turbulence
models are modified so that they are applicable to the viscous near-wall flow. In the other
approach, semi-empirical formulas called wall functions are used to bridge this viscous region
near the wall and the fully turbulent free flow. The latter is a more practical approach for the
study of stirred tanks in which the detailed description of the viscous boundary layer is not
necessary. In the standard wall function approach proposed by Lauder and Spalding (1974), the

mean velocity profile near the wall 1s assumed to be of the following form:

{
U'=—Iny" +B [2-13]
K

where x is the von Karmann constant, B is an empirical constant related to the viscous layer and
U and y are the resultant velocity parallel to the wall and normal wall distance, non-
dimensionalized by the wall shear stress, 1, , density p and viscosity, p. This formula is valid in

the near-wall region 30 <y~ < 300.

The derivation of the wall functions assumes equilibrium between the production of turbulent
kinetic energy Gy, and its dissipation rate . Turbulent kinetic energy in the near- wall region is
obtained as for the rest of the flow in the domain by solving the transport equation of k. However,
by assuming local equilibrium, the turbulent energy dissipation rate in the near wall region is

computed from an empirical relation:

£=—t [2-14]

A detailed description of the wall functions, associated derivations and discussion on limitations

can be found in Lauder and Spalding (1974).
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2.3. Numerical Solution: Finite Volume Method

2.3.1. Computational Grid

The finite volume numerical solution method starts with the discretization or division of the flow
domain into a finite number of control volumes or cells. Nodal positions at which the dependent
flow variables are to be calculated are defined within these control volumes, usually centered
within the volume. Basically, there are two types of grids: structured and unstructured (c.f. Figure

2-1).

i
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Figure 2.1: Volume discretization with (a) structured and (b) unstructured grids.

The cells in structured grids are hexahedral and each cell has a unique address in each direction of
the computational space. This allows for global coordinate transformation from the physical to
the computational space and nodes can be numbered consecutively, resulting in an ordered data
set. Unstructured grids show no ordering of the control volumes and each nodal location and
connecting neighbor must be specitied explicitly. Unstructured grids usually contain tetrahedral

shaped control volumes.

In general, the accuracy of the solution is improved by using grids with more cells. Unfortunately,
the cost of the solution in terms of computation time and storage is also proportional to the

number of cells in the calculation. Therefore optimal grids are often non-uniform: finer in places
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where high gradients of the flow variable are expected and coarser in places with relatively little

spatial or temporal change.

Optimization of calculation speed requires a systematic search tor the grid with the least number
of cells that will produce a grid-independent solution. This is achieved by carrying out
calculations on a series of successively refined grids, until no notable difference in important flow
variables is observed. In practice, limitations in computer storage restrict the amount of grid
refinement. Therefore, for a particular grid, the accuracy of the numerical prediction can also be

improved by careful selection of the difterencing scheme.

2.3.2. Discretization of the Governing Equations

The governing equations are applied to each contro! volume in the numerical grid to develop
discrete equations for the nodal points as described below.
The governing transport equations can be cast into a general conservation form which represents

the flow of the dependent variable into and out of a control volume.

dpp) dpug) o 9¢
$)_ 9 p 90 s 15
ot * ox, ox, | ¢ o, 2 -]

@ represents the dependent flow variable (u, v, w, k org), I'; is the exchange coefTicient for

diffusion and S, the source term encompassing all remaining terms. Discretization involves

integration of the equation over each control volume with respect to time and space. The
integrated form of the equation contains unknown values of the dependent variable and its normal
gradients at control volume faces. These need to be approximated in terms of algebraic functions
of the value at the discrete nodal positions where problem variables are to be calculated. For this

purpose, a selection of interpolation practices has been formulated.

The various interpolation or discretization schemes must possess certain properties in order to
yield solutions that are both physically and numerically realistic. These properties can be

demonstrated by discussing the himitations placed on the non-dimensional cell Peclet number Pe,
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which gives the relative strengths of the convective and diffusive fluxes through the control

volume.

A
po = PHAY [2-16]

where Ax represents a characteristic length of the control volume. Some commonly used
discretization schemes will be discussed brietly below along with the limitations placed on the

cell Peclet number.

2.3.2.1. Central Differencing (CD)

Central Ditferencing (CD) assumes that quantities vary linearly between two nearest nodal
positions so that the value at the common cell face is approximated by linear interpolation.

For an arbitrary control volume, such as that illustrated in Figure 2-2, the value of the transported

property ¢ at the right hand face is given by the following equation

9, =9 —|+9 |1 -———— [2-17]

@

s

Figure 2-2: Arbitrary control volume in 2D (W, P, E, N, and S represent nodal positions).

From a Taylor series expansion, it can be shown that the CD) scheme possesses second-order
accuracy (Ferziger, 1997). Similar expressions are derived for values at the other cell faces. To

formulate and expressions for all the faces of the control volume, values at all adjacent nodal
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positions are required. Thus in CD, the value of the dependent variable at a particular nodal
position, for example P, is influenced by all adjacent nodal values. In the case where the nodes
are defined at cell centers, the degree of influence is equal in all directions. Therefore, CD does
not recognize the relative strength of influence of the flow direction. This may result in large
errors or instabilities in flows that are dominated by convection or in cases where the grid spacing

1s large, i.e. large Pe. One way to reduce these errors is to use a finer grid.

2.3.2.2, Upwind Differencing (UW)

In upwind differencing (UD), quantities at the control volume faces are determined by assuming
that the nodal value of the dependent variable ¢ represents an average value which holds
throughout the entire cell. Thus the value of the variable at a particular face is set equal to its
value at the nodal position in the upstream direction of the flow. In keeping with the illustrated

example above, the value at the right hand face is given by

P =9, if(uen). >0 [2-18]

P, =@, if(uen). >0
Where, u is the velocity vector and p is the direction normal to the face.

While UD is only accurate o first order of a Taylor series expansion, unlike the CD it identifies
the influence of the flow direction and thus possesses unconditional convective stability.
Therefore in strongly convection driven flows or at high Pe, the UD scheme is expected to
perform better than CD scheme. However, since UD is only first order accurate, the resulting
larger truncation error is manifested in the form of so-called false or numerical diffusion. This is
particularly severe in situations where the grid is not aligned with the flow direction (Pantankar,

1980: Versteeg and Malasekara, 1995).

As the nodal positions get closer, the assumed piece-wise variation of ¢ from node to node
becomes less important. Therefore, numerical diffusion can be reduced by refining the grid and
by using structured grids. However as Versteeg and Malasekara (1995) have pointed out, the

amount of grid refinement required to eliminate numerical diffusion is often prohibitively
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expensive in terms of computational resources. In any case at low grid Pe, it might be better to

resort to the CD scheme which possesses second order accuracy.

A Hybrid discretization scheme based on the combination ot the central differencing and upwind
differencing has been formulated. In region with low Pe numbers. the Hybrid scheme employs
central differencing which is second order accurate and where high Pe numbers occur, upwind
differencing which is accurate to first order, but accounts for the flow direction is used. Many
authors have used this Hybrid ditferencing scheme for their simulations of tlows in stirred vessels
where the numerical grids are usually not uniform (Fokema et al., 1994; Brucato et al., 1998;

Jenne and Reuss, 1999; Montante et al., 2001; Aubin et al., 2004).

2.3.2.3. Quadratic Upwind Interpolation (QUICK)

A higher order QUICK discretization scheme has been formulated which reduces the numerical
diffusion created by upwind differencing, while at the same time avoids the instability associated
with central differencing. The QUICK scheme obtains the face values of the dependent variable
by fitting a parabola to values at three consecutive nodal points, the two nodes located on either
side of the surface in question plus the next node on the upstream side. For the illustrated

example, QUICK differencing gives the following expression:

3 3 1 .
g = §¢f + Z¢P _§¢u' ,1f (uen)e > 0
9. = %@ +%¢P B %¢h’h’ At (uon)e > 0 [2-19]

Therefore, the value at the control volume face has a larger degree of intluence from the nodal
positions in the upstream direction. In the formulation of QUICK differencing, unique upstream
and downstream faces and cells need to be identified, restricting its use to structured grids.

Han et al (1981) made a comparison between the Hybrid (CD/UD) and QUICK schemes for
simulating various flow types, which included laminar tlow and turbulent re-circulating flows. By
performing grid refinement, the authors found that predictions using the QUICK scheme on

relatively coarse grids gave similar results as for the Hybrid scheme on fine grids. Therefore, they
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concluded that more substantial savings in computational time and storage can be achieved by

using the QUICK scheme than from further refinement of the grid.

2.3.2.4. Interpolation of the Time Derivative

For unsteady flow problems, the governing transport equations must be discretized in both space
and time. Temporal discretization involves integration of the transport equation over a finite time

step, Ar. If the spatially discretized part of the transport equation is represented by a

function F(¢), the general transport equation can be written in the following form:

%9 _ F(9) [2-20]
or

The time derivative can be approximated by the first order backward difference as follows:

9 _9" 9" [2-21]
ot At

Where, ¢"" is the value at the next time level, £+ At and @" is the value at the current time, 7.
The first order backward difference is adequate for most calculations; however, higher order
differences can also be used if desired. Implicit or explicit methods have been developed to
evaluate the above equation. The main difference between the two methods being whether F(¢)

1s evaluated at the current time level or at the new time level.

Upon discretization, the governing equations are reduced to the algebraic form:

ap¢p = Zan/?¢nb +b [2"22]

The coefficients a,, of the dependent variable at the neighbor nodes depend on the differencing
scheme selected and include the effects of diffusion and convection. The term b includes the

transient contribution from the previous time level and the pressure term. The coefficient a , at
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the considered nodal position consists of the sum of the neighbor coefficients @ , , transient terms

from the new time step and the variable part of the source term. To calculate the flow field,
equations of this form need to be solved for the flow properties at each nodal point in the

numerical grid.

2 4. Review of CFD Studies of Stirred Tanks

2.4.1. Grid Resolution

In three dimensional turbulent flow problems such as in stirred tanks, it is expected that the
quality of the grid greatly influences the accuracy of the solution. In such cases, it is impossible to
completely avoid discretization errors occurring due to the grid not being aligned with the flow
direction. This situation is even more scvere when unstructured grids are used. Therefore,

structured grids have been used in most of the published studies.

As mentioned in Section 2-2, optimal grids are tiner in regions where sharp gradients in flow
properties are expected and coarser in places where relatively small changes occur. In impeller
stirred tanks, sharp gradients in velocity, pressure and turbulence quantities k and € are expected
in the impeller stream and in the regions adjacent to the blades. Consequently, the grid should be
more refined in these regions. The grid should also be adequately resolved in the ‘no-slip’
boundary regions near the impeller blades, shaft, baffles and tank wall in order to meet the

limitations of the wall function formulations (Ng et al., 1998; Wechsler et al., 1999).

The error between the discretized equation and the exact solution of the governing partial
differential equation is reduced when more control volumes are used in the solution domain. To
determine the appropriate grid size, simulations must be carried out on successively refined grids,
until no notable difference in the predicted values of important flow properties is observed.
Versteeg and Malasekara (1995) pointed out that this systematic search tor grid-independent

results should be an essential part of any good quality CFD study.
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Table 2-1: Numerical grids used in various studies in the literature.

Reference Tank Geometry, T=H (m) Solution Domain # of Cells
Fokema et al., 1994 0.15 90° 17 200
Tabor et al., 1996 0.27 180° 120 000
Brucato et al., 1998 0.44 180 ° 97 440
Jenne and Reuss, 1999 0.44 90° 194 500
Wechsler et al., 1999 0.15 90° 1 003 500
Bakker et al, 2000 0.30 90° 49 000
Ng and Yianneskis, 2000 0.10 180° 240 000
Lane et al., 2002 1.0 60° 43 900
Ranade et al., 2002 0.15 180° 630 800
Bartels et al., 2002 0.15 180° 2 082 800
Aubin et al., 2004 0.19 360° 155 000

Table 2-1 compares geometry sizes and grid densities used in various studies in the literature. [t
can be seen that there are still discrepancies as to the grid densities needed to adequately model
the flow in stirred tanks. Most of the authors have reported good correlation between CFD and
experimental values for the velocity fields in stirred tanks. However, turbulence quantities are not
well predicted. 1t could be suggested that some of the grids presented in Table 2-1 have
influenced these discrepancies between predicted and experimental values of turbulence flow

properties.

