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Abstract

Isokinetic withdrawal of solution from research crystallizers is a key factor in
obtaining a représqntaﬁve crystal-size distribution and is critical for correct analysis of the
crystallization proéesé to accurately determine crystallization kinetic parameters such as
crystal growth rates, nucleation rates, breakage rates, and agglomeration rates. Isokinetic
withdrawal, in turn, depends upon the characteristics of the flow field in the crystallizer.
The objective" of this research numerically simulates the fluid flow field in a small-scale
{experimental) cyﬁndrical round ﬁottomed, continuous-flow, cooling crystallizer set up for
analysis of kinetic parameters in sugar production.

" The commercial software “CFX 5.5.1” was employed to perform the 3 dimensional
simulations with a finite volume method using an unstructured mesh. Initially the ability
of the software to perform flow calculations on complex geometries was investigated by
solving a series of model problems, and comparing these solutions to known solutions for
the systems involved. A series of experiments was also performed to determine the ability
of the momentum source feéture of the program to model features such as impellers.

A model of the crystallizer being considered was carefully produced using a real
crystallizer as a model. The impeller used for increasing the gross velocity of the solution
inside the crystallizer is modeled using a momentum source, since this had been shown to
be suitable for an impeller in a baffled crystallizer, particularly when the main feature of
the flow to be considered is the flow at the product tube (to determine whether the product
flow is isokinetic or not). Seven momentum source strength values were used to perform
the simulation. The results show that the momentum source strongly increases the axial
flow velocity but only slightly influences the overall flow pattern, except the flow near the
outlet tube. The isokinetic withdrawal condition can be achieved at a momentum source
strength of about 25,000 kg/m?/s”. The isokinetic condition for the nuclei crystals is best
for the research MSMPR, as it will make the particle size distribution in the product stream
most accuréte for the analysis of the nucleation and growth rates in the crystallizer. For
larger particles the settling velocity is required for determination of isokinetic withdrawal.
The power transmitted by impeller shaft is 0.6 W for a 2.5 L crystallizer, which allows the
impeller rotational speed to be estimated. Furthermore, the velocity at the center of the
tank’s bottom is lower than that of the surrounding region. This could cause a collection of

settled crystals which is problematic for the operation and analysis of the crystallizer.



v

Contents

page
Acknowledgement i
Abstract (Thai) ii
Abstract (English) 1ii
Contents v
Figures v
I. Introduction
I1. CFD Theory Used in the Current Study 15
111 Eﬁsuring the Accuracy of the Computation Fluid Dynamics Program 23
IV. Geometry and Physics of the Crystallizer 45
V. Results and Discussion of the MSMPR Crystallizer Simulation 55
VL Conclusions 91
References 93

Appendix A 95



Figures

Fig. 1.1 A schematic diagram of a cooling MSMPR crystallizer' similar to the
crystallizer used for growth and nucleation kinetics at S.U.T. that is simulated in the
present study.
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Fig 1.5 Schematic diagram of deviations from isokinetic sampling showing why
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(Top) Insufficient sampling flow: (Bottom) Excessive sampling flow”.

- Fig 1.6 A mixéd suspension crystallizer with a draft tube and vertical baffles to
orient the streamlines so that the suspension can be sampled accurately.
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from sugar cane’. |

Fig. 1.12 Solubility of sucrose in aqueous sohution as a function of temperature®.
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Fig. 3.3 A comparison between the solution of the Blasius system (in dimensionless
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Fig. 3.4 Low velocity flow between two flat plates due to a pressure gradient. The
system studied has a gap of 10 mm, and a length of 500 mm.

Fig. 3.5 The CFX-5.5 solution for low velocity flow between two flat plates due to a
pressure gradient. The system studied has a gap of 10 mm, and a length of 500 mm.

Fig. 3.6 The pressure gradient determined from CFX-5.5 solution for low velocity -

flow between two flat plates. The system studied has a gap of 10 mm, and a length
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Chapter I

Introduction

1.1 The Mixed Suspension-Mixed Product Removal Crystallizer

The Mixed Suspension-Mixed Product Removal (MSMPR) crystallizer is the ideal
“ continuous crystallizer from the viewpoint of theoretical calculations: it is the
crystallization equivalent of an ideal steady-state Continuous Stirred Tank Reactor
(CSTR). For this reason it is the most commonly used crystallizer (essentially the only
crystallizer used) in the determination of simultaneously crystal growth rate and nucleation

rates from solution.

Coolont In  wWithdrawa!
Feed

l 1
(—==] avg] Control
Contacts

Fig. 1.1 A schematic diagram of a cooling MSMPR crystallizer' similar to the crystallizer
used for growth and nucleation kinetics at S.U.T. that is simulated in the present study.

For a crystallizer to be a true MSMPR crystallizer (rather than just in name only)

several preconditions must be met: if the conditions are not met the crystallizer does not



meet the specifications for a MSMPR, and crystal growth and nucleation kinetics predicted
from such a crystaliizer will not be correct. The conditions are as follows™.

The ideal MSMPR crystallizer has the following assumptions:

() The vessel is perfectly mixed with respect to both the liquid phase (there are no spatial
variations in concentration, temperature, or driving force) and the solid phase (no spatial
variation in the population density function). [The mixed suspension (MS) assumption].

(b) The suspension in the product stream is identical to the suspension in the crystallizer
vessel. [The mixed product removal (MPR) assumption].

(c) There are no crystals or particles in the feed stream. The population of crystals in the
crystallizer is entirely due to the nucleation of particles within the crystallizer and their
subsequent growth.

{d) The system operates at a steady-state

In addition, to obtain an ideal population density distribution from the MSMPR
crystallizer the following set of conditions should be met
(2) There is no agglomeration or breakage of particles in the crystallizer.

(€) Nuclcation within the crystallizer occurs at zero size. This allows the nucleation rate to
be considered via a boundary condition (n°) rather than as a birth term.
(f) The growth rate is size independent [G # G(L)}.

If these seven conditions are all met, it is simple to analyze the system to obtain
exact growth and nucleation rate kinetics from the particle i)opulation density result. The
full form of the population balance, which models the evolution of particle size for a
population via a continuity balance on the particles, is

on o(Gn

—é?~+V-(vn)+-—£-5£m)-wB +D =0 (L.1)

In this equation » is the particle population density function (#/m3 .m) which is
dependent on the particle size, time, and the spatial position at which the function is
determined; G is the crystal growth rate, which is also dependent on the particle size, time,
and the spatial position at which the function is determined; v is the particle velocity
vector; B and D () are the birth rate function of particles (and depend on the same variables
as n); L represents the particle size, and ¢ represents the time.

However since the system can be characterized as completely mixed, it is possible
to use a simplified form of equation (1.1), the spatially averaged form of the population

balance:



on a(logV) a(Gn) Qm g s Qaut i out
a o D e ) -3

Here the variables are defined as in equation (1.1), and the additional variables
represent: V' (rn3) is the volume of the completely mixed region (and is equal to the
crystallizer volume if the crystallizer is completely mixed); O, and Qpui (m’/s) represent
flowrates of inflows and outflows to the crystallizer resPEGﬁvely, with the subscript
required if multiple inflows or outflows are present; the particle population densities in the
streams repreéented by Oin; and Qg are given by ry,; and ng,; respectively. Although the
equation does not appear to be substantially simpler than equation (1.1) the equation
removes partial derivatives with respect to the spatial varables (x, y, z), thus greatly
redu-cing the order of the partial differential equation.

With the assumptions implicit in an MSMPR the equation can be simplified further.
In a true MSMPR the system operates at a steady-state, and thus the time dependent partial
derivatives (terms 1 and 2 of equation 1.2} are zero. Since the growth rate is independent of
the particle size, the variable G may be removed outside the differential with respect to the
particle size. Since there are no particles in inflow streams the first term on the right hand
side is zero. Since the nucleation occurs at zero size, the birth rate due to nucleation can be
included in a boundary condition, and B, is equal to zero. The other terms in B and D are
zero in the absence of agglomeration and breakage. Since the product stream has the same
conditions as the suspension inside the crystallizer #,, = n (n0 subécript on the population
density is required since there is only one product stream). Thus, the population balance
simplifies to

Gfif’_ 2 Lo 5 (1.3)
drL 14
Defining the drawdown time as 7 = V/(,, and rearrangement gives a first order
homogeneous ordinary differential equation of standard form

% + én i) (1.4)
The boundary condition for this equation is n(L = 0) = »’ (#/m3.m). This represents the
population density at zero particle size. This may be related to the nucleation rate, which is
defined as: |
_dN| _aN°®
dt |, di

(1.5)



Where N is the cumulative number of particles, and therefore N’ i the enmmiative nmimber

of particles up to = 0"

We can consider the rate of change of the cumulative number as

av® _[dLan |
dt dt dL

L=0 (1.6)
From the definition of the growth rate (here assumed to not be a function of L)
c-%
dr (1.7)
and the definition of the population density (as the derivative of the cumulative population)
dN® _
ale - ‘ (1.8)
then
B® = an =Gn°®
dt , (1.9)

Knowing the boundary condition allows a solution for equation 1.4 to be found,

and the solution is

L . ‘
n=n" exp(—a) . .. (1.10)

This solution is sketched in Figure 1.2 Piotting tﬂe data on a semilog plot will
result in a straight line for an ideal steady-state MSMPR crystallizer if there is no size
dependence in the growth rate, nor any growth rate dispersion. If there is size dependent
crystal growth or growth rate dispersion then the plot will not result in a straight line;
however if it is possible to be sure that the crystallizer is a true MSMPR crystallizer then it
is possible to analyze the crystal population density distribution data to calculate the
growth rate model. An example of this is shown in Figure 1.3, which is equivalent to the
crystallization system in Figure 1.2, except now the crystal growth rate is size dependent,
with a growth rate of the form G = Gy(1 + yL)’, with the growth dependent parameters
being y = 0.005, and & = 0.4 in this case. Note that the crystal population density

distribution is now not straight on the semilog plot.
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Fig. 1.2 Population density for a MSMPR crystallizer with no size dependent growth.
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Fig 1.3 Population density for a MSMPR crystailizer with size dependent growth.



If nuclei form at discrete sizes, or if crystal growth rate dispersion occurs in the
crystallizer, there will also be changes in the crystal population density distribution similar
to those shown in Figure 1.3, although these mechanism can also be analyzed based on the
measured crystal population density distribution.

The main difficulty to analysis of such data is that it is very difficult to determine
whether any particular mixed continuous crystallizer really fits the assumptions required
for the MSMPR crystallizer. Particularly, if the suspension is not well mixed, or if the
product and sampling flows are not isokinetic (thus violating the mixed product removal
condition) then the crystallizer will not operate as a true MSMPR crystallizer and the
population density distributioxi will not be linear on the semilog plot even in the ideal case
of size independent growth with no growth rate dispersion, and nucleation at zero size.
This will result in an incorrect model of the crystal growth rates, and therefore incorrect
designs of industrial crystallizers for the material.

Although it is commonly assumed that crystallizer in any tank stirred at a relatively
high frequency will approximate a MSMPR crystallizer, this is not true: great care needs fo
be taken to ensure complete mixing of the suspension and the solution, uniformity of
temperature in the crystallizer, and isokinetic sampling and product removal from the
crystallizer. If these conditions are not met in the experimental crystallizer, then the data
taken from the crystallizer will be spurioué and incorrect models for the crystal growth
rates and nucleation rates Wﬂl be assumed. This will have serious consequences for the
design of industrial crystallizers suing this data: incorrect data for crystal growth and
nucleation rates leads to incorrect crystallizer volumes and residence times in the industrial
crystallizer, leading to incorrect performance relative to the desired crystal size distribution
and yield.

The most common failure in collection of growth rate data from continuous
crystallizers is that the sampling and product removal from the tank is not performed
isokinetically. It is easier to notice errors in mlxmg of the suspension because in
incomplete suspensions there are crystals sitting on the bottom of the tank: in any case,
agitation in the experimental crystallizers is typicaily high to ensure that mass transfer rates
are not even partially crystallization rate determining. Usually the size of nuclei is very
close to zero relative to average particle sizes in the vessel, and so the assumption of

nucleation at zero size is typically very accurate.



Isokinetic sampling or product removal means that the outflow stream is removed at the
same velocity as the stream flow at the point which it is sampled from, indicating that both
the magnitude of the velocity and the direction of the flow must be the same at a point
immediately outside the sampling tube and inside the sampling tube. The streamlines at the
point of sampling the suspension should be straight, in order to avoid errors in sampling
* the crystal population. In the case of isokinetic sampling, the particles follow the
streamlines, entering the sampling tube if, and only if, their path would have entered the
area defined by the end of the sampling tube, thus resulting in a representative sample of
the suspension at this point in the crystallizer. Since the crystallizer is fully mixed then this

sample is also representative of any point within the crystallizer.

- Streamlines

At L L L @

Fig. 1.4 Isokinetic sample from a point in a mixed crystallizer. Particles in an area normal
to the end of the sampling tube will follow streamlines into the tube, while those particles

outside this area will not be sampled.
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Fig 1.5 Schematic diagram of deviations from isokinetic sampling showing why non-

isokinetic sampling results in incorrect measured particle size distributions. (Top)

Insufficient sampling flow: (Bottom) Excessive sampling flow”.



In order to achieve isokinetic sampling the streamlines at the point -of sampling
should be vertical. If this were not true then large and small particles would not follow
streamlines due to the effect of gravity, with larger particles deviating from the streamline
to a greater extent than small particles. Research crystallizers, and also most industrial
crystallizers, are chIgncd to force the streamlines to be vertical usmg a draft tube and
baffles, creating a central zone where the streamlines flow downwards to a downflow
impeller, and then pumped upwards in an area outside the drafttube where the sampling

OCCUrs.

Product tube
Feed tube _

Fig 1.6 A mixed suspension crystallizer with a draft tube and vertical baffles to orient the

streamlines so that the suspension can be sampled accurately.

1.2 Industrial Crystallizers

Industrial crystallizers come in a range of types, and although MSMPR crystallizers
are used industrially they are not among the most common types: they are significant
largely for their ability to accurately predict crystal growth and nucleation kinetics. These
kinetics are essential for the design of the other types of crystallizers used in industry:
without kinetic data it is impossible to de-sign any crystallizer. The common types used for

continuous crystallization from solution are shown in Figures 1.7 - 1.10,
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Fig. 1.10 Mixed suspension crystallizer with draft tube and fines removal.

1.3 Sugar Refining
| Sucrose. (table sugar).is one of the most 1mportant agricultural commodities in.a
number of countnes particularly those in“the tropxcs The total world production is
currently in excess of 140 million tons per year, and the product is typically at 99% purity.
..Raw sugar is typically produced in reglons that have significant areas of sugar cane
(Brazil, Australia, South Africa, and Thalland among others) or sugar beet (N orth America
and Europe) production, and then exported to areas which have insufficient sugar supply in
order to be processed into refined sugar, which is used as a domestic sweetener. It is
possible to process directly to white sugar in beet producing regions. |

Over the prevfous 5 years, Thailand has had an average yearly production of 6.17
million tons per year, consumption of 1.81 million tons p\éf year, and has exported 4.38
million tons per year, making Thailand the second largest sugar expdrting country in the
world (behind Brazil). Unfortunately the price of bulk sugar on the world market dropped
significantly over thé previous decade (from US$0.17/1b in 1995 to US$0.082/1b in 2005)
because of an increase in pro&uction by Brazil, and sugar export subsidies and aggicultural
support prograrﬁs in the developed world, however this trend is reversing as Brazil usés
more sugar production to create biofuels, particularly ethanol.

Crystallization is an essential step in the processing of sugar, and occurs several
times in both the raw sugar and refined sugar manufacturing processes. The crystallization

may be perforined in either batch or continuous crystallizers, or a mixture of both types
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(for instance batch vacuum pans followed by continuous plug flow crystallizers). In the
design of any type of crystallizer, the crystal growth and nucleation kinetics must be
known accurately in order to achieve a suitable crystallizer design; Before the
crystallization occurs there are a number of steps to extract the juice from the cane, to
purify the juice, and to concentrate the juice to a concentration suitable for aqueous
crystaﬂization. A typical flowchart for the raw sugar manufacturing process is given in

Figure 1.11°.

1.4 Sugar Crystallization

_ Crystallization of sucrose, as with other species, crystallizes from soluition when its
concentration is greater than the saturation point. The saturation point depends strongly on
temperature, but only very weakly on pressure, and may be considered constant with
respect to pressure unless the pressure is very high. The concentration of sucrose at the
saturation point is very high, leading supersaturated aqueous solutions of sucrose to have
very high viscosities. The solubility of sucrose in aqueous solutions as a function of

temperature is shown in Figure 1.12.

Bagasse (to boiler)

Quadruple or quintuple effect
evaporators

Juice holding tanks

tank ; Neutralization Filter
tank

Heater

Steam condenser

Mixed juice

Steam condensers

Rotary d-ryer L__r

L -
=i Steam
Raw sugar -massecuile Cooling
crystallizers
Centrifuges
Cooler
A-molasses B-molasses
l C-sugar
Raw sugar storage
Final molasses

Fig. 1.11. Flowchart of a typical industrial process to crystallize raw sugar starting from

3
sugar cane”.
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Fig. 1.12 Solubility of sucrose in aqueous solution as a function of temperature”.
The sucrose molecule is a disaccharide sugar, composed of one inoiety. of ghicose
and one moiety of fructose connected together via a glycosidic bond. The chemical

structure of sucrose is shown in Figure 1.13.

S £

Fig. 1.13 The chemical structure of sucrose (ffdm PubChem: US National Institute of
Health). '
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The crystal form of sucrose is monoclinic, and there are two sucrose molecules in
the unit cell. Many crystallographic faces are evident on the surface of the sucrose crystal,
and the size of each face varies slightly with the temperatﬁre of the crystallizer, the
concentration in the crystallizer, and any impurities present in the crystallizer. Figure 1.14

shows a schematic diagram of a typical sucrose crystal.

B-Achse
N ¢
a
{ 7 . 001/
) | Y
b _ . "1“( b
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/7 'mo
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Fig. 1.14 Schematic diagram of a typical sucrose crystal showing the commonly seen

faces.

The concentration of such crystals in an industrial crystallizer is very high (in the order of
millions of crystals per cubic meter), however since the crystal are typically quite small, or

the order of 0.1 mm, the suspension density is typically not high.



Chapter 11
CFD Theory Used in the Current Study

2.1 Introduction

In industrial crystallizers there are often three phases; liquid (mother liquor), vapor
(water vapor), and crystalline solids. However, the experimental MSMPR crystallizers for
the determination of growth and nucleation kinetics are typically run as isothermal
crystallizers, Mth supersaturation generated by cooling the solution from a saturation
condition down to the temperatufe of the isothermal crystallization before initiating the

- ¢crystallization, rather than boiling off the solvent during the crystallization. This means
that fne heat equations are not required, and that the crystallizer can be modeled as a two
phase system. If the suspension density (defined as the mass of crystal per unit volume of
crystallizer) is low, then it can be assumed that the solid phase has negligible effect on the
liquid phase flow, and it can be neglected. If a more exact description of particle flowlines
is required it is possible to do this using the two-phase simulation results and using a
Lagrangian model for the particles. A model of the MSMPR ‘crystailizer used in the
Crystallization Technology research group at Suramaree University of Technology was
studied using the CFD modeling software ANSYS CFX-4.5 and CFX-5.5.1. A three
dimensional (3D) geometry was used in the simulations in order to account for the strong
3D element of the flow.

The aim of this chapter is to show the mathematical models in the CFD software
used that describe the physical phenomena that are significant in industrial crystallizers.
Not ail equations pre;sented here are written in the form used by the ANSYS CFX program:
see ANSYS CFX-4.5 Manual, ANSYS Canada Ltd.>. It should be noted that as the
experimental crystallizer being studied is an isothermal one, there is no necessity for

* solution of the heat equation in the system, and it will not be discussed further. In the study

it was determined that it was not necessary to simulate both phases in the system since the
suspension dehsities in the crystallization runs were quite low and the crystajs relatively -
small, meaning that crystals followed the liquid streamlines in the crystallizer, and the
crystals in the suspension had negligible effect of the fluid flow field. In addition it was
determined through simulations that the fluid flow was laminar throughout the vessel,
except possibly in a small region vefy close to the impeller, so turbulence theory was also

not used in final simulations (to reduce the model complexity and run time without loss of
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accuracy in this instance). However the two phase theory and furbulence theory applied in
the program will be discussed, as runs were performed to show their change to the result

was negligible.

2.2 Mathematical Models
In this section, the governing equations of fluid flow, and other phenomena

required are described as they appear in the commercial CFD package used (CFX-5.5).

2.2.1 The Continuity equation
The full form of this equation is shown in concise form below for a single phase, single

compbncnt system (or a system that can be modeled as a single component)
op -
—a—}—+V0(pU)=0 (2.1)

where p and U respectively represent the density and cartesian velocity component of the
fluid.

3.2.1.2 The momentum equation

The full form of this equation is shown in concise form below)

g«t«(pU)»kV-(pU@U)=—Vp+pg+Voy(VU+(VU)T)+SM | 22)

where
Sys describes a user defined momentum source, p is the static pressure, and g is the

viscosity of the fluid.

Since the simulations are isothermal, and the system is at steady state with no phase

change, the previous egunation becomes

Ve(pU®U)=-Vp+ pg+Veu(VU+(TUY )+, 2.3)
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If there is more than one phase in the system (as in the case of systems having discrete
(bubble) vapor phase or solid particles, then the continuity and momentum phases have to
be written for each phase using a suitable volume fraction for each phase, as well as

interphase transfer equations. Full details are given in the CFX 5.5 user manual.

'3.2.1.5 Momentum sources

Sources are optional terrns which may be attached to most equations, so as to model
additional or specialized physical processes. In this work, the volume defined by a
subdomain is represented as the impeller and this creates a momentum source that may
have components in any direction. Based on an analysis of how the terms in the
morﬁentum source affected the flow near the outflow tube it was decided to

In the ANSYS CFX program, the user must specify directly in term of 2 momentum source
value per unit volume of subdomain in a specified direction. A source can be specified for

y-direction as follows:

Sity = Sipecy | 24)

where the Sg..y is the specified momentum component, as shown below:

F

P
net, net,
S 2 = 4

wey "y Ty gy

net,y

(2.5)

where P is the power. This momentum source has dimensions of ML T (e.g. kg/m?/s?).

Considering Figure 3.1, the relationship between force and fluid velocity can be written as:

Fy, =pAU’

(2.6)

where ¥ and 4 respectively represent the volume of subdomain and cross-sectional area

normal to the flow.
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Fz+dz

F,

Fig. 3.1 A subdomain created to apply a momentum source.

3.2.1.7 Turbulence model

The turbulence models seek to solve a modified set of transport equations by the

introduction of averaged and fluctuating components. A velocity U may be divided into an

average component, U , and a time varying component, u.
U=U+u ] .7

The averaged component is given by:

_ 1 1+ -
U:Z Udt
r; (2.8)

where dr is a time scale that is large relative to the turbulent fluctuations, but small relative
to the time scale to which the equations are solved. Substituting the time averaged
quantities into the original transport cquations (equations 2.1-2.3) results in the Reynolds-
averaged equations given below. Note that the continuity equation .(cquatlion 2.3) has not

been altered.

The momentum equation for the fluid is:
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Vo(pU@U)=—Vp+pg+V-y[(VU+(VU)T)—pﬁ]+SM (2.9)

Where puurepresents the Reynolds stress.

In inhomogeneous muitipha;se flow, bulk turbulence equations are solved which are the

same as the single phase equations; this means that a single turbulence field is solved using

a single turbufence model. In this work, the turbulence was treated using the k—¢& model
where both phases share the same values for k and € (Micale and Montante, 1999). In this
model, the Reynolds stresses is given (Chung, 2002)

— D
- pun =—= pké + 1 \VU + (VU
pun=-= (vu+uy) T

where # is the eddy viscosity or turbulent viscosity. So that the equations (3.37) and
(2.10) becomes

Ve(pUBU)=—Vp+pg+Vep, [(VU+(VU))]+S, @.11)

where 47 is the effective viscosity accounting for turbulence given by
Hege = He Y H = o+ He T Hy ) (2.12)

The turbulent viscosity of liguid phase is based on the k—& model and formulated as

follows:
k2
/'Ltc = ppc __ '
€ (2.13)
C,=0.09. B s o o
where ¥ The term 7% js particle induced eddy viscosity. There are several

models available to take account of this viscosity. In this work the model proposed by Sato
and Sekoguchi (1975) was used:
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ty = CoprsdlU, —U,| @.19)

with Cf‘” amodel constant which equals 0.6 (Deen, Solberg, and Hjertager, 2002).

Special consideration is required for flow near a no-slip wall, where there are strong
gradients in the dependent variables. The near-wall region can be subdivided into two
layers .In the very near the wall, the layer is called the “laminar (viscous) sublayer”, where
the molecular viscosity plays a dominant role in momentum and heat transfer. Further
away from the wall, in the “logarithmic layer”, turbulence dominates the mixing process.
Moreover, between the viscous sublayer and logarithmic layer, there is the “buffer layer”,
where the effect of molecular viscosity and turbulence are of equal importance. Figure 3.2

shows these subdivisions of near-wall region.

The logarithmic profile is reasonably assumed the velocity distribution near the wall; this
provides a means to numerically compute the fluid shear stress as a function of the velocity
at a given distance from the wall. This is known as a “wall function” and the logarithmic

nature gives rise to the well known “log law of the wall’.

In this work the scalable wall function is conducted to model the flow near the wall, this
_function was developed by ANSYS CFX.
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Fig. 3.2 Flow regions for describing turbulent flow near a wall. (ANSYS Canada Lid.,

2005).

The logarithmic relation for the near wall velocity is given by:

1/4
u+ __:Cﬂf k1!2

(2.15)
The friction velocity is given by:
Ul
ur = 1—
—In(y")+C _
K (2.16)
The absolute value of the wall shear stress is then obtained from:
T =PH U, (2.17)

where U, is the known velocity tangent to the wall at a distance of Ay, K= 0.41 {von

Karman constant or kappa coefficient), C = 5.2, and y'=(p ) {(dimensionless

distance from the wall). Note that the minimum y" is 11.06.



Chapter III

Ensuring the Accuracy of the Computation Fluid Dynamics Program

A pumber of simulations were performed of isothermal systems with
incompressible. flow (as in the case of the MSMPR crystallizer) to test the accuracy of the
CFD software used, and to check the performance and use of features such as the
momentum source term, which are needed in the MSMPR simulation. This was done to
ensure that the simulations performed to model the isothermal MSMPR crystallizer were
accurate, and modeling the systein as intended (for instance that the momentum source
term feature was a suitable method of modeling an impeller). A number of test.cases were

perférmed, with each case being described as a sub-section of the current chapter.
Flow Over a Semi-Infinite Smooth Plate (The Blasius Problem)

The laminar flow of an isothermal incompressible (or equally wvalid, non-
compressed) fluid over a flat plate is a problem of great significance in fluid dynamics, and
one for which there can be found an exact solution. The exact solution to the problem (and
its derivation) can be found in a number of texts in fluid dynamics, and in course notes on
the subject on the internet. The system being modeled consists of an isothermal
incompressible fluid flowing a consﬁnt velocity (such that its flow is in the laminar
regime) meeting a flat plate at x = 0, and considers a 2-dimnensional (2-D) flow. At the
surface of the plate a zero-slip boundary condition holds, creating a boundary layer
(considered as the layer where the velocity is less than 99% of the velocity at infinite
distance from the plate). A schematic diégram of the system simulated for a particular inlet
velocity (70.36 m/s) is shown in Figure 3.1.

The Blasius solution is a 2-D problem, whereas the program CFX-5.5 performs 3-
dimensional simulations. In order to achieve a simulation of the Blasius problem the width
of the simulated area was made to be 1 mesh in width. The fluid density was considered to
be 1.019 kg/m3 and the viscosity to be 2.06x10°° kg/m-s. The pressure in the simulation
was 101.325 kPa (atmospheric pressure), and before the front of the plate, the uniform
velocity was 70.63 m/s.
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Fig. 3.1 Diagram of the first system for confirmation of the accuracy of the CFD program.