Fokema et al. (1994) examined different grids ranging from about 7 000 to 54 000 control
volumes by successively refining the grid in the impeller and baftle regions. The authors reported
that the predicted flow noticeably diftfered when the grid was refined in the axial direction and
concluded that grid independence was reached at approximately 17 200 volumes. However, it
was not mentioned what flow property was used to examine the different grids in order to arrive
at this conclusion. It should be noted that possibly a grid independent solution was not achieved
on their finest grid since this is a relatively coarse grid and the level of successive grid refinement

was small.

Brucato et al. (1998) compared four grid densities consisting of 2 646, 9 240, 29 106 and 97 440
cells. Results for the axial velocity showed that the smallest grid severely underestimated the
recirculation intensity, while all other grids yielded results that differed marginally. The axial

velocity close to the impeller also showed similar trends.
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Ng and Yianneskis (2000) compared experimental values of the turbulent kinetic energy k, with
the predictions of three different grids consisting of 46 016, 102 296 and 239 468 control
volumes. The simulations were carried out on a calculation domain representing half the tank. All
the grids calculated k values near the impeller which were much smaller than LDV values and
calculations using the finer grids showed little improvement from the coarse grids. The authors
attributed these discrepancies to deficiencies of the k-¢ turbulence model. 1t should be noted,
however, that the level of successive grid refinement was quite small and more grid refinement

was necessary.

Ranade et al. (2002) also carried out grid sensitivity studies and found that in order to capture the
trailing vortices, it is necessary to use more than 100 cells covering the impeller blades.

Ng et al. (1998) suggested that results that approach experimental data might be obtained with the
k- turbulence model if ‘unrealistically’ large grids with over a million cells were used. Bartels et
al. (2002) applied grids with approximately 2 million cells on a parallel-vector computer to
simulate flow in a stirred tank using the k-¢ turbulence model and a domain representing half the
tank. Values of the power number for a wide range of Reynolds numbers representing both
laminar and turbulent flow regimes were calculated. These values were in very good agreement
with previously published experimental data. However. the necessary results for the velocity and

turbulence fields were not reported.

In recent studies of Aubin et al. (2004), grid densities comprising of 76 000, 155 000 and 350 000
control volumes were tested. For the two finer grids qualitatively similar results were obtained for
the axial profiles of the turbulent kinetic energy, however the results differed numerically by up

to 12%. The profile predicted by the courser grid was different from the other two results, smaller

by up to 25 %.

While it is generally accepted that using larger grid densities leads to more accurate predictions,
optimization of a CFD analysis should also take into consideration the computational expense of

a calculation and the associated calculation time.
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2.4.2. Discretization Methods

Some researchers have investigated the eftect of various discretization schemes on the accuracy
of the predicted tflow. Brucato et al (1998) performed simulations with the upwind hybrid
(UD/CD) and QUICK discretization schemes, on a grid of about 97000 cells. The reported axial
velocities obtained using these two schemes did not differ appreciably from each other. The
authors concluded that for this grid size, “numerical diffusion effects associated with upwind
scheme are not significant and that turbulent diffusion is largely dominant™. The eftfect of the
differencing scheme on the turbulence quantities was not reported. Montante et al (2001) also
compared the effects of the Upwind Hybrid and QUICK schemes on the predicted flow in stirred
tanks. They reported that the predicted flow field was identical for both schemes. However, it was
not mentioned what property of the flow tield was compared to arrive at this conclusion. Aubin et
al (2004) investigated three differencing schemes- first order upwind, Hybrid and QUICK. The
authors found that the type of diffcrencing scheme had no effect on the mean velocities, although
the first order upwind scheme was found to under-predict the swirling region below the impeller.
Further comparison was made for the cffects of differencing scheme on the turbulent kinetic
energy. It was found that although all three schemes under-estimated the LDV turbulent kinetic
energy data, the discrepancy was more severe in the case of the first order upwind, especially in

the impeller discharge region with high velocity gradients and anisotropic flow.

2.4.3. Impeller Rotation Models

In a baffled stirred tank, the relative motion between the rotating impeller and the stationary
baffles results in a cyclic variation of the calculation domain and thus presents a challenge to the
numerical solution procedure. The literature demonstrates several different methods of modeling

the impeller rotation.

2.4.3.1. Impeller Boundary Conditions Model

The most traditional approach to modeling the impeller rotation is to impose experimentally
derived mean velocity and turbulence values in the impeller swept volume of the flow (Ranade
and Joshi, 1989; Kresta and Wood, 1991; Gosman et al., 1992; Fokema et al., 1994; Brucato et
al., 1998; Jenne and Reuss, 1999).
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Figure 2-3; Impeller swept region of the stirred tank for specifying experimental boundary conditions.

The flow in the bulk of the tank is then calculated with these boundary values. This approach,
referred to as the Impeller Boundary Conditions (IBC) method, therefore models the impeller
implicitly. In most cases, time-averaged boundary values for all three velocity components as
well as the turbulence quantities k and ¢ are specified and steady state conditions are imposed.
The method by which the experimental boundary conditions are specified varies according to the

type of impeller and the researcher.

Gosman et al. (1992) specified values of only the mean circumferential velocity, & and ¢, in their
simulation of the turbulent two-phase flow generated by a Rushton impeller. These values were
applied throughout the volume swept by the impeller blades and not just the impeller swept
surface. On the other hand Brucato et al. (1998), specified experimentally derived mean protiles
of all three velocity components and the turbulent quantities & and &, on the vertical cylindrical
surface bounding the volume swept by the Rushton impeller. Ranade and Joshi (1989) modeled
the axial flow pitched blade turbine impeller by specifying experimental values only on the
bottom surface of the impeller swept volume. Fokema et al. (1994) modeled the same impellier as
a thin disc with inlet boundary conditions on both sides. Experimental profiles of the velocity
components and turbulence quantities as measured at the impeller discharge were prescribed on

both these inlet boundaries
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According to Marshall and Bakker (2003) it is usually sufficient to impose velocity and
turbulence data along the edges of the impeller swept volume where the flow is discharged. In the
case of the radial discharging Rushton impeller, prescribing boundary conditions on the vertical
surface of the impeller volume is sufficient. For axial discharging impeliers, it is suggested that
boundary conditions should be specified on the top or bottom surtace, depending on whether the

impeller is up-pumping or down-pumping.

The main disadvantage of the IBC method is that since experimental data is needed, it is not fully
predictive. Because the flow generated by any impeller type is also dependent on the geometric
configuration of the vessel and on operating conditions, experimental data is required for each
specific case under investigation. Studies conducted to investigate the sensitivity of CFD
simulations to the impeller boundary conditions imposed demonstrated that numerical predictions
show a strong sensitivity to the impeller boundary conditions and satisfactory predictions rely on
the availability and accuracy of these for each vessel configuration under investigation (Fokema
et al., 1994; Brucato et al., 1998). Theretore, it can be concluded that there is no general empirical
boundary condition model for a particular impeller type, without consideration of the rest of the

vessel configuration.

The impeller boundary conditions method also has the disadvantage that, since the impeller is not
explicitly modeled, details of the flow structures behind the blades are not resolved by the
simulation. These details are important in the study of flows such as gas-liquid mixing, where the
gas tends to accumulate in the low pressure trailing vortex structures behind impeller blades
(Van’t Riet and Smith, 1975; Ranade and Van Den Akker, 1994). A good understanding of the
trailing vortex structure is also important in chemical reacting flows as the vortices affect the

blending performance of impellers (Escudié et al., 2003).

2.4.3.2. The Snapshot Model

Ranade (1997) has proposed the so called “snapshot” approach that attempts to capture details of
the flow both around and outside the impeller blades without knowledge of any empirical data.
The characteristic of the impeller discharge flow is determined by the shape of the impeller
blades through generated pressure and centrifugal forces. The impeller rotation induces suction of

the fluid at the back side of the blade and ejection of the fluid on the front side. In the
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computational snapshot approach, this phenomenon of suction and ejection is modeled by
specifying appropriate momentum source and sink terms at the front and back side of the blade,
respectively. In this approach, fully developed flow conditions are assumed and steady state
calculations are carried out in a fixed reference frame. The geometry of the impeller is explicitly
modeled and the impeller is considered as fixed at a particular instance. Repeated calculations
using different impeller positions can then be averaged to get the final phase average flow field.
The snapshot method can be generalized to simulate impellers of any shape, with just the

knowledge of the impeller geometry and rotational speed.

Through plots of the predicted turbulent kinetic encrgy contours at the impeller center plane and
contours of the predicted z-vorticity at a z-f plane, Ranade et al. (2002) were able to show the
ability of the snapshot approach to qualitatively capture the effects of the trailing vortices behind
the blades of a Rushton turbine. The computational snapshot approach has also been extended to
predict the flow in stirred tanks agitated by a dual Rushton turbine impeller by Deshpande and
Ranade (2003). The objective of their work was to evaluate whether the specification of
source/sink terms could capture the interaction between multiple impellers. It was found that for
sufficiently separated Rushton turbines, each turbine generated its own characteristic upper and
lower ring vortex and for low separation, the impeller streams from both turbines merged to form

two large ring vortices, in accordance with experimentally observed results.

The results described above are encouraging, however Luo et al. (1993) have pointed out that the
method of representing the impeller rotation by sources of momentum contains many
uncertainties as to the magnitude of body forces and how these are distributed over the impeller

blade.

2.4.3.3. Multiple Reference Frames Model

The Multiple Reference Frames (MRF) model employs the fact that in a baffled stirred tank
where the clearance between the impeller blades and the baffles is comparable with the impeller
diameter, the fully developed flow in the vicinity of the impeller is not affected by flow
conditions in the rest of the tank. Therefore for all practical purposes, at a certain radial distance
from the impeller steady-state conditions can be assumed both in a rotating and stationary
reference frame (Tabor et al., 1996). At this radial distance, the tank geometry is divided into an

inner region containing the rotating impeller and an outer region with the stationary baffles.
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In the impeller region, steady state calculations are performed in a frame of reference rotating
with the impelier. In this way, the effect of the blade rotation is accounted for by virtue of the
frame of reference, allowing for the explicit modeling of the impeller geometry. In the outer
region, steady-state calculations are performed in the stationary frame of the tank wall and
baffles. The calculations in the impeller and bulk regions are performed simultaneously and the
flow variables at the interface are made equal in both the rotating and stationary reference frames.
On adequate grids, the MRF model is able to capture details of the trailing vortex structures
behind the impeller blades and results have been comparable to the more accurate time-dependent

method described in the following section (Tabor et al., 1996; Bartel et al., 2002).

The Inner-Outer (1-O) method provides a slight variant to the MRF model. In this approach, the
solution domain is divided into two partially overlapping regions. The simulation is started with a
steady state calculation of flow in the inner volume, using a frame of reference rotating with the

impeller, with still-fluid boundary conditions imposed on the outer surface.

Region in which equations are resolved in
stationary reference frame

—T

}/ Region in which equations are
resolved in rotating reference frame

Figure 2-4: Regions of rotating and stationary frames of reference of flow calculation.

From the inner calculation, values for the velocities and turbulence quantities are obtained on the
surface of the impeller swept volume. The values are translated into a stationary frame and are

then used as boundary conditions for simulation of flow in the entire tank. The results of the outer
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calculation are then translated into a rotating frame and used as boundary conditions at the outer
surface of the inner zone and used for a second inner calculation. This procedure is repeated until
no difference is observed between subsequent impeller boundary conditions. This approach was
used by Harvey et al. (1996-1997), Brucato et al. (1998) and Montante et al. (2001). No studies
have been reported in the literature comparing the [-O approach with the MRF method. Therefore
the merits of one over the other are not clear. However since the 1-O approach involves
successive simulations to obtain boundary conditions, it probably requires a longer time to get a

converged solution.