The system consists of one dimensional flow of 3.75 mm thickness across  flat sheet of
length 100 mm. .

The solution to the problem was found through simulations be CFX-5.5 until a
grid-size independent result was found. The velocity vectors derived from the solution are
shown in Figure 3.2, which demonstrates the ‘-development of the boundary layer; which

occurs after a short distance from the front of the plate.

Fig. 3.2 Diagram displaying the velocity vectors for the flow in the system shown in Fig.
3.1. "
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A comparison between the theoretical solution of the equations describing the

system and the prediction from the CFD solution is shown in Figure 3.3.

ylU/(vx)}1/2

1.2

Fig. 33 A comparisbn between the solution of the Blasius system (in dimensionless form)

and the CFX solution for the system.
Low-Velocity Flow Between Two Flat Plates Due to a Pressure Gradient

The low-velocity flow between two flat plates due to a pressure gradient can be

solved analytically, giving the following solution

2
u:-ﬁi 1_y_2
dx 2u h

The fact that there is an analytical solution to the problem makes it suitable for
checking the accuracy of the CFD code. The solution was studied for the flow of air at a
pressure of 1 atmosphere and 20 °C between two plates which are 10 mm apart. The
distance of flow studied by CFD was 500 mm, which was chosen so that the flow was free
of end effects. The pressure differential along the length was 0.162 Pa. The basic
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-momentum transfer problem is two-dimensional, however only  three-dimensional
problems can be studied with CFX 5.5. In order to produce a three-dimensional problem
the width of the simulation was set at 2 mm, which is equivalent to two mesh in this
direction. Only half of the solution needs to be calculated due to the symmetry plane at the
centerline between the two plates. A diagram of the system is shown in Fig. 3.4.

S5mm _|

Symmetry Plane -
0 ' 500 mm X

Fig. 3.4 Low velocity flow between two flat plates due to a pressure gradient. The system

studied has a gap of 10 mm, and a length of 500 mm.

The solution to the problem as determined by CFX-5.5 is shown in i*“ig. 3.5.. Here,
the solution is shown near the downwind end of the system, in order to see the solution in
the absence of the end effects. The velocity profile is clearly parabolic, as in the theoretical .
solution, however it is necessary to confirm that the maximum velocity corresponds to that |

predicted by the pressure gradient, fluid viscosity, and distance between the plates.

The change in the pressure along the system for the CFX-5.5 solution is shown in
Fig. 3.6. It is clear that (as predicted from the analytical solution) the pressure gradient is
essentially constant along the length of the system. The only exception to the constant
pressure gradient occurs very close to the inlet of the system: the deviation here may be
due to effects relating to the meshing at very small distances from the inlet, or to end

effects related to boundary conditions assumed for the flow.
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Fig. 3.5 The CFX-5.5 solution for low velocity flow between two flat plates due to a
pressure gradient. The system studied has a gap of 10 mm, and a length of 500 mm.
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Fig. 3.6 The pressure gradient determined from CFX-5.5 solution for low velocity flow

between two flat plates. The system studied has a gap of 10 mun, and a length of 500 mm.
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The most important check of the solution relative to the applications we are using is
the check of the velocity profile for the fluid in the gap between the two plates. The
solution near the end of the flow determined from CFX-5.5 is compared to the analytical
solution in Fig. 3.7. The comparison between the theoretical and the CFD solution shows
that CFX-5.5. is able to describe the.velocity in the system to a.high degree of accuracy.
using the mesh size used in the solution: there is no discernable error in the velocity profile

determined by CFX-5.5 in this problem.

0.005
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=}
5, 0.000 -
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=
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0.000 - 0.050 0.100 0.150 0.200 0.250
Velocity, m/s

Fig. 3.7 The velocity gradients based on the theoretical solution and determined from the
CFX-5.5 solution for low velocity flow between two flat plates. The system studied has a
gap of 10 mm, and a length of 500 mm.

Pipeflow at Low Velocity Due to a Pressure Gradient
The next system studied to determine the accuracy of the CFD program was the flow of air

through a pipe, for which there is also an analytical solution. The solution is given by the
function
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drP 1
u= WEE(RZ —rz)

Where the symbols are defined as before, and R and r represent the radius of the
-tube and the radial position of the location the velocity is being predicted for respectively.
The conditions representing the fluid in the system are identical to that in the previous case
study, i.e. air at 20°C and 1 atmosphere. A schematic diagram of the system is shown in
Fig. 3.8, which shows a cross-section of one half of the tube. The second half of the tube
can be modeled using a symmetry plane.

3 Symmetry Plane -
0 . 500mm  x

Fig. 3.8 Low velocity flow in a tube due to a pressure gradient. The system studied has a

radius of 5 mm, and a length of 500 mm.

The velocity vector plot near the end of the tube for the CFX-5.5 solution is shown
in Fig. 3.9. Again, it is clear that the velocity profile is parabolic as a function of the radial
distance from the center of the tube, as in the theoretical solution for the problem. The
predicted pressure gradient as a function of distance is shown in Fig. 3.10. Again, the
ijressure gradient is constant along the length of the tube, with the exception of a very
small change very close to the start of the tube. The reasons for this are the same as given
in the previous case study. These results show that the predicted solution for the flow is

likely to be in very good agreement with the theoretical result.



Fig. 3.9 The CFX-5.5 solution for low velocity flow in a tube due to & pressure gradiént.
The system studied has a radius of 5 mm, and 2 length of 500 mm.
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Fig. 3.10 The pressure gradient determined from CFX-5.5 solution for low velocity flow in
a tube. The system studied has a radius of 5 mm, and a length of 500 mm.
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Again, the most suitable comparison between the theoretical and CFD solutions is
the velocity profile across the tube: this is shown in Fig. 3.11 for both the analytical
solution and the CFD prediction via CFX-5.5. Again, the agreement between the analytical

and predicted solutions is excellent.
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Fig. 3.11 The velocity gradients based on the theoretical solution and determined from the

CFX-5.5 solution for low velocity flow in a tube. The system studied has a radius of 5 mm,

and a length of 500 mm.
Flow in a Tube with a Contraction

It is also important to determine if the CFD program can deal with sudden changes
in the geometry of the system, which often occur in industrial processing equipment. A
tube of length 10.1 inches, and radius 1 inch was modeled with a contraction of width 0.1

inch occurring in one half of the tube, at a position halfway along the length of the tube
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" The conditions were otherwise similar to the previous example, with. a-inlet pressure of
0.16 Pa in comparison with a reference pressure at the outlet of 0 Pa. A schematic diagram

of the system is shown in Fig. 3.12.
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Fig. 3.12 Low velocity flow in a tube W1th a contractlon due to a pressure gradient. The

system studied has a radius of 0.5 inch and a length 6 10.1 inch: -

In this instance there is no convenient theoretical model that can represent an
analytical solution to the system, although it is useful to observe the CFD solution to the
problem'to check that it is consistent with known properties in such a system, particularly
with respect to the flow characteristics in the system, and the pressure drop across the

constriction.

The results of the CFD study of the system are shown iﬁ Fig. 3.13 to 3.16. Fig.
3.13 shows the pressure distribution along the centerline of the tube as a function of radial
position in the tube and distance from the inlet. It is clear from the solution that the
majority of the pressure drop in the system occurs at the position of the constriction as the

fluid is forced into the top half of the tube. There is also a volume behind the constriction
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that has a pressure lower than that of the outlet, creating a circulation loop behind the

constriction.

Pressure
0.02388

0.00998

.0.01782
[Pa]

Fig. 3.13 Pressure distribution from the CFX-5.5 solution for low velocity flow in a tube
past a constriction. The system studied has a radius of 1 inch and a length of 10.1 inch. The

constriction has a thickness of 0.1 inch,

Fig 3.14 shows a magnified section of the tube around the position of the
contraction to better visualize the effect of the constriction of the fluid. The pressure drop
is quite substantial, starting well before the constriction in the top section of the tube. In the
bottom section of the tube there is a slight increase in the pressure as the fluid interactions
with the wall of the constriction. There is a low pressure zone in a small volume
immediately above the constriction and also for a significant distance behind the

constriction due to the circulation in that area.
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Pressure
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Fig. 3.14 Magnified plot of the pressure distribution near the consiriction for low velocity
flow in a tube past a constriction. The system studied has a radius of 1 inch and a length of

10.1 inch. The constriction has a thickness of 0.1 inch.

The plot of the velocity vectors for the flow is also interesting: this plot is shown in
Fig. 3.15. The constriction forces the fluid upwards in the volume immediately before the
constriction, which accelerates the fluid past the constriction causing a significant pressure
drop. After the constriction the fluid expands again causing a reduction in the average flow
velocity. In the section immediately downstream from the constriction there is a flow loop
caused by the low pressure region behind the constriction. The flow behaves as is expected

(and has been measured) in similar systems.
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Fig. 3.15 Velocity vectors from the CFX-5.5 solution for low velocity flow in a tube past a
constriction. The system studied has a radius of 1 inch and a length of 10.1 inch. The

constriction has a thickness of 0.1 inch.

Fig 3.16 shows the fluid streamlines for the flow in this system. There is significant eddy
formation in the volume immediately behind the constriction, with a significant portion of

the fluid being recycled, as shown by the large number of streamlines in the eddy.

Fig. 3.16 Streamlines from the CFX-5.5 solution for low velocity flow in a tube past a
constriction. The system studied has a radius of I inch and a length of 10.1 inch. The

constriction has a thickness of 0.1 inch.
Flow in a Tube with a Non-Central Momentum Source

A tube with a non-centrally located momentum source contaiming a thin wall
separating the top and bottom halves of the tube for a 15 mm section of tube preceding the
source was modeled to investigate the ability of the commercial code to accurately realize
flow fields in systems with power inputs to the process through impellers or similar
features. A schematic diagram of the system being modeled is shown in Figure 3.17. The

momentum source is contained in a 1 mm section of the pipe under, and at the end of the
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thin wall. A schematic diagram showing the form in which a momentum source term may-
be added in CFX 5.5 is shown in Figure 3.18. ‘

50mm

ThinV‘Valif\ +},|n_é_.;_ T

o s >| Momentum
25 mm 15mm - source -

Fig. 3.17 Diagram of the system used to iﬁvestigate momentum source additions in the
commercial CFD software CFX-5.5. The system represents a tube with a thin w;{ll .
separating the tube into two parts, and contains a momentum source tem"l at the"buﬁﬂbw
end of the thin wall. ; i : ' -

" Momentum Source

Fig. 3.18 Schematic diagram of a momentum source addition in a discrete volume, as

applied in the commercial CFD software CFX-3.5.

The results of the simulations on the system are shown in Figures 3.19-3.21.
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~ Fig. 3.19 Pressure distribution for flow in the system with the geometry sketched in Fig,
3.17 with 2 momentum source strength of 10000 kg/m’s.

The Pressure distribution shows a system where there is a strong pumping effect created by
the momentum source in the lower section of the tube. This effect can be seen in the very
~ low pressure region in the region immediately before the momentum source (and preceding
the entire length of the separated region of the tube), and the strong positive pressure in a

small region immediately after the momentum source.
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Fig. 3.20 Velocity vectors for flow in the system with the geometry sketched in Fig. 3.17

with 2 momentum source strength of 10000 kg/m’s.

The pumping action is confirmed in the velocity vector plot which shows much higher
velocities in the core of the separated region preceding the momentum source. This also
results in significant draw of liquid from the top half of the tube into the separated region

at the inlet of this region, and an expansion of the flow of the fluid at the exit of this region.
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This also results in a small degree of backflow in the region of the tube that does not
contain the momentum source as fluid from this higher pressure region is sucked into the

lower pressure region at the entrance of the separated section.

Fig. 3.21 Streamlines for flow in the system with the geometry sketched in Fig. 3.16 with a

momentum source strength of 10000 kg/m’s.

The streamline plot confirms the existence of the recirculation loop surrounding the wall
between the two sections of the tube, the result of the momentum source in the bottom
section of the tube. There are also two relatively stagnant zones created just above the
partition between the two zones at either end of the partition, due to the characteristics of

the flow loop between the two sections.

We can note that there is no recognized analytical solution for this system, and so it is not
possible to make a comparison to a known solution; however the response of the

simulation appears to give a realistic result, with no obvious deviations from what is

expected in such a system.
Flow in a Tube with an Axial and a Spiraling Momentum Source

Based on the objectives of the current research, it is necessary to determine what level of
complexity is necessary in order to model the agitator which is used in the MSMPR
crystallizer to suspend the crystals and to mix the crystals and solution. In order to make
this determination it is necessary to consider both the practical details of the MSMPR
crystallizer modeled and also the objectives of the research. First, we must consider that
the current study aims to determine the significance of the operating point of the system on

whether the flow from the system is isokinetic or not, and therefore whether the crystallizer
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really meets the MSMPR assumptions. This suggests that the most crucial region of the
crystallizer to model with high accuracy is the region around the outlet tube, which will
determine whether the isokinetic assumption exists. This region is in the annular space
outside the draft tube, and contains four vertical baffles at 90° intervals that are used to
remove radial flow in this space, and force the streamlines to be as vertical as possible.
These baffles perform two purposes in straightening the flow: the first result is that the
ability to suspend particles in the system (a necessary function in the crystallizer) will be
much better if the streamlines are exactly counter to the gravitational force; the second
function is that the straightened streamlines will then be exactly parallel to the direction of
the outlet tube, which is an essential condition to be able to achieve isokinetic flow in this
tube. Alternatively, it is clear that the flow conditions well away from this zone,
particularly inside the draft tube only need to be known qualitatively. The impeller region
could be analyzed to any level of accuracy (for instance using moving domains, and other
modern techniques), however this will add enormous time and computational requirements
for high accuracy, but will add little knowledge in relation to the objectives of the study.
For this reason the common CFD technique of modeling impellers with momentum source
terms was used, and it was wished to analyze what type of momentum source was suitable,
with the knowledge that the flowlines are likely to have been made quite vertical by the
baffles before the flow reaches the outlet tube,

In order to investigate the momentum source term in realistic applications, a system
was studied where the momentum source is separated from the wall of the tube, as shown
in Figure 3.22. The momentum source term was contained within a disk-shaped volume of
diameter 7 mm, and thickness 1 mm contained centrally within a 10 mm tube. The source
term was placed midway along the tube section investigated to determine its effect on both
the upstream and the downstream flow. The momentum source was modeled as purely an
axial source in some simulations, and as a source containing both axial and radial
components in others, to view the ability of the momentum source to produce swirling
(rotating) flows, which are common for impeller driven flows. The boundary conditions for
the system are 0 relative pressures at both ends of the geometry: flow is produced by the
pumping action of the impeller rather than due to a pressure gradient in the axial direction

of the flow.
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Fig. 3.22 Diagram of a system used to investigate momentum source additions in the
commercial CFD software CFX-5.5. The systemn represents a tube with a centrally located

momentum source term.

Figure 3.23 shows the pressure distribution within the geometry studied for the process.
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Fig. 3.23 Pressure distribution for flow in the system with the geometry sketched in Fig.
3.22 with a momentum source strength of 10000 ke/m’s and momentum addition in the

axial direction only.
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The pressure distribution shows very clearly the pumping action of the impeller. In the
section upstream of the impeller there is a low-pressure (suction) zone, particularly in the
area immediately preceding the momentum source; the effect is less pronounced near the
wall of the pipe, especially in the region adjacent to the source. In the section downstream
from the source there is an equivalent volume of a high pressure region as the momentum
source pushes fluid into this région. Again, this high pressure term is much stronger in the
volume immediately downstream from the source than it is near the wall, particulaﬂy in

the area adjacent to the source.

Fig. 3.24 Streamlines for flow in the system with the geometry sketched in Fig. 3.22 with a
momentum source strength of 10000 kg/m”s and momentum addition in the axial direction

only.
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Fig. 3.25 Velocity vectors for flow in the system with the geometry sketched in Fig. 3.22

with a momentum source strength of 10000 kg/m’s and momentum addition in the axial
direction only. | »

In some systems, particularly in unbafﬂed systems contaunng an unpeller 1t may be.; '
necessary to model momentum addition in both the axial and radlal d1rect10ns to model
‘swirl’ created by an impeller. A momentum source Wlth radial and axial components was

used in the geometry defined in Figure 3.22, with results for streamlmes shown in Figure
3.26, and the pressure profile is shown in Figure 3.27..

More details on the programming invelved in these case studies, and more analysis of the

results is given in the M.Sc. thesis of Jaruwan _'I‘angtonsakoolwongz.
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Fig. 3.26 Streamlines for flow in the system with the geometry sketched in Fig. 3.22 with a
momentum source strength of 10000 kg/m’s and momentum addition in a combination of

the axial and radial directions.
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Fig. 3.27 Pressure distribution for flow in the system with the geometry sketched in Fig.
3.22 with a momentum source strength of 10000 kg/m’s and momentum addition in both

the axial and radial directions.




Chapter IV
Geometry and Physics of the Crystallizer

The crystallizer that is simulated in the cwrrent project is a bench scale MSMPR
crystallizer at the School of Chemical Engineering, Suranaree University of Technology.
The crystallizer is suitable for crystal growth and nucleation rate determinations in a wide
range of materials, including organic and inorganic crystals. The working volume of the
crystallizer is 2.5 L, and it is feed by a variable speed peristaltic pump (or two pumps if a
reaction or non-solvent crystallization is used), and the product is taken using a high speed
peristaltic pump, which can be switched on and off by a level controller to maintain a

constant working volume. A schematic diagram of the system is given in Figure 4.1,

Impeller motor

Level controller

Level sensor

A ()

> SEEEEE
Level setpoint

Switching signal

-~
oy

Second feed pump Feed pump

o
-
|
q-‘n.-...__._..._._.._-__

Product pump

o

Drai% tube and coil for T control

Baffles

Irr;peiier

Fig. 4.1 Schematic diagram of the experimental MSMPR crystallizer at Suranaree
University of Technology. The second feed pump is only required for a second reagent in

reaction crystallizations or for a non-solvent in non-solvent crystallizations.

A photograph of the crystallizer and its internals is shown in Figure 4.2. The
crystallizer has 4 equally spaced vertical baffles mounted around a copper coil which acts

as a draft tube (to segregate the downflow in the impeller region from the upflow in the
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outer body of the crystallizer) and also as a heat exchanger to maintain a constant (set)
temperature in the crystallizer. Also shown in the figure is the impeller shaft. The blades

are located near the base of the draft tube, and are hidden in this figure.

Fig. 4.2 The body of the experimental MSMPR crystallizer which was simulated.

The geometry of the crystallizer is a three dimensional object, and because of the
feed and product tubes, and baffles, there is no possibility of reducing the geometry to a
thin slice, which would allow the volume meshed to be greatly reduced, thereby reducing

the computation time. The crystallization investigated in the study is the isothermal
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crystallization of sucrose, which is neither a precipitation nor a non-solvent crystallization,
which indicates that the second feed tube can be removed from the system. The product is
taken from the body 6f the crystallizer halfway between two bafile plates, and the feed
solution is feed into the draft tube (near the impeller location) along the same plane as the
product.

' It is possible to accurately complete the simulation using only half of the geometry
since there is a symmetry plane at the plane through which the feed and product tubes are.
The flow field will be symmetric across this plane. This reduces the volume contained in
the geometry by half, and therefore also greatly reduces the computation time. It is not
possible to further reduce the computational area. A schematic diagram of the crystallizer
with the key features of the geometry highlighted is shown in Figure 4.3.

Externat wall of the crystallizer

\ Vertical baffles

Area of draft

tube Feed Tube

Product Tube

/ :

Wall of the

Location of momentinn draft tube

addition by impeller

Fig. 4.3 Key feature of the geometry of the MSMPR crystallizer.

Careful measurements were taken of the laboratory crystallizer, including

measurements of the curve describing the bases of the crystallizer body, and these
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measurements were used to produce the crystallizer geometry in the programn CFX-Build.
Although it is pbssible to import geometries created in CAD-CAM prégrams into the CFX
program, these programs were not available at SUT, and therefore the design was done
with the basic geometry creation mechanisms in CFX. This is a relatively tedious job if the
geometry is relative complex, as in the crystallizer being simulated. In addition, it was
necessary to create several “sub-volumes within the ¢rystallizer to ‘account for special
features of the design, including the momentum source which models ﬁe impeller.

The crystallizer is a cylindrical vessel with a curved bottom to avoid stagnant areas
around the outside of the base. The fotal height of the crystallization section is 133 mm,
with 100 mm in a linear section above the base. The height of the draft tube is 70 mm,
which. allows the suspension sufficient area to flow over the draft tube into the central
section. The height of the vertical baffles is 98 mm. The radius of the cylindrical section of
the crystallizer is 68.5 mm, and the radius of the draft tube is 34.5 mm. Both feed and
product tubes have diameters of 6 mm, and the feed and product tubes are submerged 75
mm below the top of the crystallizer. The complete geometry, included dimensions in mm,
is shown in Figure 4.3. All internal surfaces (baffles, draft tube, and feed and product
tuEes) are considered as thin surfaces to reduce the complexity of the geometry and the
further calculations. |

Before creating fluid sub-regions it is necessary to create a 3D region of space
containing the full domain which will be solved. This is done by choosing solid features
(eithér bounding solids or cutout solids) which bound the entire 3D region of interest. Fluid
sub-regions are created within the geometry in a similar way. These sub-regions can be
used to specify different models in different regions of the simulation, or for special
objects suéh as' (momentum, heat, or mass) sources. The following sub-regions were
created within the current geometry.

1. “Draft”: The volume contained within the draft tube, but not the volume

directly abo{re or below the draft tube.

2. “Baffle”: The volume in the baffled section of the crystallizer (outside the draft

tube).

3. “Impeller”: The region in which the impeller is located in the crystallizer. This

region is a small disk located at the base of the draft tube. This allows a
momentum source to be added in a small region as an analogue to an impeller.

Trying to model a true impeller requires a moving grid approach, and with such
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a complex geometry would require excessive computation time, without adding
to the knowledge of the flow field at the outflow, which is what is most
significant to this study. The momentum source used in the impeller region
varied depending on the study. In some simulations momentum souices
modeling a rotating input were added to the system, however the rotating
momentum components were essentially fully damped by the baffles before it
reach the outflow tube, and thus it was found not necessary to include these
terms. In most cases simulated the impeller is modeled as a simple downflow
momentum source (as the flow inside the draft tube is down, so that the flow in
the baffled region is upflow to obtain a correct flow at the sampling point).

4. “Intube”: The region inside the tube through which the inflow to the
crystallizer flows. This region requires a smaller mesh than in the bulk to the
crystallizer because of its narrow diameter.

5. “Outtube™: The region inside the tube through which the outflow from the
crystallizer flows. This region requires a smaller mesh than in the bulk to the
crystallizer because of its narrow diameter.

The crystallizer geometry, 3D region, and sub-regions are defined within a file
pamed “halfmodel.def”. The name is used io indicate that it is modeling half of the
crystallizer, with the center-line of the crystallizer being defined as a symmetry plane.

- After defining the sub-regions it is necessary to define the properties of the system
by defining the fluid domain. The reference pressure was defined as 101,325 Pa, and the
simulation was set as a steady-state simulation with a stationary domain. The number of
fluid is set as 1, and this fluid is defined as a sugar syrup. This fluid is defined as a pure
fluid (it is not necessary to describe it as a mixture in this simulation), and the properties of
the fluid are defined as: density = 1.3427x10° kg/m’, and the dynamic viscosity = 0.23677
kg/m/s. These are typical values for the properties of the mother liquor in a crystallization
of sugar in a continuous crystallizer. Because of the high viscosity of the sugar syrup, the
flow fields are laminar in éll locations in the crystallizer in the current simulations, and so
a laminar fluid model is used. In addition the non-buoyant model is used, and no heat
transfer model or radiation model is used.

Next it is necessary to describe the system boundaries. There are a large number of

different types of boundary available in the CFX program: these include:
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Fig. 4.4 Geometry of the crystallizer from CFX-Build.

1. Inlet: Across an inlet boundary it is only possible for fluid to flow into the system
described by the solid formed in CFX-Build. (Flow out of the system across this
boundary is stopped even if predicted by the CFD solution). An inlet may be
classed as subsonic or supersonic. The flow involved in the current study was all
well within the sub-sonic range. The flow can be defined via the cases: Nonnai
Speed (the flow has a certain velocity normal to the plane of the inlet); Cartesian
Velocity Components (the flow is in a direction away from the plane defining
the inlet, with the velocity being described in vector notation: cylindrical
velocity components are also possible); Total Pressure (the flow is calculated by
the pressure gradient from the plane defining the inlet to the bulk fluid inside the
volume simulated); Static Pressure (which is similar to the previous case,

however the static pressure is used to define the boundary); and Mass Flow Rate
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(a upiform mass flux of fluid through the inlet is assumed, or velocity
components are used to describe the flow direction).

2. Outlet: Across an outlet boundary it is only possible for fluid to flow out of the
system described by the solid formed in CFX~Buﬂd. (Flow into the system
across this boundary is stopped.even if predicted by the CFD solution). Outlets
can be defined by: Static Pressure (similarly to the inﬂov;.;); Normal Speed
(similarly to the inflow); Cartesian Velocity Components (similarly to the
inﬂbw); Mass Flow Rate (similarly to the inflow); Velocity (for two-phase
simulations); and Degassing (where one phase is a dispersed phase, and the
dispersed phase only is allowed to exit through this outlet).

3. Opening: An opening is a boundary through which fluid can flow into or ocut of
the system. Openings can be define by Carfesian velocity components, Pressure,
or Statié Pressure.

4. Wall: A wall is a solid feature through which flow is impossible. Wails may be
No Slip (Stationary): Free Slip: No Slip (Moving): Counter-rotating Wall
(available only with a rotating domain). A wall roughness can also be deﬁne&,
either szﬁooth, or rough with a given value of the surface roughness. Walls may
be defined as exterior walls, or as thin surfaces, which:are solid surfaces inside
the geometry which are thin enough to be considered as a thin surface. The
baffles, draft tube, and inlet and outlet tubes are considered as thin surfaces
within the current simulation. _

5. Symmetry: A symmetry plane occurs where the flow on one side of a plane is
known to be a mirror image of the flow on the alternate side. In this case one
half of the geometry can be modeled, and the alternate half predicted from the
first, with suitable treatment of the interface between the 'two_ sides.

6. Periodic pair (rotational or translational). If the solution i§ known to have
periodicity (such as where there is a finite number of fins or turbine blades) then
a periodio boundary condition is suitable to reduce the size of the problem.

There are a large number of boundaries in the different sub-regions in the system.

These are:

1. “Inflow”: This is the top of the inflow tube, and is considered as a subsonic

inflow normal to the plane of the inlet, with a specific mass flow rate of

4.6712x10™ kgfs, which is a common condition for the crystallizer (giving a
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particularly suitable value of the residence time). Giving the boundary condition
at the top of the flow tube (rather than the_"bqttom) allows for a fully developed
flow to occur at the base of rhe tube, _{;Jfrere the liquid feed flows irrro the
crystallizer. o |

2. “Outflow™ This is at the top of the. outﬂow tube, and is.a subsomc outflow

boundary condition with a relative stat1c pressure of 0 Pa.

3. “Draftwall011 and Draﬁwa11012” are the inner walls of the drafttube. They are

Zero shp walls. : '
4. “Draftwall021 and Draﬂwa11022” are the outer walls of the drafttube. They are
zero slip walls. ' '
s, “Inwali0117, “Inwall012”, “InwallO?.l” 'and “InwallO22” are the internal and
external walls of the inflow tube These are all 1o slrp walls

6. .“Outwalll” and “Outwall2” are no slip walls deﬁmng the outlet tube

7. “Baffle]” and “Baffle2” are no slip waHs at the position of the baffles in the

crystallizer. '

8. “Sym defines the symmetry plane i in the crystallizer. -

9. “Default” defines the other solid surfaces within the crystallizer, and these are no

lip walls. , - '

After the definition of the boundaries the 1mt1al values for the simulation variables
are defined. The typical way of achieving this is toeset the “Domain Initial Condition” to
“Fully Automatic”. In this case, if there is a previous solution for the domain, this solution
will be used as an initial condition. If there is no previous solution in the domain then the
CFX solver uses default initial values for all variables being solved. ‘(The default values
for pressure and velocities in the initial values for the system is zero: the average
temperature of all- boundary conditions is used as the default initial condition for
temperatures if heat transfer is being studied).