The impeller models described in the preceding sections have all imposed steady-state conditions
on the fully developed tlow. Experimental studies have however shown that there is a strong
unsteady periodic component to the flow associated with the frequency ot the impeller blade
passage ( Yianneskis et al., 1987; Wu and Patterson, 1989: Lee and Yianneskis, 1994; Escudi¢ et
al., 2004). In the vicinity of the impeller, the component of the tlow associated with the periodic
tfluctuations of the blades is quite significant and has to be included in the analysis of the different
flow variables (Luo et al. 1993; Montante, 2001). Knowledge of this periodic component is also
helpful in understanding the respective roles of the different flow components in macro and micro
mixing, and in formulating more accurate estimates of the turbulence quantities. According to
Lee and Yianneskis (1994), steady-state predictions can suffer inaccuracies as they do not take
into account this periodic passage of the blade. Time-dependent calculations should therefore be
the most accurate way of representing the flow induced by a rotating impeller in a baffled stirred

tank.

2.4.3.4. Sliding Mesh Model

The sliding mesh approach presented by Luo et al. (1993) involves the solution of the full time-
dependent form of the transport equations. The calculation domain is also divided into two
regions as in Figure 2-4. Lee and Yianneskis (1994) reported that for a tank stirred by a Rushton
turbine, the region of flow atfected by the periodic passage of the blades extends to a radius of
half the impeller diameter away from the blade tips and 1.5 blade heights above and below the
impeller disc. Therefore, in the sliding mesh formulation, the inner region must encompass this
zone. At the interface between the two regions, the computational grid of the inner region is

allowed to slide relative to outer region as the calculation progresses in time. In this way the
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impeller geometry is explicitly modeled. The motion of the grid is not continuous but is in
discrete time steps. In each region, equations are solved in the respective frame of reference at
each time step, and data is interpolated from the rotating to the stationary region taking into

account the relative motion.

Being time dependent, the sliding mesh method is the most accurate representation of the actual
phenomenon of the impeller rotation. Unfortunately, this also makes it more computationally
demanding resulting in calculation times which can be an order of magnitude longer than the
steady state models. Luo et al. (1993) compared mean velocity profiles predicted by the SM
method with experimental data and found that the agreement was good, despite the fact that a
relatively small grid size was used. Owing to advances in computers, the sliding mesh method has
been more widely used in the more recent studies (Ng et al., 1998; Ng and Yianneskis, 2000;

Bakker et al., 2000; Montante et al., 2001; Bartels et al., 2002; Aubin et al., 2003).

2.4.3.5. Comparison of Impeller Models

Several researchers have conducted studies to compare the various impeller modeling methods.
Brucato et al. (1998) conducted a comprehensive comparison of alternative impeller modeling
approaches. Although the turbulence levels were underestimated by all the models, it was found
that the SM approach gave the best agreement with experimental data for both the mean
velocities and turbulence levels. This under prediction of turbulence has also been reported by
several other authors, for example Luo ct al. (1993), Tabor et al. (1996), Ng et al. (1998) and
Montante et al. (2001).

Tabor et al. (1996) validated both the SM and the MRF techniques against experimental data for
the flow generated by a Rushton turbine. Both the SM and MRF approaches gave qualitatively
good results. Interestingly, the MRF achieved the best quantitative comparison with experimental
data when a large number of control volumes were used and the SM calculation over-predicted
the mean velocities. Montante et al. (2001) compared the SM and the 10 modeling methods.
Unlike previous 10 simulations, the authors added to the turbulent kinetic energy a term
representing the periodic fluctuation resulting from the blade passage. The predicted resuits of the
SM method and the 10 methods were very similar. Similar work was conducted by Aubin ct al.

(2004), for the flow generated by a down-pumping and an up-pumping pitched blade turbine. The
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results showed that the choice of modeling approach, SM or MRF. only slightly affects the mean

flow field in the impeller discharge region. In the rest of the tank, results were comparable.

2.4.4. Turbulence Models

In most numerical studies, turbulence in stirred tanks is modeled by the standard k-& model as
presented by Lauder and Spalding (1974), even though it is known that this method of modeling
turbulence may fail in flows with strong streamline curvature and vortex generation. This choice
is probably made as a compromise between computational expense and solution accuracy. Some
workers have however reported velocity distributions using this method, which compare
adequately with experimental data. For example Ranade et al. (1989) presented predicted profiles
of radial and axial velocities in both the near impeller and bulk regions of the tank, which were in
good agreement with LDV data. However, some lack of quantitative correlation in the predicted

values of tangential velocity and turbulent kinetic energy was observed.

In their assessment of the sliding mesh impeller method, Ng et al. (1998) found that predictions
using the standard k-g turbulence mode! underestimated the experimental values ot turbulent
kinetic energy near the impelier, although values away from the blades were well predicted. Mean
velocity data across the entire vessel was in good agreement with the experimental data.
Montante et al. (2001) used the SM and the I-O impeller models with the standard k-& model to
investigate the dependency of flow on impeller clearance tfrom the tank bottom. In all cases, they
reported very good agreement between LDV and numerical data for velocity profiles in the tank.
Profiles of turbulent and total kinetic energies however indicated a severe under prediction of
turbulence levels. Simulations using the snapshot impeller approach and standard k-g& model tor
turbulence have also shown good agreement for velocities and a general under prediction of the
turbulent kinetic energy (Ranade et al., 2002; Deshpande and Ranade, 2003). Other workers using
the standard k-g turbulence model with various impeller models also reported a general
underestimation of the turbulence levels (Brucato et al., 1998; Aubin et al., 2003; Jaworski and

Zakrzewska, 2002).

Several studies have focused on the effects of the turbulence model on the numerical predictions
of tflow in stirred tanks. Most commonly a comparison between different variations of the k-g

model has been made. Ranade and Joshi (1989) investigated a parametric sensitivity of the
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empirical constants used in the k-epsilon model, by applying empirical constants for re-
circulating flows suggested by Abujelala et al. (1984). They found that these constants have a
degree of influence on the predicted k values, although the results were still lower than
experimental data. Jenne and Reuss (1999) have compared three variations of the k-& model,
namely the standard k-g, Chen-Kim k-¢ and RNG k-&. The results using the standard and
optimized Chen-Kim models showed the best quantitative correlation with experimental data for
the mean velocities. However the authors have not reported any quantitative data on the predicted
turbulence levels. Jaworski and Zakrazewska (2002) also compared different variants of the k-¢
model: standard, realizable, Chen-Kim, optimized Chen-Kim, as well as the RSM, and got the
similar results as Jenne and Reuss (1999). Profiles of turbulent kinetic energy obtained with all
the models underestimated the experimental values, with the standard k-g model showing the
smallest deviation from experimental data. The results obtained by Aubin et al (2004) also
showed that the standard k-& and RNG k-g& models produced similar under-prediction of the
turbulent kinetic energy, especially in the impeller discharge stream where the flow is expected to

be highly anisotropic.

It is generally suggested that a turbulence model that is not based on the assumption of isotropic
turbulence would give better results. However, in the study conducted by Jaworski and
Zakrazewska (2002) the Reynolds Stress Model (RSM) based on anisotropic turbulence,
produced lower values of turbulent kinetic energy than the standard k-& model. This result was

also observed by Montante et al. (2002).

With current capabilities in computing power and memory, the use of Large Eddy Simulation
techniques in numerical studies of flow in stirred tanks is becoming more popular. Some
relatively older work that deals with the use of LES techniques to model turbulent flow in a
stirred vessel is that by Eggels (1996). The impeller rotation was modeled by means of a varying
force field in space and time, and calculations were performed on grids of up to approximately 14
million grid points using a scheme called a Lattice-Boltzman scheme. It took approximately 85
hours on an advanced computer to reach a converged solution. The predicted velocity profiles
were in excellent agreement with previously reported LDV data. Derksen and Van Den Akker
(1999) also used the same approach as Eggels (1996). They presented predicted turbulent kinetic
energy levels that were in good agreement with experimental data. More recently, Hartmann et
al., (2004) have also presented results of simulated {low in stirred tanks using LES, which show

very good agreement with experimental data for both the mean velocities and the turbulent kinetic
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energy. Due to the large grid resolutions required and the associated computational expense, LES
techniques are probably still limited to research purposes and have not been fully adopted as an

engineering design tool.

While the general underestimation of the turbulence levels observed by various researchers may
have been due to inadequacies of the k-g turbulence models, the influence of other model

parameters (e.g. grid resolution, discretization schemes and impeller model) cannot be ruled out.
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CHAPTER 3 CFD METHODOLOGY

The CFD software Fluent was used to predict the flow of a single phase tluid in an impeller
stirred tank. Fluent is a general purpose CFD solver that uses finite volume techniques to solve
the set of transport equations ot fluid tlow. In this chapter, the stirred tank model and numerical
solution procedures adopted are described, followed by a brief discussion of the experimental

data used to validate the predicted flow.

3.1. Model Description

3.1.1. Stirred Tank Configuration

The system investigated in the present study is the standard configuration stirred vessel consisting
ot a cylindrical tank with four equally spaced vertical baftles and agitated by a Rushton turbine
impeller (c.f. Figure 3-1). This geometry represents more or less a research standard, for which
considerable experimental and numerical data is available in the literature. Computations were
performed for a laboratory scale system with tank diameter of 0.15m and other ratios as shown in

Figure 3-1.

In most industrial applications, impeller agitated tanks are used in mixing processes involving
multi-phase substances. However, since the main focus of the present study was on numerical

models, the less complex case of a single phase fluid was investigated. A range of impeller speeds

2

corresponding to Reynolds number, Re = covering the laminar and turbulent flow

i
regimes (0.5 <Re< 60 000) were simulated. In the laminar Reynolds number range (0.5 <Re<
7000), the instantaneous transport equations for mass and momentum were solved and in the
higher Reynolds number range, the Reynolds averaged equations with k-g turbulence models and

standard wall functions presented in Equations 2-13 to 2-14 were used.
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Figure 3-1: Stirred tank and Rushton turbine model dimensions.

3.1.2. Computational Grid Generation

The calculation domain and computational grids were generated with the commercial grid

generation tool Gambit (Fluent, Inc). Since the stirred tank and expected flow show rotational

symmetry of two periodic repeats, it was only necessary to perform calculations on a mode! that

represents half the vessel geometry (i.e.180 degree in circumferential direction) by applying

periodic boundaries. This significantly reduced the cost of the calculation in terms of computer

memory and calculation time.

The underlying geometry of the stirred tank was defined by the multi-block arrangement shown

in Figure 3-2 using Gambit geometry creation tools. The construction of the geometry using this

multi-block arrangement provides more flexibility in generating locally structured grids with
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hexahedral body fitted control volumes and also facilitates the placement of additional nodes in
specific regions where high flow gradients occur. Physical boundaries of the flow domain
conformed to the faces of the blocks and thus the impeller blades, disc and the baffles were

modeled as infinitely thin surfaces between adjacent blocks.

Periodic Planes

Figure 3-2: Block structure arrangement defining calculation domain.

The grid density was specified using the mesh-seed technique. In this technique, the number of
control volumes in a particular region is set by specifying the number of nodal points on edges in
the r, @ and z directions. In the region encompassing the impeller discharge stream (contained
within 1.5 blade heights above and below the impeller and extending horizontally across the tank
diameter), the grid density was increased because large gradients in flow properties are expected
(c.f. Figure 3-3). In order to resolve the vortex structures generated behind the impeller blades,
the largest node density was placed along the edges of the blade surfaces and in the
circumferential direction of the geometry. The grids were also refined near the baffle surfaces to

resolve any vortices formed in this region of the flow.
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Figure 3-3: Meshed model showing local grid refinement in the impeller stream region.

Figure 3-4: Plan view showing fine grid resolution in the circumferential direction of the tank model.

34
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The reliability of CFD predictions depends on the quality and size of the grid used. Grid
dependency studies were performed by systematically increasing the number of control volumes
in the radial, axial and circumferential directions of the calculation domain and comparing the
calculated flow properties. The four grid levels described in Table 3-1 were compared.