Mesh creation is necessary to partition the geometry into finite regions for the
computational technique. The first step of the mesh creatiorl is to create a surface mesh on
the surfaces of the volume using the Delauney Surface Mesher programmed'i.nto the CFX
code. The parameter that conirols creation of the surface mesh is the Maximum Edge
Length. If this is set too large then the grid will not be sufficiently fine to produce an
accurate solution, or to see small features in the flow field. If the value is set too low then

the simulation will take an extremely long time to solve The volume meshing (creating
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mesh throughout the entire volume of the system) is done when the definition file is being
written. The volume mesh is created by the Advancing Front and Inflation (AFI)
algorithm.
The last details that the program requires before solution is the Solver Parameters.
+The first set of these parameters relate to the. Convergence Control: the maximum number
of timesteps was set at 100, and the physical timestep was set to Auto Tiﬁiescaie, where the
solver will choose a suitable timescale based on the physics of the problem. The second set
of parameters‘ in the Solver Control is the Convergence Criteria: here, the Root Mean
Square for Residuals criteria was selected, with a convergence target residual value of
1.0><1(_)'m. The advection scheme used was a first order upwind scheme.
| .Aﬁer setting these paramet’ers’"ﬂme definition file is written, ensuring to select the
Write Mesh toggle selected so that the volume mesh is created when the definition file is

written. The mesh for a typical run is shown In Figure 4.5.
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Fig. 4.5 Volume mesh used in a typical run.
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It is very important to ‘determine that a solution to a CFD problem is mesh size
independent, indicating that the mesh is sufficient small as to accurately model the system.
This is done by performing the same simulation using a range of different mesh sizes
covering more than an order of magnitude in s_ize. When the solutions converge into a
single solution as the mesh size becomes smaller it is possible to determine at which mesh .
size the solution becomes mesh size independent. These calculations were perfdrmed in the
current system to prove that the solutions obtained were accurate. A typical grid used (as
shown prev1ously) has 73735 nodes, 376481 elements and 40716 faces.

‘The solution was first obtained using a coarse grid. The calculation is performed
iteratively until the residuals reduce to an acceptable level. To achieve grid independent
results;, the grids were refined st.ei:t by step until changes in the ﬁumerical soiuﬁon'Were
unnoticeable. ‘ o

After the system to be solved has been defined in the definition ﬁié, the system is
solved using the program CFX-5 Solver. The finite volume methodology with an
unstructured grid is built into the software and empioyed in this study. This program
iterates the solution variables un_til. a converged solution is reacﬁed. After a solution has
been reached the solution can be visualized and plotted in the ﬁrog:ram CFX-Post. This
allows for 2 and 3-dimensional plots of all variables soived as well as plots of streamlines,
regions of constant properties 9such as 1so-velocrcy plots) and other significant features.
CFX-Post also allows for visualization of the geometry and the mesh. Figures of the mesh
and results shown in this report are plotted in CFX-Post.



_ Chapter V
Results and Discussion of the MSMPR Crystallizer Simulation

Simulations were performed using the geometry and physics described in Chapter
#IV. Simulations were performed to determine the maximum mesh size at which the results
~could be clearly known to be mesh size independent. This will allow for an accurate
solution to be found using the minimum computational time. Seven test cases were
performed vafying the momentum source strength, which corresponds to the impeller
. speed used in the crystallizer. This will also depend on the type of impeller used in the
crystallizer: for most downflow type impellers the total momentum added is approximately
twicé that used in producing the downflow effect: the remaining momentum is lost as swirl
and other momentum components. This indicates that the total momentum added under
these conditions in a real crystallizer would be very close to twice the momentum addition
simulated. Momentum source values of 0, 1000, 10000, 15000, 18000, 30000 and
50000 kg/m?%/s? were used in the simulations. There are four main diagrams that can be
used to demonstrate the results from the simulation, and these are: the velocity vector plot
which shows the magnitude and direction of the stream flow at all points in the crystallizer
(assuming the symmetry condition); the streamline plot, which shows examples of
streamlines of the fluid between the inlet and_outlet of the crystallizer; the velocity contour
plot, which shows areas of particular velocity magpitude within the crystallizer; and the
velocity vector plot around the outlet tube, specifically to show whether isokinetic
sampling has been achieved for a particular momentum source. The results will be
discussed with illustration by these four types of plot in order of the source of the volume -

rate of momentum addition.
Momentum Source Strength of 0 kg/mz!s2

If there is no momentum addition at the position of the impeller (equivalent to either
having no impeller or having the impeller not rotating) then the only momentum addition to
the system is due to the flow of the feed liquid into the tank. This does not indicate that the
fluid is completely stagnant since there is still flow (and therefore momentum transfer) into
and out of the vessel, causing flow between these two points. Since the flow area of the inlet

tube is orders of magnitude lower than the area of either the draft tube or the annular space



56

outside the draft tube, the velocity of the fluid at all positions other than the volumes around
the outlet and inlet is extremely small. The flow vectors in the volume of the crystallizer are
shown in Fig. 5.1. The flow vectors in the inlet and product tubes correspond to flow rates
of 2.5 Vhr through the tubes (which corresponds to 1.25 V/hr through the half inlet specified
in this geometry). = . . ... _ b ol P B o RAE mE

Fig. 5.1 Velocity vectors in the MSMPR crystallizer for a volume rate of momentum
addition of 0 kg/m?/s”.

Fluid streamlines show that under conditions of no momentum input the fluid mostly
bypasses the bulk of the volume of the crystallization vessel and moves directly between the
inflow and the outflow tubes, with some expansion of the streamlines between the two
points. A smaller number of the streamlines pass other directions in the crystallizer, so no

area of the crystallizer is fully stagnant. The streamline plot is shown in Fig. 5.2.
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Fig. 5.2 Fluid streamlines in the MSMPR crystallizer for a volume rate of momentum
addition of 0 kg/m*/s”.

The velocity contour plots for the vessel verify this result, with relatively high
velocities inside the feed and product tubes, and adjacent to the mouths of these tubes, but
very low velocities (much less than 0.01 m/s) in the remainder of the vessel. The condition
of zero momentum input, equivalent to having no impeller, is clearly unsuitable for the
crystallizer, even without seeing the solution for the CFD. However it is important to study
this condition in order to obtain a baseline case to which the remaining CFD studies at

higher momentum source additions can be compared.
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Fig. 5.3 Velocity contours in the MSMPR crystallizer for a volume rate of momentum
addition of 0 kg/m?/s*.

Because the main focus of the project is to determine the point at which the flow
through the product tube is isokinetic, thus optimizing the performance in terms of the
MSMPR assumptions, it is useful to investigate carefully the flow in, and immediately
around the mouth of the product tube. This is shown by the velocity vector plot in Fig. 5.4.
The plot shows only the area around the mouth of the product tube, which is shown by the
solid line. It is clear from this plot that the magnitude of the velocity in the product tube is
an order of magnitude higher than the velocity in bulk of the vessel near the tube. This
cause the streamlines to accelerate into the tube, pulling liquid toward the product tube
from areas well away from the tube. The result of this is a suspension of small to mediuom
sized particles is that the smaller particles will be drawn into the mouth of the product tube
even if their original trajectory would have cause them to not be sampled in the tube. Large
particles will not be withdrawn if their trajectory was not originally into the mouth of the
tube, however: the momentum of the larger particles will be sufficient that they can

continue more or less along their original path, and will therefore not enter the product tube
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unless their original trajectory was into the tube. This will cause a larger than average
particle density for the small particles, and violate the MSMPR assumption that the particle
density function in the product is equal to that in the crystallizer vessel (the mixed product
removal assumption). This would cause the calculate nucleation and growth kinetics from

the crystallizer to be incorrect.

’...

- |

Fig. 5.4 Velocity vectors around the outlet tube of MSMPR crystallizer for a volume rate of

momentum addition of 0 kg/m?/s* (the figure is rotated 90° for convenience).
Momentum Source Strength of 1000 kg/m’/s*

It is difficult to be able to predict the necessary momentum input to obtain an
isokinetic flow apriori. The first simulation after the base case was chosen to have a
momentum input of 1000 kg/m?*/s”, which the results show is still very much under the
input required for the isokinetic condition. However this case does demonsirate a
significant change in the flow structure of the vessel, and thus it is useful to discuss it in
detail.

The first plot to discuss is the velocity vector plot for the entire crystallizer, shown in

Fig. 5.5. Although the overall flow pattern is similar to that of Fig 5.1, a significant change




60

to the structure is evident. In this case there is a small but significant downward flow

across the draft tube which is due to the pumping action of the impeller rather (as in the
previous case) a small flow only due to the inlet flow. There is also a small ﬂdw upwards
in the annular space outside the draft tube, also due to the pumping action of the impeller.
.. This. assists in. forcing. a. vertical .flow at the position .of the outlet fube mouth: this is
essential for isokinetic flow. Although the simulation shown has a momentum source term
in the vertical direction only, experiments with ‘swirl’ (including tangential terms) in the
momentum source did not appreciably affect the flow in the volume near the mouth of the
outlet tube. The four vertical baffles straightened the flow in the space at the position of the

cutlet tube even when these momenhum source terms were used in the simulation.

Fig. 5.5 Velocity vectors in the MSMPR crystallizer for a volume rate of momentum
addition of 1,000 kg/m’/s’.
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Fig. 5.6 Fluid streamlines in the MSMPR crystallizer for a volume rate of momentum
addition of 1,000 kg/m%/s’.

The streamline plot (Fig. 5.6) shows similar features to the one for 1,000 kg/mzlsz,
but in this case a much larger amount of recirculation, and a lower fraction of the
streamlines bypassing the bulk of the vessel by flowing directly from the inlet to the outlet.
A recirculation loop passing down through the draft tube and then up through the annular
space 1s clearly evident in this plot.

The velocity contour plot (Fig. 5.7) is similar to the equivalent plot for 1,000
kg/m®/s, but in this case there is a larger area of high velocity around the mouth of the
inlet tube. The plot does not clearly show the slightly higher velocities in the draft tube and

the annular space, but these are evident from Fig. 5.5.
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Fig. 5.7 Velocity contours in the MSMPR crystallizer for a volume rate of momentum
addition of 1,000 kg/m%/s*.

The plot of the velocity vectors around the mouth of the product tube shows that
the velocity in the annular space is still far too low for isokinetic sampling, and there is
significant flow acceleration into the product tube. This again indicates that there will be a
higher than acceptable amount of small particles in the product stream, violating the

assumption of the MSMPR crystallizer.
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Fig. 5.8 Velocity vectors around the outlet tube of MSMPR crystallizer for a volume rate of

momentum addition of 1,000 kg/mz/s2 (the figure is rotated 90° for convenience).

Momentum Source Strength of 10000 kg/m?*/s*

For a momentum source of 1000 kg/m%s’ the pumping action of the impeller is
strong enough to create a strong circulation loop down through the draft tube and up
through the annular space in the crystallizer, as evident in the velocity vector plot for the
crystallizer (Fig. 5.9). It can be noted that the downward velocity in the draft tube is much
higher than the upflow velocity in the annular space. This is due to the cross-sectional area
in the annular space (1.47x10? m?) being significantly larger than the cross-sectional area
of the draft tube (3.74x10 m?). The veIociti/ in the left side of the annular space is higher
than that in the right side of the annular space (near the product tube) because of the effect
of a substantial amount of fluid from the right side being removed as a product. The flow

around the product tube still does not appear isokinetic however.
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Fig. 5.9 Velomty vectors in the MSMPR crystalhzer for a volume rate of momentum
addition of 10,000 kg/m%/s*. '

The fluid streamline plot (Fig. 5.10) shows fiibas Ths-memenfunt hddien ﬁﬁough
the impeller becomes larger the fluid circulates more in the crystallizer before leaving
through the prbduct tube. _

The velocity contour plot for this momentum input describes a system that has a
more complex flow pattern than for the lower momentum addition simulations. Firstly, the
downflow velocity in the draft tube is quite high, comparable to that in the inflow tube.
The exception to this is near the walls of the draft tube and near the walls of the inflow
tube, which have a zero-slip boundary condition. Again, the upflow velocities in the
annular space are less than the downflow velocities in the draft tube, due to the larger flow
area in the annular space. There is also a small region between the product flow tube and
the draft tube wall where the velocity is quite low due to the small distance between the
two zero-slip boundary conditions. This occurs in only a very small region of the

crystallizer because the product tube takes up only an extremely small fraction of the total
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flow volume in the annular space. The region is emphasized in the figure shown because

this is plotted through the plane of the product and feed tubes.

Fig. 5.10 Flud streamlines m the MSMPR crystallizer for a volume rate of momentum
addition of 10,000 kg/m®/s*.

A second interesting conclusion from the velocity contour plot is that a near stagnant
zone is formed at the base of the vessel immediately below the impeller. This zone is
problematic because it may allow large crystals to sediment in this zone, thus breaking the
‘mixed suspension’ assumption of the MSMPR crystallizer since the crystal size
distribution in this area would significantly deviate from the bulk average of the
crystallizer. This stagnant area would also affect the continuous operation of the
crystallizer, as this zone would need to be purged of crystals periodically. This explains

why modern crystallizers often have a raised area under the impeller.
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Fig. 5.11 Velocity contours in the MSMPR crystallizer for a volume rate of momentum
addition of 10,000 kg/m?/s>.

The velocity vector plot for the fluid near the product tube shows that the product
sampling is still not isokinetic. The flow acceleration before the fluid enters the product
tube is evident, particulatly in that the velocity vectors are equal at the plane on the left
hand side of the plot, but have a significant (~25%) increase at the center for the vectors
immediately before the mouth of the tube. There is flow divergence of the fluid outside the
product tube in the region after the mouth of the tube, however this is due to divergence
related to the zero-slip condition on the wall of the tube. Note that the fluid has essentially
reached a steady profile for laminar flow of fluid through a cylindrical section (a parabolic
velocity profile) by the time it reaches the end of the section plotted. This indicates that the
average velocity in the tube can bet determined halving the maximum velocity present at
the centre of the product tube. (The true average velocity in the tube can also be calculated

from the product flow rate, the fluid density, and the cross-sectional area of the tube).
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Fig. 5.12 Velocity vectors around the outlet tube of MSMPR crystallizer for a volume rate
of momentum addition of 10,000 kg/m?/s* (the figure is rotated 90° for convenience).

Momentum Source Strength of 15,000 kg/mz/s2

Increasing the momentum source strength from 10,000 to 15,000 kg/m?/s* increases
both the downward flow through the draft tube and the upflow velocity in the annular
space. Now the downflow velocity in the draft tube is of a similar magnitude to the inflow
velocity in the feed tube, and the pumping action of the impeller is quite sufficient to
circulate the fluid throughout the crystallizer. The velocity vector plot is shown in Fig.
5.13.
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Fig. 5.13 Velocity vectors in the MSMPR crystallizer for a volume rate of momentum
addition of 15,000 kg/m?/s>.

The streamline plot (Fig. 5.14) Ais similar to that displayed in the case of 10,000
lep/m?/s%: the fluid circulates reasonably well inside the body of the crystallizer. Although
the streamlines chosen appear to be in almost a single plane of the crystallizer, the velocity
vector plot does show fluid flow-throughout the entire body of the crystallizer. When the.
swirl present below a true impeller is taken into account then the mixing' in the crystallizer
will be quite good, and the residence time distribution of the fluid will be similar to that of

a true fully mixed vessel.
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Fig. 5.14 Fluid streamlines in the MSMPR crystallizer for a volume rate of momentum
addition of 15,000 kg/m?/s.

The velocity contour plot for 15,000 ke/m*/s® (Fig. 5.15) shows similar behavior to
the similar plot at 10,000 kg/m?/s?, although there is a significantly (>30%) higher velocity
in the draft tube, which has higher velocities than the feed tube at certain points. Again, the
velocity in the region far from the inlet tube is much higher (approximately two times
larger) than the velocity in the region of the draft tube close to the product tube. Also, the
velocity in the region around the product tube is lower than the velocity in the bulk of the
annular space. The velocity in the base of the crystallizer under the impeller has also
improved slightly, but there still appears to be a small region of near stagnant fluid near the
base of the crystallizer. It is important to note that although the streamlines for the inlet and
product tubes look different to those in the previous cases this is only due to an increase in
the maximum velocity in the crystallizer, which changes the coloring and scale on the plot.
This is because the maximum velocity no longer occurs in the inlet and outlet tubes, but

now occurs in the draft tube. In fact the velocity profiles in the inlet and outlet tubes are the
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same for all conditions, with the exception of slight differences at the ends of the tubes due

to end-effects.
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Fig. 5.15 Velocity contours in the MSMPR crystallizer for a volume rate of momentum
addition of 15,000 kg/m?*/s”.

The plot of the velocity vectors around the product tube show that the velocity of
the streamlines near the entry to the product tube at the left hand side of Fig. 5.16 (far
enough from the mouth of the tube to avoid the acceleration due to the laminar profile
inside the tube) is almost half of the maximum velocity in the product tube, i.e. almost
equal to the average velocity in the draft tube. This indicates that the product sampling is

almost isokinetic, although still slightly deficient.
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Fig. 5.16 Velocity vectors around the outlet tube of MSMPR crystallizer for a volume rate
of momentum addition of 15,000 kg/m?/s” (the figure is rotated 90° for convenience).

Momentum Source Strength of 189b0 kg/m’/s®

The Momentum source strength of 18,000 was chosen since an extrapolation of
previously performed data showed that this should be the point of isokinetic sampling in
the crystallizer. It is evident that while there are strong similarities between the velocity
vector plot for this (Fig. 5.17) case and for the 15,000 kg/m%s® case, in this case the
velocity in the crystallizer has a higher magnitude particularly in the draft tube. The
streémline plot (Fig. 5.18) appears identical to the plot for 15,000 kg/m®/s?, partly due to
the fact that such plots only show directions of flow rather that the speed of the flow. The
circulation of the fluid through the crystallizer is suitable for the systém; although the
streamlines chosen mainly appear to go through a plane, this is due to those streamlines
plotted. In the real crystallizer, swirl below the impeller and the baffles will mixed fluid in
this region, although the flow will straighten again due to the presence of the vertical

baffles in the annular space.
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Fig. 5.17 Velocity vectors in the MSMPR crystallizer for a volume rate Qf momentum
addition of 18,000 kg/m?/s*.

The'ifeiocity contour plot for the crystalﬁiér wn‘_h a sﬁurce strength of 18,000
kg/mz/'s2 is shown in Fig. 5.19. The velocity in the free are of the draft tube (in regions
away from the feed tube) is higher than the velocity in the feed tube under this condition.
The downflow velocity in the main area of theﬂdraft- tube is now in excess of 7 cm/s, -
although this is not a particularly high velocity in industrial crystallizers, since in this
situation the fluid has a very high viscosity relative to most aqueous phase crystallizations.
(The high viscosity is due to the high sugar content required for a supersaturated solution if
an aqueous crystallization is performed). The general flow features in this case are very
similar to the case of 15,000 kg/m%/s. ' o

As in previous cases there is still a small region between the product tube and the
wall of the draft tube that has a very low upflow velocity, less than 10% of the maximum
velocity magnitude in the crystallizer. This area is undesirable, although it is difficult to

avoid because of the need to have a product tube in the annular space, which is necessarily
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a relatively thin area (to avoid very low upflow velocities in the entire space). The volume

that this occurs in is a very small fraction of the total volume of the annular space.

Fig. 5.18 Fluid streamlines in the MSMPR crystallizer for a volume rate of momentum
addition of 18,000 kg/m?/s%.

The velocity vector plot around the product tube for a momentum source strength
of 18,000 kg/m”/s” is shown in Fig. 5.20. This figure indicates fully isokinetic sampling of
the streams into the product tube. The velocity vectors are of constant magnitude across the
region in front of the product tube until very close to the product tube. At this point the
vectors very close to but just inside the plane of the tube wall turn inwards slightly in an
end effect such that a parabolic velocity profile can begin to be formed in the tube. The
vectors just outside the plane of the tube wall turn outwards slightly since there is a zero
slip condition on the outside of the tube wall. Analysis of the flow (described later)
confirms that the velocity in the section approaching the tube mouth is exactly the average

velocity of the fluid inside the product tube, confirming isokinetic flow sampling.
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Fig. 5.19 Velocity contours in the MSMPR crystallizer for a volume rate of momentum
addition of 18,000 kg/m?/s>.
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Fig. 5.20 Velocity vectors around the outlet tube of MSMPR crystallizer for a volume rate
of momentum addition of 18,000 kg/mz/s:2 (the figure is rotated 90° for convenience).
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Momentum Source Strength of 30000 kg/m”/s*

Simulations at momentum source strengths larger than the isokinetic condition were
also studied in order to visualize what occurs in the crystallizer if too high momentum
-source strengths (or equivalently excessive impeller power inputs) are used. This will
cause the flow outside the product tube mouth to be too high, causing flow divergence
away from the tube mouth. Under these conditions the small particles that should be
sampled in the product tube are carried away from the mouth the tube, while the increased
momentum of the larger particles allows them to enter the mouth of the tube rather than
- diverging away from the tube. This will result in an excess of large particles in the
popﬁlaﬁon density of the product, and therefore an incorrect iﬁeasurement of the
nucleation and growth rates in the crystallizer.

The velocity vector plot for the crystallizer using this momentum source strength is

shown in Fig. 5.21.

Fig. 5.21 Velocity vectors in the MSMPR crystallizer for a volume rate of momentum
addition of 30,000 kg/m%/s>.



76

The velocity vector plot again shows similar behaviof in the crystallizer to results
of momentum source greater than 10,000 kg/m%s®, however with higher downflow
velocities in the draft tube, and slightly higher dpﬂow velocities in the annular space. The
streamline plot (Fig. 5.22) also shows similar behavior to the results for momentum source:

strengths greater than 10,000 kg/m?/s’. R

Fig. 5.22 Fluid streamlines in the MSMPR crystallizer for a volume rate of momentum
addition of 30,000 kg/m?/s%.

The velocity contour plot for 30,000 kg/m?/s* (Fig. 5.23) appears very similar to the
equivalent diagrams for 15,000 kg/m?/s* and 18,000 kg/m?*/s?, however it is necessary to
take into account the much higher maximum velocity evident in the contours (0.108 m/s)
relative to the maximums in the previous plots (0.0716 and 0.0614 m/s respectively). It is
also evident that the maximum velocity in the draft tube is now much larger than the
average velocity (and indeed even the maximum velocity) in the feed tube. The low

velocity area in the base of the crystallizer (under the impeller) still appears, however the
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average velocity in this region is still higher than in previous simulations, which is

apparent when the change in the scale of the velocity in the legend is taken into account.
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Fig. 5.23 Velocity contours in the MSMPR crystallizer for a volume rate of momentum
addition of 30,000 kg/m?/s*.

The velocity vectors around the mouth of the outlet tube are shown in Fig. 5.24.
The increased momentum source strength has a larger affect on the velocity in the
downflow region of the draft tube than the upflow region near the product outlet tube, as
can be seen when comparing Fig. 5.20 with Fig. 5.24. The velocity vectors in the tube in
the two figures indicate the same velocity, since the flow out of the crystallizer is set as 2.5
L/hr in both cases, while the flow in the fluid around the tube has only a slightly increased
velocity in Fig. 5.24. In spite of this it was found that the flow in the fluid around the
mouth of the tube was in excess of the isokinetic velocity, indicating that the flow is not
isokinetic at 30,000 kg/m?*/s*.
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Fig. 5.24 Velocity vectors around the outlet tube of MSMPR crystallizer for a volume rate
of momentum addition of 30,000 kg/mzls2 (the figure is rotated 90° for convenience).

Momentum Source Strength of 50000 kg/m”/s*

The velocity vector plot for the crystallizer with a momentum source strength of
50,000 kg/m?*/s” is shown in Fig. 5.25. The flow in the crystallizer is similar to the study at
30,000 kg/mzlsz, however the flow in the draft tube is now relatively high in all regions,
even those very close to the zero slip condition on the wall of the inlet tube. The velocity
of the flow close to the outlet tube is still much lower than that in the rest of the annular
space, as is evident from a comparison of the vectors on the left hand side of Fig. 5.25 to
those on the right hand side near the outlet tube. The strong downward velocity in the draft
tube is likely to almost entirely remove the stagnant zone in the base of the crystallizer. It
is also possible to see that since the downflow velocity in the draft tube due to the
momentum addition is far higher than the velocity of the fluid at the mouth of the inlet
tube. This creates a strong flow from the high velocity region of the draft tube into the
space below the mouth of the inlet tube, as evident in the velocity vectors directed into this
space. This is a similar affect to that which creates the non-isokinetic sampling, however

on a larger scale here since the differences in velocity are higher. This is not as significant
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however: typically there are no particles in the inflow, and if there were particles in the

inflow, the assumption of complete mixing would be helped by this phenomenon.

Fig. 5.25 Velocity vectors in the MSMPR crystallizer for a volume rate of momentum
addition of 50,000 kg/m*/s*.

The streamline plot for a momentum soutce strength of 50,000 kg/m*/s* is shown in
Fig. 5.26. The streamline plot in this case does not add much detail to the analysis, as we
see complete circulation in the crystallization, as before, but have liﬁle idea of velocity
magnitudes from the streamlines. There is a small amount of flow diversion at the mouths
of the inlet and outlet tubes.

The velocity contour plot for 50,000 kg/m®/s® (Fig. 5.27) again appears similar to
that for 30,000 kg/m2/32: however in this case the maximum contours are in the range of
0.16 m/s which is a relatively large velocity for a highly viscous liquid in a crystallizer, but
not sufficient to make the flow turbulent. The velocities in the region of the draft tube far
from the inlet tube (particularly in the left hand side of Fig. 5.27) are much higher than
those in the region of the inlet tube.
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Fig. 5.26 Fluid streamlines in the MSMPR crystallizer"lf_br a volume rét_é of momenturri
addition of 50,000 kg/m%s*. ' |

Fig. 5.28 shows the velocity vectors in the region ro-f the outlet tube for a momentum
source strength of 50,000 kg/m?*/s”. It is evident that the maxmmm velocity in the outlet
tube is only slightly higher than the velocity in the tank at a point close to the mouth of the
tube. This indicates that the average velocity in the tube (half of the maximum velocity for
laminar flow in a tube far enough from the end that end-effects can be neglected) is
substantially lower than the average velocity in the tank at that point. It is also clearly seen
that the flow lines diverge from the tube at the point of enfry into the tube. Both these
indicate that the sampling is strongly sub-isokinetic at this value of the momentum source
strength. Under these conditions large particles will be sampled at much higher efficiencies
than smaller particles, and hence the particle population density in the product will be
significantly different to the particle population density within the crystallizer. This will
lead to incorrect estimates for the crystal growth rate and nucleation rates from this

crystallizer.
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Fig. 5.27 Velocity contours in the MSMPR crystallizer for a volume rate of momentum

addition of 50,000 kg/m*/s>.
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Fig. 5.28 Velocity vectors around the outlet tube of MSMPR crystallizer for a volume rate

of momentum addition of 50,000 kg/m®/s” (the figure is rotated 90° for convenience).




82

Figures 5.29, 5.30, and 5.31 show the overall velocity vectors, the enlarged velocity
vectors near the mouth of the outlet tube, and the streamlines near the mouth of the outlet
tube, respectively, for 0, 1000, 18000 and 50000 kg/m?*/s* together for easier comparison.
These figures indicate that for the baseline case (no momentum addition at the impeller
location) the overall magnitude of the velocity of the flow field is rather low (Figure
5.29a), except for those portions near and within the inlet and outlet tubes. As such, the
overall flow feature is non-uniform. Flow acceleration and a convergent flow pattern near
the mouth of the outlet tube (Figures 5.30a and 5.31a) are quite obvious. This, as
mentioned earlier, is undesirable because it will lead to a poor size distribution of the
crystals in the product tube, with a greatly exaggerated amount of fine particles in the
product.