When refining the grid, care was taken to ensure that the different grids had the same relative

distribution of control volumes in the various regions of the tank.

Table 3-1: Grid models used in present study.

Distribution of Control Volumes

Radial Axial Azimuth Blader x z Total
Grid 1 22 42 36 6 %8 ~ 33000
Grid 2 41 84 66 12 %16 ~ 230000
Grid 3 63 126 102 18 x 24 ~ 800 000
Grid 4 84 168 136 24 x 32 ~1 900 000

3.1.3. Boundary Conditions

Prior to solving the closed set of transport equations, values of the dependent flow variables need
to be specified on the calculation domain boundaries in order to get a unique solution for the
particular case being investigated. It was therefore necessary to specify boundary conditions on

the tank walls, baffles, impeller components and periodic planes.

Boundary Conditions on Solid Surfaces

Solid surfaces bounding the flow domain were modeled as impermeable walls with negligible
wall roughness (c.f. Figure 3-5). "No-slip’ boundary conditions were specified for the fluid at the
solid surfaces. This condition assumes that fluid particles stick to the wall and assume the
velocity of the wall. In the turbulent flow calculations, the ‘no-slip’ boundary conditions were

defined according to the wall functions presented in Chapter 2.
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Figure 3-5: Impermeable wall boundary surfaces of the flow domain.

Boundary Conditions on Periodic Planes

Cyclic boundary conditions were imposed on the periodic planes (c.f. Figure 3-2). The flow at a
cyclic boundary is treated as though the opposing periodic plane is a direct neighbor to the fluid
adjacent to the first periodic boundary. In this way, the flow entering the calculation domain
through a periodic boundary is identical to the flow exiting through the opposite periodic plane.
The periodic planes are in fact part of the interior fluid domain and no additional boundary
conditions are required except the one-to-one correspondence between the nodal values on the

two planes.

3.1.4. Discretization Schemes

In the grid dependency study, simulations were performed using the first order upwind
discretization scheme. In order to investigate the effect of discretization scheme on the predicted
flow properties, computations were also conducted using the higher order central and QUICK
discretization scheme on the finest grid consisting of 1 900 000 control volumes. From these
results, the most accurate discretization scheme was established and used to compare different

impeller and turbulence models.
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3.1.5. Impeller Modeling Methods

As mentioned in the preceding chapter, one of the challenges of modeling tlow in a baffled stirred
tank is the treatment of relative motion between the rotating impeller blades and the stationary
baffles. Various methods developed to model this relative motion were discussed. In the Fluent
solver, the steady state Multiple Reference Frames (MRF) and the transient Sliding Mesh (SM)
models are available for treating this rotor-stator interaction. In the present study, the influence of

impeller modeling method on the numerical solution of flow was investigated using these models.

3.1.5.1. Multiple Reference Frames Model

This method required defining a region in the solution domain encompassing the impeller and the
flow around it, where flow equations are solved in a rotating reference frame. In the rest of the
domain surrounding this impeller region, calculations were performed in the stationary reference
frame. Published LDV data Lee and Yianneskis (1994) indicates that the region where flow is
strongly influenced by the periodic passage of the blades extends to a radius of D/2 away from
the impeller tip and 1.5 blade heights above and below the impeller disc. The solution domain
was divided such that the impeller region extends to these bounds, thus encompassing the region
of flow affected by the periodic passage of the blades. In the rotating reference frame region,

solid walls were assigned zero velocities relative to the impeller and coordinate rotation.

Steady-state transport equations were solved in the impeller region using a frame of reference
rotating at the impeller speed, with no grid movement. The velocity vectors in the stationary and

rotating reference frames, w;and V; respectively, were related by:
u =V+e, ox, [3-1]

where, @, represents the angular velocity component, x; the position relative to the rotation axis

and €, the cyclic permutation symbol. The effects of Coriolis and centrifugal forces on a fluid

particle were accounted for by the additional source term £

F=pe,. (Zuma)” - (e oan @, X )) [3-2]

i m Prq
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Equations in the rest of the tank were resolved in the normal inertial form presented in Chapter 2.
During the calculation, the solutions in the stationary and rotating reference frames were coupled
by assuming that absolute velocity values at the interface were equal in both regions. This is an

approximation that applies to tank geometries with sufficient spacing between the impeller blades

and the baffles.

3.1.5.2. Sliding Mesh Model

[n the transient SM computations, the same bounds as the MRF model were used to define the
impeller region. However, because the transient calculations required significantly more
computing time, a further attempt to reduce the computational cost was made by performing
calculations on a model representing a 60 degree section of the vessel, with one impeller blade
and one baffle. In reality, this models a tank with six wall baffles and is not a true representation
of the standard four-baftle configuration. However, the purpose of the wall batfles is to prevent
solid-body rotation and once this is achieved, the addition of more battles should not make much
difference to the flow patterns in the stirred tank, except locally near the baftles (Tatterson, 1991).
Further, a comparison of steady state MRF solutions on the 180 and 60 degree models showed
that there was no notable difference in the flow calculated with these geometries. This approach
was also taken by Lane et al. (2002) who compared gas-liquid tlow measurements in a standard

four-baftle stirred vessel with numerical predictions of a 60 degree model.

The SM technique is perhaps the most realistic approach for modeling flow in stirred tanks, since
it takes into account the transient behavior of the flow, especially the inherent periodic
unsteadiness due to the passage of the impeller blades. This is achieved by allowing the inner
rotating reference trame zone to slide relative to the stationary zone along the grid interface in
discrete time steps. At each time step, time dependent calculations are performed in both the
impeller and outer region, using the respective frame of reference and a conservative interpolation

was used to obtain tflow variables and face fluxes across the interface.

Implicit time-stepping was used to discretize the transient terms in the transport equations. The
coupling between the flow solutions on either side ot the interface was treated implicitly, taking
into account the fact that the connecting cells change due to the sliding action. The size of the

time step is crucial to the accuracy of the transient calculation since this determines details of the
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transient features captured. Due to time constraints, no attempt was made to investigate the effect
of time-step size on the predicted values. However, a conservative size of 1 x 10™ seconds was
used for the finest grid level in Table 3-1. On this grid, each time step corresponds to a sliding

movements of no more than one circumferential face at the interface.
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Figure 3-6: Sliding action of the inner solution region on 60 degree geometry.

The fully developed flow conditions in a stirred tank reach a pseudo-steady state in which the
flow variables show a periodic variation which is a function of the blade frequency (Campolo et
al. 2003). Starting with a fluid at rest, SM computations require a substantial amount of
computing time to overcome the start-up flow before the pseudo-steady state condition is
achieved. In order to shorten this start-up time, the SM calculations in the present study were

started from a flow field predicted by the MRF model.

3.1.6. Turbulence Models

For most of the study, the standard k- € turbulence model was used. The limitations of the
standard k-¢ turbulence model for predicting swirling or re-circulating flow has been documented
(Abujelala et al., 1984; Jenne and Reuss, 1999). It has also been generally accepted from previous
studies that prediction of flow in stirred tanks based on the standard k-& model results in a
substantial underestimation of the turbulence levels in the impeller stream. One of the objectives
of the present study was to evaluate whether this discrepancy in predicted and measured

turbulence levels is a result of adequacies in the standard k-¢ turbulence model or due to
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numerical inaccuracies. In addition to the standard k- turbulence model, computations were also
conducted using the RNG- k-g turbulence model and the anisotropic Reynolds Stress Model.
However with the Reynolds Stress Model, attempts to reach a converged solution were not

successful. Therefore, the study was limited to the two isotropic k-g models.

3.2. Solution Procedure

Since the discretized equations contain non-linear terms of the dependent variable, and are highly
coupled, iterative methods were employed. Furthermore, while pressure appears in the
momentum transport equations, there is no transport equation for the pressure field (although the
momentum and continuity equations can be combined to derive an equation for the pressure).
Different strategies have been proposed for the treatment of this pressure-velocity coupling and

the nonlinearities in the discretized equation set.

The Semi-Implicit Method for the Pressure Linked Equations (SIMPLE) family of algorithms
(SIMPLEC, SIMPLER, PISO) has been widely used to resolve both the problems associated with
the nonlinearities in the equations and the pressure-velocity coupling. In these methods, the
discretized momentum equations are solved using a guessed pressure field. The velocities
obtained in this way will not satisfy the continuity equation and velocity correction expressions
are proposed. These expressions are substituted into the discretized continuity equation from
which pressure correction equations are derived. The pressure correction equations are substituted
back into the momentum equation to continue this iterative process until continuity is satisfied.
The different variants of the SIMPLE algorithm vary in the way the velocity correction
expressions are derived from the discretized equations. Details of the derivations of the
algorithms can be found in Patankar and Malasekara (1980) and Versteeg (1995).

For the steady-state MRF calculations, the SIMPLEC algorithm was employed and for unsteady
SM calculations, the PISO algorithm was used as this algorithm has been reported to be more

robust for transient calculations (Ranade, 2002; Fluent 6.1 User’s Guide, 2003)

Convergence Monitoring
Since the solution of the discretized equation is an iterative process based on guessed initial
values, there is an imbalance between the right hand side and left side of the equation. This

imbalance represents the error or residual in the final iteration solution of the equation over the
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control volume. The total residual is the residual summed over all control volumes in the
computational domain. For the MFR model, the solution was considered converged when the
total residuals for the discretized continuity equation, scaled by its largest absolute value over the
first 5 iterations, dropped to about 1 x 10™ (c.f. Figure 3-7). The time required to reach
convergence was dependent on the discretization scheme, with the QUICK scheme calculation

requiring the most time.
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Figure 3-7: Residual convergence for (a) First order upwind, (b) Central and (¢) QUICK discretization schemes-

SIMPLEC algorithm on Grid 4.
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[n the case of the SM computation, convergence towards pseudo-steady state was assumed when
the torque on the impeller and shaft showed no significant difference between consecutive

periods of rotation. Figure 3-8 shows the time variation of the torque coefficient during the

computation.
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Figure 3-8: Torque convergence monitoring for sliding mesh simulation.

3.3. CFD Model Validation

3.3.1. Power Numbers

The power drawn by a rotating impeller is ot vital importance for the process and mechanical

design of the stirred tank. Rushton et al. (1950) carried out dimensional analysis and showed that

|~

H w
N =[f|Re, Fr,.—,—,—, etc 33
» f[ DD ] {3-3]

where N, = P/(pN*D") is the Power number, Re = (pND?)/u is the Reynolds number and
Fr=(N"D)/g is the Froude number. They argued that since Fr number is a ratio of gravitational
forces and centrifugal inertial forces, then for geometrically similar baftled stirred tanks in which

no central vortex occurs, Equation [3-3] could be reduced to
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N, = f(Re) [3-4]

By conducting experiments in which the Power requirement P was measured for different
impeller speeds N, the functional relations for different impellers were determined. These
experiments were conducted in different sized geometrically similar stirred tanks and the data
was presented in the form of log-log plots of NV, versus Re. Figure 3-9 shows a sketch of the

typical power curve obtained by Rushton et al. (1950).
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Figure 3-9: Typical Power number curve of Rushton et al. (1950).

In the laminar Re range (Re < 10), N, and Re were found to be related by the following equation:

N = — [3'5]

where K is a constant that depends on the system geometry. In the turbulent Re number range,

(Re Zl04), the relation was:

N,=4

r
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The constant A was dependent on the impeller type. Between the laminar and turbulent Re
numbers, a transition zone was identified in which no simple mathematical relation exists

between N, and Re.

In the present study, simulations were performed for a range of impeller speeds covering laminar,
transition and turbulent Reynolds numbers and the corresponding Power numbers were calculated

and validated against the results of Rushton et al. (1950).