As the momentum added through the impeller increases the velocity vectors become
larger, both in the downflow section in the draft tube, and in the upflow area in the annular
space. This results in a stronger flow at the bottom of the draft tube, and also a higher
velocity flow up in the annular space, which will assist in suspension of particles. Since the
flow in the circular product tube is laminar, it is possible to determine the average flow
velocity in the tube as half of the maximum flow, which occurs at the central point of the
tube (assuming this is performed far enough from the tube end so that entrance effects are
not significant). Thus it is evident from Figures 5.30 and 5.31 that the flow velocity in the
annular space approaches, but is slightly less than, the average flow velocity in the product
tube when the momentum added is 18,000 kg/m*s®, while at 50,000 kg/m%/s® the flow
velocity outside the product tube is significantly higher than the isokinetic condition.

Overall velocity magnitude contours are depicted in Figure 5.32 wherein it is
observed that they are basically of the same general feature without any drastic change in
structure, such as the formation of the recirculation zones inside the draft tube sometimes

observed within a flow with an impeller.
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Fig. 5.29 Flow vectors in the MSMPR crystallizer for momentum source terms of 0, 1000,
18000, and 50000 kg/m?/s*. '
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Fig. 5.32 Velocity contours in the MSMPR crystallizer for momentum source terms of 0,
1000, 18000, and 50000 kg/m%/s’.

As described previously, isokinetic withdrawal leads to the desirable crystal size
distribution. It is useful to estimate the appropriate value of the momentum source that gives
the isokinetic condition. Plane A in Figure 5.33 is used to obtain the average velocity. It will
be compared with the average velocity inside the outlet tube. With the results obtained from
the seven test cases, the fitted curve for the velocity ratio (the current velocity divided by
the velocity at no source condition) versus the percent of momentum source added is shown
in Figure 9 (the percent increase is calculated based on the momentum flux of the baseline
value.} The appropriate value of the momentum added that gives the isokinetic withdrawal
is estimated as 6.43 % of the baseline condition; this corresponds to the absolute momentum
value of approximately 25400 kg/mz/sz. Then the power transmitted by impeller shaft is
0.58 Watt. The impeller rotational speed could be determined iteratively from the impeller
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power correlation curve of Bates et al. [6]. In the laboratory crystallizer, which is normally
used with an impeller of diameter : height ratio 8:1, with a 45° pitched blade turbine, it

requires approximate 2.2 rev/s to obtain the isokinetic condition.

Plane A
Cross sectional area of the tube

Fig 5.33 Location of the plane used to check for the isokinetic flow condition. =

P I e e e e e L i B o e e e e e o e e e e e R

Velocity ratio (VND),_

0 1 i X i ] A 1 L L 1. i i I3 3 L x P | i ¢ I 4 L i i i 1 P
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Fig. 5.34 Velocity at a plane near the outlet of the crystallizer as a function of the amount

of momentum added by the impeller.
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- The difficulty+in design of mixed-suspension crysfaliizers is that isokinetic flow at the
product point is not a sufficient criterion to ensure the product size distribution, it is also
essential that the crystals in the vessel are éufﬁciently-_well:suspended in the mother liquor.
Suspension of crystals only occurs if the ﬁpﬂow velocity of the fluid produces sufficient
drag to overcome the effect of the weight ofthe indiﬁdual,-particles. The suspension quality
in a vessel is an extremely difficult parameter to detérmine experimentally, as suspensions
are typically opaque, meaning that the comim_m light sensing methods cannot detect
suspension quafity. Because of this, a typical parameter used to describe impeller speeds
suitable for sufficient suspension is the “just suspended” criterion: this criterion states that
1no pamcle should spend more than 1-2 s on the base of the vesseI at any time if the solids in
the vessel is are be considered well suspended

The most well known correlation to determine the 1mpeller speed required in a stirred

vessel to achieve a suspension at the just suspended condition is then Zwietering equation

(7]

'Vﬂ']_D_M (gAp/b, )0-45 x o

Gy

where S is some function of the ratio of the tank diameter to the impeller diameter
(T/D) and the ratio of the tank di_amete'f to the impeller clearance (7/Cg). The impeller
clearance is the distance from the base of the impelier to the bottom of the vessel. The most

commonly used equation for the parameter S was developed by Nienow [8]

S = 2(2) . (5.2)

A more recent correlation [9] also accounts for variations in the impeller clearance.
For a pitched blade impeller similar to the type used in the laboratory scale crystallizer, the

correlation 1s

0.84 =
N =2.32(£J (0 72»C—+1)D'°”X““D“3 °°9(gAp ) (5.3)
D T £
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Unfortunately, these correlations (and other similar correlations) are based on results
in flat bottomed vessels without draft tubes, whereas the crystallizer being modeled has a
round bottom and a draft tube, for which no correlation for suspension conditions is
available in the literature. Draft tubes, in particular, greatly increase the ability of an agitator
1o suspend particles in a vessel because they create a condition where the upward flow and
downward flow: parts of the flow loop are clearly segregated, aliowing a high upflow
velocity in the annular space of the vessel. This means that results of these correlations will
predict impell'er speeds that are higher than necessary to suspend a particle 1n a vessel such
as we are using, but it is still instructive to use them to obtain an idea of the general
magnitude of the particles suspended at the isokinetic condition.

The Zwietering correlation (equations 5.1 and 5.2) and the Armenante correlation
(equation 5.3) were used to estimate a value for the size of particles that would be
suspended if the stirrer was operated at 2.2 rev/s in the experimental crystallizer.
Geometrical parameters for the crystallizer were the same as used in the CFD model (see
Figure 1), as were the fluid and particle properties. Using the calculated impeller speed to
achieve isokinetic flow at the product point (2.2 rev/s), it is possible to estimate the
maximum size of particle that would be fully suspended in the crystallizer. At a solid
suspension of one percent (a typical value for the laboratory crystallizer studied here) the
Zwietering correlation predicts that only particles smaller than 10 micrometer will be
suspended adequately, while the Armenante correlation predicts particles small than 20
micrometer will be suspended adequately. These correlations may be inadequate for the
crystallizer being investigated because they are for flat bottomed vessels not containing a
draft tube. As mentioned above, the draft tube increases the agitator’s ability to suspend
particles by more completely segregating the upflow and downflow parts of the flow loop in
the vessel. In addition, the kinematic viscosity of the fluid in the crystallize'.r‘ (176 x 108
m?/s) is higher than that of the most viscous liquid used to predict the correlation (148 x 107
® m?/s). This suggests that the crystallizer may suspend particles larger than those suggested
by the correlétions (and introductory two-phase simulations suggest that this is true).
However the correlations do indicate that the larger particles in the crystallizer (which may
be in the order of 100 pm) will not be well suspended, particularly if they approach the dead
zone at the base of the crystallizer, where the fluid velocity is very low.

This leads to one of the apparent contradictions in the design of crystallizers: the

agitator speed required for- complete suspension may be quite different to the speed
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required for isokinetic flow at the product outlet. These two conditions (suspension of
particles and isokinetic flow) may appear to be related, but in fact they are quite different.
Isokinetic flow can be achieved at any product flow rate either by varying the agitator
speed, or by adjusting the diameter of the product tube. Smaller diameter tubes create
- higher -velocities at-the-sampling. point for -a.particular product - flowrate. ~The typical-
method used to correct this in laboratory crystallizers is to have a periodib outflow in the
product tube, which allows for a significantly higher flow velocity over a shorter period
(typically 10 ~ 20 percent of the total operating time). This allows for much higher
agitation speeds to be used, allowing for larger particles to be completely suspended, while
maintaining an approximately isokinetic flow condition at the outlet so that the sampling of
particies is ideal. This approach is very difficult to model with CED 'bécauée the simulation
becomes transient {over a significant period of time to see the entire flow period), and
requires a free surface as the crﬁstallizer empties slightly during the sampling period, and
refills during the period the outflow is stopped. ' '




Chapter VI

Summary

The proposed computational study to obtain flow ficlds within the model sugar
crystallizer appears to be a successful endeavour and the results obtained appear to be
reasonable. The overall magnitude of the velocity within the crystallizer can be increased
by increasing the axial momentum source. Tsokinetic withdrawal condition can be achieved
at approximately 25,400 kg/m?/s® of the momentum source value, in accordance with the
© 2.2 rev/s for an 8:1 diameter : height, 45° pitched blade turbine. In all the seven test cases
studfed, the overall flow patterns remain generally the same, which is desirable because it
would not complicate the design optimization process. Even with higher values of the
momentum source, the velocity at the center of the tank’s bottom is still low; this is
undesirable because sugar crystals may settle, causing a lump of settled crystals there. The
velocity magnitude inside and outside the draft tube is rather different due to the effect of
the flow area; this problem could be eliminated by designing the two regions to have equal

areas.
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Appendix A
Example of a Definition File (.def) and Outpuf File (.out) from CFX-Solver

This run of the CFX-5.5.1 Solver started at 17:36:38 on 7 Jul 2003 by user
Jackiel on JACKIE (intel_athlon_winnt5.1) using the command:
C:\CPX\CFX-5.5.1\bin\5.5.1\perllib\cfx5solve.p! -stdout-comms -batch -ccl
-Using the CFX-5 Solver optimised for the winnt architecture from
C:A\CFX\CFX-5.5.1\bin\5.5.1\winnt\solver-pvm.exe.

Setting up CFX-5 Solver run ...

+ +

B

| CFX Command Language for Run |

P

+ +
LIBRARY :

MATERIAL : sugar

Option = Pure Substance

PRGPERTIES :

Option = General Fluid

Density = 1.3427E3 [kg m~-3]

Dynamic Viscosity = 2.3677E-1 {kg m”™-1 s~-1]

END

END
END
EXECUTION CONTROL :
PARTITIONER STEP CONTROL :
Runtime Priority = Standard
PARTITIONING TYPE :
MeTiS Type = k-way
Option = MeTIS .=
END "
END
RUN DEFINITION :
Definition File = d:/cfxwork/crystallyzer/hatfmodel/halfmodel.def
Initial Values File = d:/cfxwork/crystallyzer/halfmodel/halfmodel_025.r\
es
Run Mode = Full
END
SOLVER STEP-CONTROL. :
Runtime Priority = Standard
EXECUTABLE SEELECTION
Double Precision = Off
Use 64 Bit = Off
END
PARALLEL ENVIRONMENT :
Option = Serial
Parallel Mode = PVM
END
END
END
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FLOW :
SOLUTION UNITS :
Mass Units = [kg]
Length Units = {m]
Time Units = [s]
Temperature Units = [K]
Angle Units = [rad]
Solid Angle Units = [sr]
"END
SIMULATION TYPE :
Option = Steady State
END .
DOMAIN : halfmodel
L ocation = halfmodel
Coord Frame = Coord 0
Fluids List = sugar
DOMAIN MODELS :
DOMAIN MOTION :
Option = Stationary
END
BUOYANCY MODEL :
Option = Non Buoyant
END
REFERENCE PRESSURE :
Reference Pressure = 1.0133E5 [Pa]
END
END
FLUID MODELS :
TURBULENCE MODEL :
Option = Laminar
END
HEAT TRANSFER MODEL :
Option = None
END
THERMAL RADIATION MODEL :
Option = None ’
END
END
SUBDOMAIN : draft
Location = draft
Coord Frame = Coord 0
END
SUBDOMAIN : baffle
Location = baffle
Coord Frame = Coord 0
END
SUBDOMAIN : outtube
Location = outtube
Coord Frame = Coord 0
END
SUBDOMAIN : impeller
Location = impeller




e

Coord Frame = Coord 0
SOURCES :
MOMENTUM SOURCE :
Momentum Source X Component = 0.00 [kg m”"-2 s"-2]
Momentum Source Y Component = -50000 [kg m»-2 s™-2]
Momentum Source Z Component = 0.00 [kg m~-2 s~-2]
END
END
END
SUBDOMAIN : intube
Location = intube
Coord Frame = Coord 0
END
BOUNDARY :.inflow
Boundary Type = INLET
Location = inflow
Coord Frame = Coord 0
BOUNDARY CONDITIONS :
FLOW REGIME :
Option = Subsonic
END
MASS AND MOMENTUM :
Option = Mass Fiow Rate
Mass How Rate = 4.6712E-4 [kg s™-1]
END
FLOW DIRECTION :
Option = Normal to Boundary Condition
END
END
. END
BOUNDARY .: outflow
Boundary Type = OUTLET
Location = cutflow
Coord Frame = Coord 0
BOUNDARY CONDITIONS :
FLOW REGIME : -~
Option = Subsonic
END
MASS AND MOMENTUM -
Option = Static Pressure
Relative Pressure = 0.00 [Pa]
END
END
END
BOUNDARY : draftwall0i1
Boundary Type = WALL
Location = draftwall011
Coord Frame = Coord 0
BOUNDARY CONDITIONS :
WALL INFLUENCE ON FLOW :
Option = No Slip
END
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END
END R
BOUNDARY : draftwall012
Boundary Type = WALL
Location = draftwali012
Coord Frame = Coord 0
BOUNDARY CONDITIONS :
WALL INFLUENCE ON FLOW :
Option = No Slip
END
END
END .
BOUNDARY : draftwall021
Boundary Type = WALL
Location = draftwall021
Coord Frame = Coord 0
BOUNDARY CONDITIONS :
WALL INFLUENCE ON FLOW :
Option = No Slip
END
END
END
. BOUNDARY : draftwall022
Boundary Type = WALL
Location = draftwall022
Coord Frame = Coord O
BOUNDARY CONDITIONS :
WALL INFLUENCE ON FLOW :
Option = No Slip
END :
END
END
BOUNDARY : inwall011
Boundary Type = WALL
Location = inwall011
Coord Frame = Coord 0
BOUNDARY CONDITIONS :
WALL INFLUENCE ON FLOW :
Option = No Slip
END
END
END
BOUNDARY : inwall012
Boundary Type = WALL
Location = inwallD12
Coord Frame = Coord 0
BOUNDARY CONDITIONS :
WALL INFLUENCE ON FLOW :
Option = No Slip
END
END
END
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BOUNDARY : inwall021
Boundary Type = WALL
Location = inwall021
Coord Frame = Coord 0
BOUNDARY CONDITIONS :
WALL INFLUENCE ON FLOW :
Option = No Siip