3.3.2. Velocity and Turbulent Kinetic Energy Profiles

Wu & Patterson (1989) have presented one of the most extensive LDV data set of flow variables
in the impeller stream of stirred tank. They presented axial profiles of the mean and RMS values
of the three velocity components at various radial distances from the impeller tip. For a more
detailed validation of the CFD model, the predicted flow was compared with this data. ft should
be noted that the experimental studies of Wu and Patterson, (1989) were conducted in a larger
unit of similar geometrical configuration and results are reported for Re = 29 000. The
quantitative comparisons are however valid for the turbulent Re numbers investigated in the
present study. Wu and Patterson (1989) reported that for different impelier speeds in the turbulent
flow regime, profiles of the velocity components normalized by the impeller tip velocity (zND)
were identical. Independent studies by Costes and Cordec (1988) and Dyster et al. (1993) also
found that for turbulent flow, velocity values normalized by the impeller tip speed were

independent of the rotational speed of the impeller and of the size of the unit.

Comparison ot the MRF predictions with the data of Wu and Patterson (1989) depends on which
region of the calculation domain was being sampled. In the inner region in which equations are
solved 1n a rotating reference frame, it is necessary to take circumferential averages of the flow
field. According to Tabor et al. (1993), this approximates repeated sampling of the flow tield as
the impeller rotates. Since the fully developed flow reaches a periodic state, the SM solution was

sampled at successive time-steps and the average taken.
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CHAPTER 4 RESULTS AND DISCUSSION

4.1. Large Scale Flow Fields

A qualitative validation of the predicted large-scale flow was achieved by plotting vectors of the
mean velocity and contours of the turbulent kinetic energy at various planes through the stirred
tank. For a more quantitative validation, Power numbers for a range of impeller speeds were also
calculated. The bulk flow patterns obtained with the different models investigated showed very
similar trends when compared with one another as well as with documented experimental
observation. In the following section, mean velocity vectors, turbulent kinetic energy contours

and Power numbers obtained with the MFR and standard k-¢ turbulence model are presented.

4.1.1. Mean Velocity Fields

Figures 4-1 shows mean velocity vectors on vertical planes located at different angular positions
before a plane of a baffle, obtained with the grid consisting ot 230 000 control volumes and the
upwind discretization scheme. The vector plots show the typical flow patterns observed for a
Rushton turbine: the tluid is drawn into the impeller axially, deflected in a radial direction and
then discharged from the impeller at a high speed radial stream (orange and yellow vectors).
Upon approaching the tank wall, the radial flow is separated into two streams one flowing
towards the lower and the other towards the upper part of the tank. This results in the formation
of two large scale circulation zones one above and one below the radial discharge stream as seen
in Figure 4-1. These circulation zones, together with turbulence dispersion are the main reason for
the mixing capability of the stirred tank. Since the impeller is positioned at T/3 from the tank
bottom, the intensity of the lower circulation zone is significantly stronger than the upper
circulation zone, indicating that more mixing takes place in this region. The locus of the upper
circulation zone shifls closer to the impeller centre plane and nearer to the axis as the angular
distance from the baffle decreases (c.f. Figure 4-1(a) and 4-1(b)). This has also been observed

with reported experimental data (Costes and Cordec, 1988; Schafer et al., 1997).
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Figure 4-1: Mean Velocity vectors in the r-z plane at (a) 10 © and (b) 45 ° before a baffle plane (Model = 230 000
control valumes, MRF, UD).

4.1.2. Turbulence Distribution

Figure 4-2 (a) shows contours of the predicted turbulent kinetic energy in the vertical plane
midway between two baftles. The predicted contours show the expected high values of k
concentrated in the region of the radial discharge stream of the impeller, with maximum values of
about 0.055Unp2. This value is close to the experimental value of 0.07Ulip2 reported by Schafer et
al. (1997). The predicted results reveal very low turbulence levels in the bulk of the tank. Regions
of local maximum k values in the impeller stream can be distinguished. These locally high values

of k can be attributed to the trailing vortices produced by the preceding blade.

An additional perspective is obtained in the circumferential plane at the centre of the impeller
shown in Figure 4-2 (b). A region of high k values can be identified behind each blade which

extends to about 15° behind the trailing blade. This represents a good indication of the presence
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and extent of trailing vortices detached from the edges of the impeller blades and convected by
the impeller stream into the bulk of the tank. In the outer region, the vortices are no longer driven
by the impeller and they collapse and disappear at a radial distance of about two blade widths.
This distance is in agreement with the extent of the region where periodic flow is observed (Lee

and Yianneskis, 1994).
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Figure 4-2: Turbulent Kinetic energy contours, (2) mid-baffle plane and (b) impeller centre plane (Model = 230
000 control volumes, MRF , UD, standard k-z).
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4.1.3. Power Numbers

The Power numbers, N, were calculated from the torque exerted on the impeller and shaft
surfaces by the pressure and viscous forces of the fluid. In Figure 4-3, Power numbers computed
over a range of Reynolds numbers are compared with experimental data of Rushton et al. (1950)
on a log-log plot. The computed N, with Re shows the typical power curve correlation and the

values are in very good agreement with the empirical data of Rushton et al. (1950).
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Figure 4-3: Variation of Power Numbers, N, with Reynolds number, Re. (Model = UD scheme, MFR, standard-
k-g).

4.2. Effect of Grid Density on Predicted Flow Variables

An important flow phenomenon is the trailing vortex pair generated at the tips of the turbine
blade, first identified by the pioneering work of Van’t Riet and Smith (1974). These authors
reported that the fluid within the vortex region experiences the highest energy dissipation rates
within the mixing tank. For multi-phase flows, knowledge of the trailing vortex system is
important for understanding the system power requirements, gas cavity generation and gas bubble

break-up (Escudié€ et al., 2004). Therefore the numerical models employed should be able to
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resolve this flow structure. In Figure 4-4, mean velocity vectors in the vicinity of an impeller

blade simulated with three different grid densities investigated are shown.
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Figure 4-4: Trailing vortices at the tip of impeller blades, predicted by grid densities (a) 230 000, (b) 830 000 and
(¢) 1900 000 control volumes. Vectors are not drawn to scale. (Model = UD scheme, MFR, standard-k-¢).

As can be seen, the trailing vortex pair is evident in the velocity field obtained with grids
consisting of 830 000 and 1 900 000 control volumes. This phenomenon is not however resolved
on the coarser grid with 230 000 control volumes. Therefore, it can be concluded that the ability
of the CFD simulation to resolve important flow features such as the vortex structure near the

impeller blades depends on the density of the numerical grid.
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Table 4.1 compares Power numbers computed for the different grid densities investigated.

Table 4-1: Effect of grid density on predicted Power Numbers (Re = 40 000).

Np
Measured (Rushton et al. (1950) ) | 6.069
Grid 1 4.166
Grid 2 4.694
Grid 3 4.953
Grid 4 5.067

It can be seen that the computed Power numbers are less than the experimentally determined
value, although the discrepancy decreases with larger grid density with a difference of about 20 %
between Power numbers obtained with the coarsest and finest grids. Rutherford et al. (1996)
showed that Power numbers increase with decreasing blade thickness. However, even for the
blades with smallest thickness considered, the measured Power numbers were lower than the
values of Rushton et al. (1950) suggesting that the Power numbers of these authors may be too

high.

For a more detailed assessment of effect of grid density on the predicted flow field, profiles of the
mean velocity components and turbulent kinetic energy obtained with the different grid densities
in Table 3-1 were compared with each other and with experimental data of Wu and Patterson
(1989) for a fully turbulent Reynolds number of 40 000.The grid dependency study was
conducted using the MRF impeller model with the standard k-¢ turbulence model. In all cases, the

convective terms were discretized using the first order upwind scheme.

Figures 4-5 and 4-6 presents axial profiles of the dimensionless mean velocity components and
the turbulent kinetic energy k at three radial positions in a mid-baffle plane (c.f. Appendix B)
obtained with the four grids. The results show that near the impeller tip (r/T = 0.185), the fluid
experiences strong radial and tangential velocity components, with maximum values of
approximately 0.7U;, and 0.5Uy, respectively occurring at the impeller center plane (z/H ~ 0.3).
Moving further from the impelier tip at r/T = 0.285 and /T = 0.389, the tangential component of
the mean velocity decreases, but the flow still maintains a strong radial component, hence
resulting in the classification of the Rushton turbine as radial discharge flow impeller. As can be

seen from Figure 4-6, the axial component of the mean velocity is almost negligible in the
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impeller stream. With the exception of the coarse grid, the mean velocity components of the tluid
computed with all grid densities are very similar if not identical at the three radial positions,
suggesting that further grid refinement would have no effect on the predicted results.

Near the impeller tip, at r/T = .1835, the good quantitative agreement with the measured values
was achieved for all grids, except for the coarsest grid (Grid 1) which severely under-estimates
the radial and tangential velocity components. This indicates that on this grid, the large spatial
gradients in velocities occurring in the vicinity of the trailing vortices are poorly approximated by
the discretization scheme. Further from the impeller tip, i.e. at t/T = 0.285 and r/T = 0.389, the
numerical predictions slightly over-estimate the mean radial and tangential velocities in the
vicinity of the impeller blades (i.e. zZH ~ 0.3 to z’H ~ 0.36). According to Jenne and Reuss
(1999), the standard k-¢ model over-estimates the turbulent shear stress and consequently this
could lead to large estimates of mean radial and tangential velocities in the impeller stream as

observed in the present study.

The predicted turbulence level in the impeller stream was examined by plotting values ot the
turbulent kinetic energy k at the three radial positions (c.f. Figure 4-6). Near the impeller tip at t/T
=0.185, the predicted results show two maximum values for k occurring at z/H ~ 0.31 and z/H ~
0.35. These maximum k values can be attributed to the trailing vortices occurring one above and
the other below the impeller center plane. The numerical results show maximum values of k at
r/T = 0.285 and minimum values at r/T = 0.389 which is consistent with the experimental studies
of Wu and Patterson (1989) who reported that near the impeller tip, the turbulence was still
developing in the impeller stream, becoming dominant from r/T = 0.258 and decaying further

from there.
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It can be seen that the grid density has more influence on the predicted turbulent kinetic energy
values than on the predicted velocity field even though good qualitative agreement with LDV
data has been achieved for both. This is especially so near the impeller tip where there is quite a
significant difference between the predictions of the finer grids, Grid 3 and Grid 4. Further
investigation is required to determine whether the discrepancies are due to numerical error in the
first order upwind differencing scheme or due to inadequacies in the standard k- turbulence

mode] and this is discussed in the next sections.

Other researchers using similar numerical techniques have also found that the numerical
simulations severely under predicted turbulence levels in the impeller discharge flow of the
stirred tank (Ranade et al., 1989 and 2002; Ng et al., 1998; Wechsler et al., 1999; Montante et al.,
2001; Jaworski and Zakrzewska, 2002; Aubin et al., 2004). In most of these cases, the authors
have attributed this discrepancy to the assumption of locally isotropic turbulence in the k-g
turbulence model. However, studies of Jaworski and Zakrzewska found no improvement in the
predicted k values when the non-isotropic RSM model was used. Furthermore, Wu et al. (1989)
found that measured RMS turbulent velocity values with which the present simulations are
compared were very similar in the radial, axial and circumferential directions. Therefore the
assumption of isotropic turbulence was acceptable. This suggests that the generally observed
discrepancy in the predicted k values is not only dependent on the isotropic assumption of the k-¢

turbulence model.
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4.3. Effect of Discretization Scheme

The effect of various discretization schemes on the predicted flow in the impeller stream was
investigated by conducting simulations with the Central and QUICK discretization schemes.
Power numbers calculated from the Central and QUICK discretization schemes were both higher
than the value obtained using the upwind discretization scheme (c.f. Table 4-2) and are thus

closer to the measured value of Rushton et al (1950).