END

END

END

BOUNDARY : inwall022
Boundary Type = WALL

L ocation = inwall022
Coord Frame = Coord 0
BOUNDARY CONDITIONS :
WALL INFLUENCE ON FLOW :
Option = No Siip

END

END

END

BOUNDARY : outwalil
Boundary Type = WALL
Location = outwalil

Coord Frame = Coord 0
BOUNDARY CONDITIONS :
WALL INFLUENCE ON FLOW :
Option = No Slip

END

END

END

BOUNDARY . outwall2
Boundary Type = WALL
Location = outwali2

Coord Frame = Coord 0
BOUNDARY CONDITIONS :
WALL INFLUENCE ON FLOW .
Option = No Slip

END

END

END

BOUNDARY : bafflel
Boundary Type = WALL
L.ocation = bafflel

Coord Frame = Coord 0
BOUNDARY CONDITIONS :
WALL INFLUENCE ON FLOW :
Option = No Slip

END

END

END

BOUNDARY : baffle2
Boundary Type = WALL
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Location = baffle2

Coord Frame = Coord 0
BOUNDARY CONDITIONS :

WALL INFLUENCE ON FLOW :
Option = No Slip

END

END

END

BOUNDARY : sym

Boundary Type = SYMMETRY
Location = sym

Coord Frame = Coord 0

END

BOUNDARY : Defauit

Boundary Type = WALL

Location = Default

Coord Frame = Coord 0

BOUNDARY CONDITIONS :

WALL INFLUENCE ON FLOW :
Option = No Slip

END ‘

END

END

INITIALISATION :

Option = Automatic

END

END

SOLVER CONTROL :

CONVERGENCE CONTROL : ;
Maximum Number of Iterations = 100 -
Timescale Control = Auto Timescale
END '

CONVERGENCE CRITERIA :
Residual Type = RMS

Residual Target = 1.E-10

END )

ADVECTION SCHEME ;

Option = Upwind

END

DYNAMIC MODEL CONTROL :
Globat Dynamic Model Control = Yes
END

END

END

COMMAND FILE :

Version = 5.5.1

END

+_... - ————

| Solver |

P

-
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+ +
P . -

| CFX-5 Solver 5.5.1 |

|

| Version 2002.05.29-23.00 Wed May 29 23:00:33 2002 |
[

]

|

|

| Copyright 1996-2002 AEA Technology plc. |

; - -+
: +
{ Job Information |

Run mode: serial run

Host computer: JACKIE

Job started: Mon Jul 7 17:37:21 2003

o +
{ Memory Usage Informa‘tion |

Data Type Kwords Words/Node Kbytes Bytes/Node

Real 25760.8 349.37 100628.1 1397.48

Integer 11914.4 161,58 46540.6 646.34

Character 890.3 12.07 869.4 12.07

Logical 10.0 0.14 39.1 0.54

Double 16.0 0.22 125.0 1.74

+- o e +
| Total Number of Nodes, Elements, and Faces |

e e e e +

Domain Name : halfmodel

Total Number of Nodes = 73735

Total Number of Elements = 376481

Total Number of Tetrehedrons = 376481

Total Number of Faces = 40716 .
e : +
| Initial Conditions Supplied by Fields in the Input Files ]

! +
Domain Name : halfmodel

Pressure
Pressure.Gradient
Shear Strain Rate
Total Pressure
Velocity

¥

—— R, s e e S R i 51 Ly o 3 s M +
| Average Scale Information }

et e e +
Domain Name : halfmodel

Global Length = 9.7038E-02

Density = 1.3427E+03

Dynamic Viscosity = 2.3677E-01

Velocity = 2.8414E-02- -




102

Advection Time = 3.4152E+00

Reynolds Number = 1.5636E+01
+
| The Equations Solved in This Calculation |

+

Subsystem Name : Momentum and Mass
U-Mom

V-Mom

W-Mom

P-Mass

CFD Solver started: Mon Jul 7 17:37:29 2003
CFD Solver finished: Mon Juf 7 19:13:25 2003
Execution terminating: maximum number of time-step iterations,
or maximum time has been reached.

e T e T o T T T I T T M ek e e o e e it s e T e s ot St e e e B i i Al ey Ty S LA AL, ey o e e o S et ot

. Boundary : bafflel 1.2295E-03
Boundary : draftwall011 2.2233E-03
Boundary : draftwall021 5.4820E-05
Boundary : inflow 3.0889E-06
Boundary : inwall011 5.4429E-05
Boundary : inwall021 4.1167E-04
Boundary : outflow -2,0465E-07
Boundary : outwalll 1.0160E-03
Boundary : sym -2.9413E-07
Boundary : Default -3.9056E-03
Boundary : draftwall012 -9.9255E-04
Boundary : draftwall022 -1.4029E-05
Boundary : inwall012 3.4362E-06
Boundary : inwali022 -3.0552E-06
Boundary : outwall2 6,8126E-06
Boundary : baffle2 -8.7440E-05
Global Balance : -8.7100E-08

Global Imbalance, in %: 0.0000 %

R - e +
Boundary : bafflel -4.6596E-03
Boundary : draftwall011 -6.9397E-03
Boundary : draftwall021 6.5068E-05
Boundary : inflow -1.0329E-02
‘Boundary : inwall011 4.8499E-03
Boundary : inwall021 1.0193E-03
Boundary : outflow -2.5701E-05
- Boundary : outwalll -1.4851E-03
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Boundary : sym 1.7902E-08
Boundary : Default 9.2094E-02
Boundary : draftwall012 2.2858E-02
Boundary : draftwall022 4.9161E-04
‘Boundary : inwall012 3.4096E-03
Boundary : inwall022 2,1762E-03
Boundary : outwall2 -5.4912£-03
Boundary : baffle2 -4.6841E-03
Sub-Domain : impelier -9.3349E-02
Global Balance : 5.2154E-07

Global Imbalance, in %: 0.0000 %

| W-Mom |

Boundary : bafflel 1.2863E+00
Boundary : draftwall011 -1.8441E4-00
Boundary : draftwail021 -2.6562E-02
Boundary : inflow -4.9548E-05
Boundary : inwall011 -9.9345E-02
Boundary : inwall021 -6.6061E-02
Boundary : outflow 4.2976E-05
Boundary : outwalll -1.7364E-01
Boundary : sym -6.6244E+00
Boundary : Default 6.7921E+00
Boundary : draftwall012 1.6887E+00
Boundary : draftwall022 2.5776E-02
Boundary : inwall012 1.2680E-01
Boundary : inwall022 1.1387E-01
Boundary : outwali2 8.7846E-02
Boundary : baffle2 -1.2873E+00
Global Balance : 2.0266E-06

Global Imbalance, in %: 0.0000 %

| P-Mass | :
+ +
Boundary : inflow 4.6712E-04

Boundary : outflow -4.6707E-04

Global Balance ; 5.4832E-08

Global Imbalance; in %: 0.0117 %

Note: Pressure integrals exclude the reference pressure. To include
it, set the expert parameter 'include pref in forces = t'.

+ -+

| Pressure Force On Walls |

+ : -
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X-Comp. Y-Comp. Z-Comp.

bafflel -1.1272E-03 1.5370E-08 -1.2867C400
draftwall011 -1.9686E-03 -2.6586E-03 1.8414E+00
draftiwali021 -4.8741E-05 2.7003E-05 2.6530E-02
inwall011 -3.0126E-06 -4.6799E-07 9.9302E-02
inwall021 -1.9404E-04 -1.7073E-06 6.6031E-02
outwalll -5.0330E-04 1.8375E-07 1.7356E-01
Default 3.8898E-03 -1.2390E-01 -6.7867E+00
draftwall012 1.8296E-03 2.5251E-03 -1.6912E+00
draftwall022 4.0935E-05 -2.6518E-05 -2.5747E-02
inwali012 3.4431E-06 6.8453E-07 -1.2678E-01
inwall022 4.0594E-06 9.3028E-06 -1.1392E-01
outwali2 -2.9104E-07 -6.1646E-06 -8.7868E-02
baffle2 1.7869E-04 -1.5348E-08 1.2863E+00

+

| Viscous Force On Walls |

X-Comp. Y-Comp. Z-Comp.

bafflel -1.0220E-04 4.6596E-03 4.9541E-04
draftwall011 -2.5473E-04 9.5983E-03 2.6204E-03
draftwall021 -6.0796E-06 -9.2071E-05 3.1933E-05
inwall011 -5.1420E-05 -4.8494E-03 4.3677E-05
inwall021 -2.1763E-04 -1.0176E-03 3.0634E-05
outwalll -5.1265E-04 1.4849E-03 7.3270E-05
Default 1.5756E-05 3.1803E-02 -5.3383E-03
draftwall012 -8.3720E-04 -2.5383E-02 2,4885E-03
draftwall022 -2.6906E-05 -4.6509£-04 -2.9712E-05
inwall012 -6.8925E-06 -3.4103E-03 -2.6764E-05
inwall022 -9.9353E-07 -2.1856E-03 5.1280E-05
outwali2 -6.5248E-06 5.4974E-03 2.1524E-05
baffle2 -9.1713E-05 4.6841E-03 1.0290E-03 ,
| Pressure Moment On Walls |

| -+
X-Comp. Y-Comp. Z-Comp.

bafflel -6,4085E-02 9.0986E-05 4.6562E-05

draftwall011 6.6945E-02 -1.8159E-07 9.8299E-05
draftwall021 4.0040E-05 -9.4588E-09 9.7630E-07
inwall011 4.7900E-03 -8.9372E-04 -4.7366E-09

inwall021 5.6482E-03 -5.9428E-04 1.6388E-05

outwalll 1.0828E-02 -8.4179E-03 3.8833E-05

Default -2.4536E-01 -5.9571E-05 -4.2906E-04
draftwall012 -6.2037E-02 2.2176E-07 -1.1982E-04
draftwall022 -3.8686E-05 -5.1381E-08 -9.4452E-07
inwall012 -6.3393E-03 1.1410E-03 -7.4244E-08

inwall022 -9.8050E-03 1.0253E-03 -3.1776E-07

outwall2 -4.3957E-03 4.2616E-03 -3.1934E-07

baffle2 6.4074E-02 -1.2983E-05 -8.3409E-06

+ mmmme e
| Viscous Moment On Walls |

+ : -
X~Comp. Y-Comp. Z-Comp.

"
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bafflel 2.0293E-04 8.5835E-06 2.1671E-06
draftwall011 3.3557E-04 1.8561E-05 4.0177E-06
draftwali021 -1.3605E-06 5.0121E-07 3.9422E-07
inwall011 -8.3225E-06 -2.0227E-07 -4.0134E-05
inwall021 6.0071E-07 4.4871E-07 9.0005E-06
outwalll 1.1409E-05 -1.8492E-06 1.1128E-04
Default 1.9925E-03 1.6190E-05 -6.4487E-05
draftwall012 -4.0270E-04 2.1654E-05 3.8903E-05
draftwali022 -8.7107E-06 1.6337E-07 1.5511E-06
inwall012 -7.1644E-06 2.5158E-07 -3.0511E-05
inwall022 9.3747E-07 -4.5888E-07 -1.9577E-05
outwall2 1.0940E-05 -1.0350E-06 2.6683E-04
baffle2 2.6448E-04 8.2787E-06 2.3294E-06

| Locations of Maximum Residuals |

+
| Equation | Node# | X|Y | Z|

L

| U-Mom | 70262 | 5.112E-02 | 2.466E-02 {-3.141E-02 |

—+

| V-Mom | 7991 | 5.017E-02 | 1.000E-01 |-2.494E-03 |
| W-Mom | 17147 | 2.872E-02 |-2.518E-02 | 2.963E-10 |
| P-Mass | 42583 | 4.923E-02 | 9.634E-02 |-1.926E-03 |

Peak Values of Residuals |

g
+
|
I

Equation | Loop # | Peak Residual | Final Residual |

| U-Mom | 2 | 2.55650E-04 | 7.73714E-08 |
| V-Mom | 1 | 2.31765E-03 | 2.09388E-07 |
| W-Mom | 2 | 2.45396E-04 | 8.80229E-08 |
" | P-Mass | 2 | 1.20873E-04 | 2.37551E-08 |

)}
T
1
LS

| False Transient Information |

+ —
| Equation | Type | Elapsed Pseudo-Time |
+

| U-Mom | Auto | 1.05761E+02 |
- | V-Mom | Auto | 1.05761E+02 |
| W-Mom | Auto | 1.05761E+02 |
| P-Mass | Auto | 1.05761E+02 |.

| Average Scale Information |
+ _______________

Domain Name : halfmodel
Global Length = 9.7038E-02
Density = 1.3427E+03

Dynamic Viscosity = 2.3677E-01
Velocity = 4.1368E-02
Advection Time = 2.3457E+00
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Reynolds Number = 2.2764E+01

> -t
| Variable Range Information |
e - +
Domain Name : halfmodel
+ - +
| Variable Name | min | max |
+ - ' :
| Velocity u | -7.21E-02 | 7.00E-02 |
| Velocity v | -1.60E-01 | 5.52E-02 |
| Velocity w | -6.85E-02 | 7.10E-02 |
| Pressure | 3,.55E-01 | 7.54E+02 |
| Density | 1.34E4+03 | 1.34E+03 |
{ Dynamic Viscosity | 2.37E-01 | 2.37E-01 |
: +
f -+

} CPU Requirements of Numerical Solution |

= B
T

Subsystem Name Discretization Linear Solution
(secs. %total) (secs. %total)

Momentum and Mass 4.45E+03 80.9 % 1.05E+03 19.1 %

Summary 4.45E+03 80.9 % 1.05E+03 19.1 %
+ - -+

| Job Information |

Host computer: JACKIE

Job finished: Mon Jul 7 19:13:39 2003
Total CPU time: 5.679E+03 seconds

or: ( 0: 1: 34: 38.515 )

( Days: Hours: Minutes: Seconds )

End of solution stage.

This run of the CFX-5 Solver has finished.
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