Table 4-2: Effect of discretization sc heme and impeller model on predicted Power Numbers (Re = 40 000).
Np

Measured (Rushton et al (1950) ) | 6.069
Grid 4 (Upwind Differencing) 5.067

Grid 4 (Central Differencing) 5.314
Grid 4 (QUICK) 5.398
Grid Sliding Mesh 5.536

The effect of various discretization schemes on the computed velocity and turbulent kinetic
energy in the impeller stream are shown in Figure 4-7. In all cases the MRF model was used and
simulations were performed on the fine grid, Grid 4. 1t can be seen that the choice of
discretization scheme significantly influences the predicted turbulent kinetic energy levels. The k
values obtained with the central and QUICK differencing schemes are almost identical and show
good agreement with the experimental data. This is an important result as it suggests that the
generally reported underestimation of turbulence levels may have been caused by numerical
errors in the simulations, rather than inadequacies in the turbulence model as suggested by most
researchers. The k values obtained with the upwind scheme substantially differ from the other
two schemes suggesting that this scheme may not be acceptable for the simulation of turbulent
flow in stirred tanks. Mean radial and tangential velocity profiles at t/T = 0.285 obtained with the
upwind, central and QUICK discretization schemes are very similar. Therefore, considering the
robustness of the iteration process the QUICK scheme was chosen as the optimal scheme and

employed for the rest of the simulations.
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4.4. Comparison of Impeller Modeling Approach

The time-dependent SM impeller model predicted a Power number of 5.536 for a Reynolds

number of 40 000, which is closer to the experimental value than the value calculated with the

MFR approach (c.f. Table 4.2). In Figure 4-8, the velocity and turbulent kinetic energy profiles

computed with the SM and MRF impeller models are compared. The mean velocity components

and the turbulent kinetic energy at /T = 0.285 are shown. On the fine grid, the mean velocity

profiles calculated with the SM and MRF models are almost identical, except in the region of the

impeller blade where the SM calculations are lower and thus show better agreement with the

experimental data. The turbulent kinetic energy levels calculated with the two impeller models

are also similar and show good agreement with the experimental data.
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4.5. Comparison of Turbulence Models

The effect of the applied turbulence model on the predicted flow field was limited to the standard
k-¢ and the RNG k-€ models. Axial profiles of the dimensionless axial and tangential mean
velocity components and the turbulent kinetic energy at the radial distance /T = (0.285, are shown

in Figure 4-9, together with the LDV data of Wu and Patterson (1989).
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The predicted mean velocities for the two turbulence models are similar except at the impeller
centre plane where both the mean tangential and radial velocity values of the RNG k-& model are
significantly higher than both the standard k-¢ predictions and the experimental data.

This result is in agreement with previous findings of Jenne and Reuss (1999) who suggested that
the high velocity values predicted by the RNG k-¢£ model were induced by the formulation of the
model that generally underestimates the energy loss in the outflow of the impeller. This argument
seems to be supported by the predicted turbulent kinetic energy profile which still exhibits two
local maxima due to the trailing vortices at this radial position. The RNG k-& model
underestimates the turbulent kinetic energy levels in the impeller stream. Contrary to previous
studies by Jaworski and Zakrzewska (2002) and Aubin et al. (2004), the present study shows
significant differences between the predicted k values using the standard- k-¢ and the RNG k-¢
turbulence models. In the present study, the standard k-& model shows good correlation with
experimental data, which was not observed in the mentioned studies. The differences in the CFD
results may be attributed to the high grid density used in the present study and the discretization

schemes.
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CHAPTER 5 CONCLUSIONS

The aim of this thesis was to present an accurate CFD approach that models the hydrodynamic
properties of flow in stirred tanks. The effect of the grid resolution and choice of discretization
scheme on the predicted single-phase flow has been investigated. A comparison of the steady
state MRF and time-dependent SM impeller models was made. An attempt was made to compare
isotropic and non-isotropic turbulence models. However, a converged solution for the non-
isotropic Reynolds stress model (RSM) was not achieved, limiting the study to two variants of the
isotropic k-& model. In this Chapter, the conclusions regarding the findings of the study are

presented.

5.1. Numerical Grid Requirements

From the grid dependency study using a first order discretization scheme and grids consisting of
33 000, 230 000, 830 000 and 1 900 000 contro! volumes, the following conclusions can be
drawn:

= In order to resolve the trailing vortex structures behind the impeller blade, grid
resolutions of more than 192 control volumes covering the blade surface were required.
This was achieved on the grids consisting of 830 000 and | 900 000 control volumes. On
the other two grids, the vortex structures were not resolved.

*  The computed Power numbers in the laminar Reynolds number range were in reasonable
agreement with experimental data. In the turbulent Reynolds number range, the Power
numbers calculated with all grids were lower than the experimental data from the
literature. However, the discrepancy between computed values and experimental data was
reduced with finer grids.

=  The numerical grid consisting of 33 000 control volumes predicts profiles of the velocity
components and turbulent kinetic energy in the impeller stream that show substantial
deviation from the experimental data. Velocity components computed with grids
consisting of 230 000, 830 000 and 1900 000 control volumes are similar if not identical.

= Significantly finer grids are required in order to attain grid independence for turbulent

kinetic energy than for the mean velocities.



5.2. Discretization schemes

Simulations were performed on the fine grid consisting of 1900 000 control volumes using the

first order upwind and higher order central and QUICK discretization schemes.

= The higher order central and QUICK discretization schemes predicted Power numbers
that were in better agreement with the experimental data. The computed Power numbers
were lower than the experimental data of Rushton et al. (1950) by 17%, 12% and 11% for
the upwind, central and QUICK discretization scheme respectively.

*  The discretization scheme was found to significantly influence the computed turbulent
kinetic energy in the impeller stream. The central and QUICK discretization schemes
predicted turbulent kinetic energy values that are in good agreement with the
experimental data and the upwind differencing scheme was found to significantly
underestimate the experimental data. This is an important finding as it suggests that the
general under-prediction of turbulence reported in the literature 1s caused by numerical
errors, rather than inadequacies in the k- turbulence model as suggested by many
researchers.

= The choice of discretization scheme was found to have no substantial effect on the

predicted mean velocity values in the impeller discharge stream of the stirred tank.

5.3. Impeller Models

The choice of impelier modeling approach, Multiple Reference Frames (MRF) or Sliding Mesh
(SM) model, was found to have no significant effect on the predicted mean velocity. Both the
MRF and SM models predicted turbulent kinetic energy levels that are in good agreement with
the experimental data. The Power number obtained with the SM model was lower than the

experimental value by about 8% as compared to 11% for the value obtained with the MRF model.

5.4. Turbulence Models

Generally, the predicted mean velocities obtained with the standard form of the k-& model showed

better agreement with the experimental data than the predictions using the RNG k-¢ turbulence



model. The RNG k-& model was found to significantly under-estimate the turbulent kinetic
energy levels in the impeller discharge stream, while the standard models showed good

agreement with the experimental data.

From the various possible combinations concerning grid resolution, discretization schemes,
impeller modeling methods and choice of turbulence models, a reasonably accurate CFD method
has been presented for the simulation of single-phase turbulent tlow in stirred tanks. In order to
isolate numerical errors trom the predicted {low, very fine grids compared to what has been
reported in many previous studies in the literature were used. It was also necessary to use a higher
order discretization scheme on adequately as flow predictions using a first order scheme were
unsatisfactory. Furthermore, the good agreement between predicted and experimental turbulence
levels obtained in the present study seems to suggest that numerical error caused by insufticient
grid densities or inadequate discretization schemes is the main reason for the generally reported
under-prediction of turbulence in the impeller stream of the stirred tank. The steady-state MFR
impelter model gave similar results as the time-dependent SM model. Therefore, the extra
computational expense needed for the transient calculation was not justified. From the good
agreement achieved between the CFD results and experimental observations tor the mean flow
velocities as well as the turbulence levels, it can be concluded that this method can be extended to
the simulation of the more complex multi-phase flow. However, because of the many variables
involved in determining the accuracy of a CFD simulation, the prudent extension to multi-phase
flow processes should be accompanied by further numerical experiments and careful validation

with measured data.
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APPENDIX A

Power Number Calculation

Table A-1: Predicted Power numbers presented in tabular form

Numerical Results

Experimental

Torque Power

Re (Nm) (Nm/s) N, Np
0.5 0.0031 | 6.4571E-08 0.00 133.39 122.90
1.0 0.0061 1.3024E-07 0.00 67.27 63.03
3.0 0.0184 | 3.9564E-07 0.00 22.70 22.88
6.0 0.0367 | 8.2081E-07 0.00 11.78 13.18
10.0 0.0612 | 1.4879E-06 0.00 7.68 7.33
20.0 0.1224 | 4.0501E-06 0.00 5.23 5.25
50.0 0.3061 } 2.0120E-05 0.00 4.16 412
200.0 1.2243 | 3.1722E-04 0.00 410 3.68
500.0 3.0606 | 2.0560E-03 0.04 4.25 3.88
5000.0 30.6064 | 2.6257E-01 5049 542 548
7300.0 446853 1 5.1391E-01 144.29 4.98 5.77
11358.5 5.1667 | 5.5433E-03 0.18 5.70 6.00
33709.0 15.3333 | 4.6298E-02 4.46 5.40 6.07
40000.0 244.8508 [ 1.6719E+01 25721.67 5.40 6.07
60000.0 367.2762 | 3.9224E+01 90516.79 5.63 6.07
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Figure B-1: Positions at which flow data was sampled
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APPENDIX C

Predicted velocity compeonents and turbulent kinetic energy presented in tabular form

Table C-1: Radial Velocity at r/T = 0.185

r'T = 0.185 Radial Velocity (m/s)

2/H Upwind Upwind Upwind Upwind Central QUICK RNG
GRID GRID
GRID1 GRID2 GRID3 GRID4 GRID4 4 4

04194 0.1322  0.5861 0.6328 0.5738 1.1723 1.1857 1.5794
0.4135 0.143 06514 06882 0.6344 1.3108 13234 1.6823
04076 0.1576  0.7252 0.7738 0.7323 1.4935 1.4985 1.7895
0.4016  0.1801 0.8246 0.9016  0.8821 1.7492 1.7433 1.9218
0.3957  0.2211 0.9691 1.0944 11086 21171 2.0995 2.1183
0.3898 03249 11989 1.3934 1458 26628 2.6338 24439
0.3838 05579 1.5807 1.8745 2.0157 3.4982 34621 29975
0.3779 0.9765 22254 27085 29493 4.8097 4.7758 3.9268
0.3719  1.9933 34618 4.2358 4616 ©6.8858 6.9022 5472
0.3660  2.3041 55847 7.0068 7.6061 10.128 10.295 8.0734
0.3601 27902  8.4231 11.414 12172 14419 14798 11.709
0.3541 4439 12424 15953 16.694 18.445 18.729 15.325
0.3482 6.3252 16.221 19.891 20544 21696 21869 18.91
0.3422  8.0965 19.638 23208 23701 24131 24305 22236
0.3363 9.5882  22.256 25.58 25.87 25.68 25812 24778
0.3304 10.152 23.276 26.393 26552 26.158 26.217 25.617
0.3244 95976 22283 25328 25546 25523 25551 24595
0.3185 8.3906 19.776 22946 23.316 23.956 23959 22.53
0.3125 6.6843 16.703 19.936 20455 21737 21.722 20.049
0.3066 4.8432 13.318 16.632 17.256 19.053 19.064 17.391
0.3007 31972  9.8141 13.052 13.714 15739 15986 14.536
0.2947 2.052 6.6033 89585 9.5633 11724 12.051 11.122
0.2888 22134  4.5521 5.8387 6.2663 8.1315 8.3135 7.9343
0.2829  1.4384  3.0401 3.9502 42472 57144 58224 58517
0.2769 0.7297 2.1743 2.852  3.0575 4.1812 4.2855 4.5686
0.2710 0.3367 16259 21811 23116 3.1785 3.3106 3.7103
0.2650 0.1671 1.265 1.7192  1.7999 24861 2.6498 3.0615
0.2591 0.0469 0.9839  1.3631 1.4117 19706 2.1585 2522
0.2532 -0.0407 0.7554 1.0652 1.0949 15618 1.7643 2.0718
0.2472 -0.105  0.5641 0.8195 0.8406 1.23 14383 1.7341
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Table C-2: Tangential Velocity at /T = 0.185

r/T = 0.185 Tangential Velocity (m/s)

z/H Upwind Upwind Upwind Upwind Central QUICK RNG

GRID GRID
GRID1 GRID2 GRID3 GRID4 GRID4 4 4

04194 09724 11105 09174 09932 1.6165 1.6413 2.0488
0.4135 0.9055 1.0741 0.8619  0.9481 1.5799 1.5935 1.8434
0.4076  0.8171 0.998  0.7631 0.862 1.5184 15191 1.5834
0.4016  0.7121 0916 06745 0.7931 1.5023 1491 1.3825
0.3957  0.5969  0.8471 06238 0.7724 15802 15595 1.298
0.3898 0.4863 0.8054 0.6322 0.8255 1.8012 1.7744 1.3644
0.3838  0.4651 0.8175 0.7367 0.9973 22392 22114 1.6179
0.3779 06175 0.9656 1.0513 1.4033 3.0297 3.0089 2.1204
0.3719  1.6674 1.6511 1.8983  2.3487 4.4085 4.3903 3.0203
0.3660 12.133  3.5813 4.0718 45106 6.6201 6.6293 4.8089
0.3601  22.901 10.555 84331 8.6075 9.5682 9.9685 8.3338
0.3541 24307 14357 12705 12679 12.57 13.135 11.748
0.3482 25644 17449 16.081 15983 15351 15932 14.931
0.3422  26.741 19.782  18.561 18.438 17593 18.101 17.472
0.3363 27.54 21.25 20.093 19.943 18996 19.482 19.024
0.3304 27.803 21.793 20.622 20441 19502 19.966 19.58
0.3244  27.557 2144 20162 19961 19.219 19.675 19.316
0.3185 26.956  20.177 18.8  18.585 18.156 18.65 18.211
0.3125 26.029 18217 16.657 16435 16.331 16.901 16.296
0.3066 24.737  15.501 13.847  13.651 13.966 14.57  13.88
0.3007 23438 12296 10471 10.347 11.29 11.868 11.263
0.2947 19252 7.7884 6.3976 65034 8.4323 8.7649 8.1014
0.2888 49779  3.1358 3.6779 3.9093 59632 6.1114 56377
0.2829 1.9164 22044 26472 27974 43795 45182 45517
0.2769 14285  2.0251 23037 23593 3.5018 3.6332 4.0953
0.2710  1.4348 2.034 22221 22169  3.0498 3.203 3.9347
0.2650 1.5844 21088 2.2522 2.2162 2.8329 3.0335 3.9127
0.2591 1.7186 2203 23336 22854 27497 3.0079 3.9426
0.2532 1.8322 22906 24247 23764 27437 3.0512 3.9667
02472 19143 23396 24741 24312 27504 3.0843 3.9316
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Table C-3: Turbulent kinetic energy at r/T = 0.185

C-3

r/T = 0.185 Turbulent kinetic energy (m%s-%)

zZ/H Upwind Upwind Upwind Upwind Central QUICK RNG
GRID
GRID1 GRID2 GRID3 GRID4 GRID4 GRID4 4

0.4194 1.6138 2.5109 3.3488 3.8723 5.17334 527216 3.5015
0.4135 1.7528 2.7312 3.6312 41555 553636 5.59596 3.6286
0.4076 1.9223 3.0218 4.0413 4.6054 6.1581 6.17629 3.8255
0.4016 2.1276 3.4149 4.6061 5.2549 7.11683 7.09408 4.0955
0.3957 2.3894 3.9385 5.3867 6.179 8.5553 8.49521 4.4727
0.3898 2.8763 4.6682 6.4957 7.5239 10.7449 10.6601 5.0132
0.3838 4.0503 5.7593 8.1643 9.6066 14.2485 14.187 5.8002
0.3779 6.2201 7.7646 11.218 13.363 20.4021 20.5887 6.9779
0.3719 11.36 13.23 18.672 22069 321833 334724 8.8478
0.3660 17.732 24.347 35.603 41,988 51.9454 554816 11984
0.3601 23.952 36.125 54.052 64.977 ©69.1504 73.5062 15.301
0.3541 28.497 43.819 63.155 75.855 78.1882 81.0585 17.309
0.3482 29.446 44 .98 63.553 75568 77.9987 80.0925 17.605
0.3422 27.912 40.83 57.134 67.989 715827 735686 16.543
0.3363 24.648 33.978 48.486 58.686 ©64.2283 66.4581 15.48
0.3304 22.377 29.725 43.615 54.286 60.834 634121 15773
0.3244 23.861 32.608 46.929 58.721 64.6238 67.3048 17.879
0.3185 26.35 38.195 53.615 67.068 73.0067 75.371 20.322
0.3125 28556 41.219 57.827 72903 80.3423 82.1591 21.394
0.3066 26.826 39.134 56.502 72.453 81.8878 83.3655 20.537
0.3007 23.424 33.144 49.481 64.05 753711 77.2863 18.345
0.2947 18.577 24.587 37.888 47711 62.0612 64.8016 15.446
0.2888 12.384 15.314 22.687 27.842 43.0127 444917 11595
0.2829 7.823 8.8227 13.073 16.213 27.6287 27.739 8.7365
0.2769 4.69 6.0317 8.8733 10.99 18.9456 18.6146 7.041
0.2710 2.9885 4.6543 6.7349 8.2327 13.9549 136136 5.9859
0.2650 2.4917 3.8527 5.4263 6.5835 10.8358 10.5877 5.2702
0.2591 2.1843 3.3191 46116 5572 8.80631 8.67656 4.7456
0.2532 1.9914 2.999 4.099 49439 7.48181 7.45958 4.3427
0.2472 1.8613 27734 3.7463 45198 6.63847 6.68687 4.0461
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Table C-4: Radial Velocity at r/T = 0.285

C-4

r/T = 0.285 Radial Velocity (m/s)

z/H Upwind Upwind Upwind Upwind Central QUICK RNG SM
GRID1 GRID2 GRID3 GRID4 GRID4 GRID4 GRID4 GRID4
04194  1.0853 1.7871 1.9723 2.0108 29426 28775 3.2152 1.4245
04135 11479 18493 20267 20563 3.0316 29527 3.2984  1.5299
0.4076 12198 19119 20882 21173 3.1186  3.0399 3.3702 1.6630
04016  1.3063 1.9859 2.1684  2.2037 3.2234 31575 34666 1.8733
0.3957 1.4230 2.0849 2.2891 2.3403  3.3871 3.3425 35935 2.2759
0.3898 16428 22524 25127 26055 3.7212 3.7021 3.7426  3.0477
0.3838 20305 26018 3.0027 3.1967 4.4659 44883 3.9023 4.3036
0.3779 26355 3.3304 40357 43676 58675 59709 4.0711 6.0285
0.3719 3.7651 47120 57350 6.1991 7.9374 8.1418 4.3085 8.1370
0.3660 5.4069 6.6767 8.0426 8.6137 10.4899 10.7786  5.0941 10.5083
0.3601 7.4735 9.3889 10.8994 11.4906 13.2987 13.6456 7.8784 12.9789
0.3541 9.9814 125499 14.1103 14.6192 16.1299 16.5036 13.4348 15.3400
0.3482 12.8729 15.9357 17.2840 17.6060 18.6437 18.9994 222832 17.3255
0.3422 155349 189194 19.7896 19.8800 20.3078 20.5934 314183 18.6386
0.3363 17.6740 206100 20.8811 20.7784 20.5996 20.7889 30.1563 19.0314
0.3304 18.1255 20.2866 20.1244 19.9574 19.3900 19.4973 20.9996 184147
0.3244 16.8272 18.1456 17.7805 17.6870 17.0889 17.1484 12.8865 16.9036
0.3185 145859 148797 146169 14.6716 14.3845 144165 8.3359 147742
0.3125 116913 11.4691 11.3861 11.5851 11.8349 118592 6.6815 12.3541
0.3066 8.9317 8.4955 8.5836 88616  9.6981 9.7245 6.3616  9.9460
0.3007 6.5609 6.1495 6.4659 6.7413  8.0351 8.0798 62522 7.7989
0.2947 46155 46678 51563 53683 6.8917 69773 6.0814 6.1178
0.2888 3.2805 3.8816 4.4935 46502 6.2165 6.3325 5.8387 5.0205
0.2829 25338 3.4874 41225 42502 57904 58975 55553  4.4063
0.2769 2.0494  3.2275 3.8428 39556 54542  5.5321 52712  4.0176
02710 1.7510 29968 3.5854 3.6868 51365 51863 50137 3.6984
0.2650 1.5437 27644  3.3231 3.4120 48083 4.8407 47812  3.3942
0.2591 1.3414 25135 3.0373 3.1104 44518 44789 45304  3.0887
0.2532 11375 22264 2.7161 27723 4.0525 4.0847 41855 27779
0.2472 09242 19166 23724 24173 3.6103 3.6578 3.7084 24620
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Table C-5: Tangential Velocity at r/T = 0.285

r/T = 0.285 Tangential Velocity (m/s)

z/H Upwind Upwind Upwind Upwind Centrai QUICK RNG SM
GRID1 GRID2 GRID3 GRID4 GRID4 GRID4 GRID4 GRID4
0.4194 0.8701 0.9667 1.0222 1.1348 1.3880 1.3487 1.4851 0.9638
0.4135 0.8385 0.9249 0.9754 1.0854 1.3150 1.2635 1.2025 0.9759
0.4076 0.8054 0.8662 0.9054 1.0130 1.2098 1.1615 0.9631 1.0108
0.4016 0.7792 0.8250 0.8550 0.9631 1.1237 1.0897 0.8338 1.0988
0.3957 0.7795 0.8174 0.8518 0.9684 1.1111 1.0930 0.7930 1.3141
0.3898 0.8536 0.8678 0.9355 1.0816 1.2701 1.2549 0.8024 1.7747
0.3838 1.0453 1.0420 1.2059 1.4237 1.7632 1.7328 0.8309 2.5481
0.3779  1.3890  1.4671 1.8361 2.1446 26796 26410 0.8635 3.6006
0.3719  2.1046 2.3361 29114 3.2973 3.9865 3.9757 0.9320 4.8625
0.3660 3.1732 3.6198 4.4327 4,8899 5.7537 5.8082 1.3900 6.2712
0.3601 4.5190 54530 6.4184 6.9204 8.0778 8.1920 3.4913 7.7526
0.3541 6.1331 7.6083 8.7239 9.2260 10.7249 10.8500 8.1805 9.1872
0.3482 7.8844 9.8544 10.9758 114089 13.1540 13.2452 14.7945 1(0.3843
0.3422 9.4228 11.7303 12.6708 12.9986 14.8046 14.8427 195575 11.1265
0.3363 10.6021 12.7388 13.3848 13.6031 15.3357 153176 19.5840 11.2445
0.3304 10.8485 12,5619 129154 13.0557 14.6487 145813 159607 10.6847
0.3244 10.1767 11.3000 11.3545 11.4576 12.8298 12.7279 10.3508 9.5285
0.3185 8.9560 9.2140 9.0721 9.1672 10.1739 10.0569 5.2215 7.9635
0.3125 7.3028 6.8703 6.5689 6.6698 7.2150 7.0898 2.6012 6.2154
0.3066 5.5642 4.7071 4,3436 4.4482 4.6249 4.4901 2.0077 4.4790
0.3007 4.0265 2.9950 2.7377 2.8273 2.8773 2.7670 1.9514 2.9040
0.2947 2.7417 1.9788 1.8635 1.9139 1.9813 1.9517 1.9403 1.6471
0.2888 1.8850 1.5242 1.5229 1.5373 1.6035 1.6349 1.8742 0.8631
0.2829 1.4705 1.3728 1.3981 1.3909 1.4253 1.4637 1.7455 0.5145
0.2769 1.2562 1.3215 1.3359 1.3169 1.3111 1.3311 1.56857 0.3762
0.2710 1.1861 1.3006 1.3014 1.2766 1.2293 1.2375 1.4546 0.3111
0.2650 1.1945 1.3081 1.3020 1.2773 1.1975 1.2265 1.4258 0.2740
0.2591 1.2236 1.3479 1.3560 1.3381 1.2491 1.3382 1.5566 0.2503
0.2532 1.2622 1.4282 1.4642 1.4585 1.3875 1.5615 1.8310 0.2341
0.2472 1.3008 1.5140 1.5829 1.5898 1.5396 1.7955 2.0832 0.2221
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Table C-6: Turbulent kinetic energy at r/T = 0.285

C-6

r/T = 0.285 Turbulent kinetic energy (mzls-z)

z2/H Upwind Upwind Upwind Upwind Central QUICK RNG SM
GRID1 GRID2 GRID3 GRID4 GRID4 GRID 4 GRID4 GRID4

0.4194 19146 31946 4.0209 4.5109 6.5430 6.2971  4.2612 6.2205
04135 1.9374 3.2211  4.0803  4.5842 6.7417 6.3754  4.2680 6.6718
04076  1.9817 32559 4.1638 4.6962 7.0617 6.5404  4.2489 7.4608
0.4016 20747  3.3490 4.3456  4.9392 7.6602 6.9242  4.2578 9.0857
0.3957 22879 35711 47796 55212 8.9425 7.8679 43057 12.7746
0.3898 3.0132 41787 59234 7.0734 119856 10.3708 4.3812  20.3543
0.3838  4.6811 5.9349 9.0561 11.2361 18.7618  16.6057 4.4815  32.4949
0.3779 7.5892 10.2868 16.3312 19.9850 30.6664 285168 4.6527  47.8457
0.3719 13.5164 19.0770 28.1961 33.2589 47.3610 458280 52161 64.2216
0.3660 21.7389 31.1765 429776 49.1467 67.6296 66.7661  8.5338  79.4749
0.3601 31.0191 453972 582656 64.7914 882776 87.5719 20.2901 91.6325
0.3541 40.3075 57.6987 70.0327 76.2940 103.8957 102.8110 40.1131  99.3912
0.3482 449944 63.5564 74.8651 80.8929 110.9800 109.3477 554323 102.5878
0.3422 456234 62.3188 73.1691 79.7633 111.2772 109.4270 40.7754 102.6523
0.3363 43.1320 582279 70.2382 77.7008 109.9256 108.2788 35.3101 101.5931
0.3304 41.1663 57.2275 70.0875 77.9039 109.7160 108.2728 42.1885 100.0061
0.3244 41.9297 58.3877 69.9306 77.3626 107.7875 106.0554 356835  96.2641
0.3185 42.0911 551753 63.8713 70.5430 98.8334 96.1516 20.9802  88.1410
0.3125 39.8415 455411 50.2691 55.9959 80.5399 76.4516 10.3903  74.9061
0.3066 31.6809 31.2267 329179 37.5800 56.5650 51.1015 6.7639  57.8491
0.3007 227224 17.5756 17.9252 212789 34.7436 28.8448 5.6091 39.6041
0.2047 139442 87299 9.1862 11.2853 20.8018 16.0012 5.0624  23.5956
0.2888  7.4923 47932 58784 7.2438 142722  10.9450 4.7040  13.2690
0.2829 4.3539 3.5721 4.8272 58666  11.3771 9.0021  4.4007 8.8155
0.2769 26942 3.2071 44136  5.2991 9.8165 8.0204 4.1121 7.2199
02710 2.0802 3.0485 4.1954  4.9948 8.7489 7.3946  3.8528 6.5670
0.2650 1.9461 29821 4.0758 4.8302 7.9443 7.0023  3.6748 6.2487
0.2591 1.8977 29743 4.0530 4.7926 7.3811 6.8417  3.6373 6.0795
0.2532 1.9014 3.0366 4.1238 4.8676 7.0695 6.8789  3.7550 5.9898
0.2472 19341  3.1332 42413 4.9891 6.9599 7.0125  3.9469 5.9476
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Table C-7: Radial Velocity at r/T = 0.389

r/T = 0.389 Radial Velocity (m/s)

z/H Upwind Upwind Upwind Upwind Central QUICK RNG
GRID GRID
GRID1 GRID2 GRID3 GRID4 GRID4 4 4

0.4194 1.6694 25175 2.9219 3.144  4.1472 4.11  3.6282
0.4135 1.8493 2.7337 31711 3.4098 44775 4.4384 3.7896
0.4076 2.0582 2.9793 3.4723 3.7375 4.8994 4.8637 3.9483
0.4016 2.3095 3.2938 3.8721 41812 54818 54614 4.1039
0.3957 2.644 3.7272  4.4465 4.8222 6.3031 6.3196 4.2583
0.3898 3.1559 4.3729 5.2779 5.7331 7.4054 74838 4.4179
0.3838 3.8437 5.3095 6.4065 6.933 87689 8.9278 4.6018
0.3779 47236 6.5419 7.8206 8.3859 10.33 10.576 4.8805
0.3719 5.8946 8.071 9.4515 10.025 12.001 12.33 5.5411
0.3660 7.2775 9.7713 11.209 11.76 13.68 14.079 7.2408
0.3601 8.7963 11.64 13 13.474 15245 15688 10.312
0.3541 10.405 13.459 14.645 15.004 16.56 17.014 14.491
0.3482 11.936 15.018 15.96 1618  17.494 17,925 19.202
0.3422 13.19 16.106 16.73 16.836 17.939 18314 23.184
0.3363 14.071 16.488 16.823 16.858 17.838 18.134 24.443
0.3304 14.156 16.059 16.211 16.234 17.206 17.405 22174
0.3244 13.498 14.945 15.001 15.061 16.118 16.214 18.107
0.3185 12.38 13.303 13.386 13517 14706 14697 13.939
0.3125 10.888 11.449 11.591 11.796 13.123 13.017 10.772
0.3066 9.2415 9.5922 9.8176 10.083 11.531 11.354 9.0807
0.3007 7.6759 7.8944 8.2313 8.5304 10.076 9.8809 8.2689
0.2047 6.2256 6.5113 6.9532 7.2536 8.8618 8.7101 7.723
0.2888 4.9926 5.4932 6.0427 6.3205 7.9329 7.8619 7.259
0.2829  4.0945 4.8236 5.4308 56736 7.2274 7.2331 6.829
0.2769 3.4011 4.385 5.0014 52112 6.6681 6.7266 6.4236
0.2710  2.8896 4.055 46616 4.8429 6.1883 6.2785 6.0365
0.2650 25576 37778 43595 45178 57486 5.8565 5.6624
0.2591 2.2821 3.5178 4.0728 4.2111 5.3286 54452 5.2964
0.2532 2.0408 3.2641 3.7904 3.9101 49187 5.0374 4.9355
0.2472 1.8182 3.0094 3.5065 3.6083 4.5145 4.6306 4.5786
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Table C-8: Tangential Velocity at vr/T =0.389

/T = 0.389 Tangential Velocity (m/s)

Z/H Upwind Upwind Upwind Upwind Central QUICK RNG

GRID GRID
GRID1 GRID2 GRID3 GRID4 GRID4 4 4

0.4194  0.9041 0.8892 09162 1.0235 1.3084 1.2681 1.3637
04135 09174 0.9047 0.9411 1.0562 1.3501 1.3054 1.3408
04076 09426 09332 0.9885 1.1161 14292 1.3797 13145
04016  0.9862 09912 1.0797 1.2284 1.5769 1.5247 1.2844
0.3957 1.0667 1.1018 12518 14335 1.8321 1.784 1.2509
0.3898 1.2308 1.3114  1.5491 1.7713 2221 21876 1.2154
0.3838  1.4821 1.664 19984 22568 27402 27326 1.1822
0.3779 18306 21691 25994 28756 3.3619 3.389 1.1729
0.3719 2,335 28332 3.32 35954 4.0444 41118 1.3096
0.3660 2.9529  3.5944 41153 43727 47377 4.8468 1.9618
0.3601 3.6457 44513 49384 51485 53825 5529 3.4159
0.3541 43915 52956 57002 58427 59136 6.0864 55566
0.3482  5.1064 6.025 6.3068 6.369 6.2657 6.4468 8.0197
0.3422  5.6931 6.5325 6.6476 6.6414 6.3845 6.5512 10.103
0.3363 6.1055 6.6998 6.6513 65998 6.2432 6.3735 10.768
0.3304 6.1478 6.4718 6.302 6.2371 58539 5.9303 9.5049
0.3244 58418 5.9053 5.6541 56059 52634 512776 7.0638
0.3185 53173 50775 48119 48018 4.5454 44997 4.3895
03125 46118 4.1481 3.8062 3.9324 3.7806 3.6884  2.361
0.3066  3.8272 3.2297  3.0189 3.097 3.0476 2.9332 1.4407
0.3007  3.0849 24093 2.2691  2.3763 2412 23095 1.1403
0.2047 24046 1.774 17062 18246 19141 1.8566 0.9976
0.2888  1.8442 1.343 1.347  1.4629 1.565 1.5646 0.8914
0.2829 14634  1.0981 1.1425  1.2489 13272 1.3747 0.7963
02769 1.1919 09709 1.0267 1.1238 116 1.2383 0.7074
02710 10174 08968 0.9523 1.0419 10312 1.1268 0.6229
0.2650 0.9355 0.8488 0.8957  0.9801 0.9235 1.0278 0.5427
0.2591 0.8834 0.8109 0.8481 0.9286 0.8287 0.9367  0.469
025632 0.8505 0.7805 0.8066 0.8835 0.7437 0.8525 0.4051
0.2472 083 07549 0.7705 0.8437 0.6673 0.7756 0.3535
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C-9

Table C-9: Turbulent kinetic energy at r/T = 0.389

rT = 0.389 Turbulent kinetic energy (m%/s-%)

z/H Upwind Upwind Upwind Upwind Central QUICK RNG
GRID
GRID1 GRID2 GRID3 GRID4 GRID4 GRID4 4

04194 28444 42823 53868 6.0061 8.23849 825053 3.8785
0.4135 2.8942 4.3709 56213 6.3379 8.90284 8.89373 3.8889
0.4076 3.0629 4.608 6.1445 7.0379 10.1766 10.1599 3.8973
0.4016 3.4108 5.1876 7.2251 8.4382 12.4965 12.5205 3.9026
0.3957 41155 6.3784 9.3118 11.032 16.3099 16.4713 3.9081
0.3898 5.618 8.6892 12.859 15.189 21.6975 22.0981 3.9287
0.3838  7.9054 12499 17.924 20.758 28.1732 28.8477  4.023
0.3779 11.028 17.618 23.998 27.061 348903 357787 4.4643
0.3719 15.18 23.519 30.148 33.184 40.9456 41.9154 6.5413
0.3660 19.599 29.195 35.418 38.233 456032 464963 13.146
0.3601 23.811 33.713 39.083 41507 48.4997 49.1853 24.167
0.3541 27251 36.396 40.689 42.824 49.7506 50.1645 34.966
0.3482 28.655 36.861 40.521 42.598 49.79 499304 39.823
0.3422 28904 36.003 39.429 41626 49.1266 49.014 36.626
0.3363 28.306 34951 38.331 40598 48.0296 47.6477 32924
0.3304 27.76 34.319 37.377 39.565 46.3514 456117 34.163
0.3244 27.534 33.568 35.887 37.908 43.6601 424274 32112
0.3185 26.923 31.479 32.988 34879 39.5726 37.7322 22.989
0.3125 25.509 27.661 28.338 30.193 34.0691 31.6071 11.892
0.3066 22,069 22.093 22.369 24268 27.6752 24.7678 59458
0.3007 17.97 16.003 16.202 18.089 21.3482 18.3994 4.3123
0.2947 13.533 10.602 10.99 12.743 16.0187 13.53 3.8488
0.2888 9.3595 6.7695 7.5538 9.0362 12.2579 10.4977 3.6102
0.2829 6.4264 4.6561 5.6991 6.9082 9.91646 8.81925 3.4204
0.2769 4,343 36863 47969 58098 8.54403 7.90905 3.2462
0.2710 3.0521 3.2328 4.3542 5.2354  7.72556 7.3871  3.0807
0.2650 2.5323 3.032 4.1142 49165 7.21432 7.06684 29226
0.2591 22519 2.9268 3.9783 47328 6.88396 6.86231 27726
0.2532 21234 2.8858 3.9052 46315 6.67205 6.73448 2.6336
0.2472 2.0914 2.8788 3.8769 45878 6.54616 6.66555 2.5103






