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ABSTRACT

A reusable object oriented dynamic model library for the
simulation of the sugar crystallization process is de-
scribed. The Sugar House, which is the final department
of a beet sugar factory, receives a stream of concentrated
sucrose syrup and delivers the commercial product in the
form sugar crystals. The intended purpose of the library is
the creation of a simulation tool that contributes to the
training of control room operators.
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1. INTRODUCTION.

A typical beet sugar factory has the general structure
shown in figure (1). The sucrose juice is extracted from
the previously sliced beets in the first section by means of
a diffusion process. The obtained green juice contains
most of the sucrose originally brought in with the beets
but it inevitably is contaminated with many other organic
and inorganic substances which are here collectively re-
ferred to as impurities. The presence of this non sucrose
substances is highly detrimental for the process, so the
purpose of the next stage of purification is precisely to in-
crease the purity of the process stream as much as possi-
ble, by removing, at least, those substances considered
more prejudicial to the quality of the final product or to
the technological performance of the factory.
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Figure 1. Beet Sugar Factory.

The output of purification, the so called thin juice is
then processed in a cascade of evaporators with the pur-
pose of removing an amount of water of about 60% of
the juice original mass. The evaporators station has a very
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efficient design that uses steam coming from the boilers in
the first step and then reutilizes the energy of the vapours
released by the very water took out form the juice for
heating the next steps down the cascade. This arrange-
ment is even capable of providing steam for some other
consumers in the factory.

The concentrated syrup is then fed to the Sugar
House, whose duty is the making of the final marketable
product by means of crystallization. Obviously, the worth
of the final outcome of the factory, the white sugar, de-
pends on the correct technological practice of the whole
plant, but even a smooth supply of syrup of the right con-
centration and purity to the Sugar End, could result in
white sugar of poor quality by an unwise operation of this
last section.

In spite of a continuous automation and instrumenta-
tion investment effort on beet sugar factories, the conduc-
tion of the whole process still depends heavily on the ex-
perience and expertise of the technical personnel. This
statement is even more true in the Sugar House: a section
that hosts many units of the batch type performing the no
so well known process of crystallization of sucrose which
depends on the complex and non linear relation of many
variables, some of them not directly measured in the typi-
cal industrial installation.

In this paper we present a library of components de-
signed for the modelling of the Sugar House. The library
has been developed in the modelling language of Ecosim-
Pro, a state of the art object oriented simulation tool. The
models have been designed with a considerable level of
detail and the intended purpose of the library is to make
possible the creation of a simulation application for the
training of control room operators.

In the following sections of the paper a general de-
scription of sucrose crystallization and of the Sugar House
process is briefly presented. It then follows a discussion
of the main concepts of Object Oriented (OO) dynamic
modelling to immediately explain the approach taken for
the OO modelling of the Sugar End department. Finally,
the use of the library is illustrated by describing with
some detail one of the subsections with the presentation of
some simulation results.



2. THE PROCESS OF CRYSTALLIZATION.
Crystallization (and its counterpart dissolution) are the
more distinctive chemical engineering process taking part
in this plant. The driving force of the process of crystalli-
zation is the existence of super saturation (S) of the solute
in the solution i.e. the presence of a concentration of su-
crose that exceeds the concentration that defines the solu-
bility of that substance at a given temperature. So, for a
pure solution of sucrose:

_ Osac/w

S
qsat,p(T)

(1)

Crystallization may happen in a supersaturated solu-
tion (s > 1), but it is altogether impossible in under satu-
rated ones. Even more, if crystals are placed in a solution
whose super saturation is below unity, they will eventu-
ally dissolve.

The conditions of super saturation can be created ei-
ther by increasing the concentration of sucrose as a result
of evaporating water or by decreasing the temperature
(see figure 2).

The supersaturated region can be considered as di-
vided in two zones by a more or less fuzzy frontier: there
is a metaestable zone where existing sugar crystal can
grow up but where the rate of spontaneous nucleation is
negligible and the labile zone, in which the probability of
nucleation, that is the creation of stable crystal nuclei out
of no particulate matter, increases radically.
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Figure 2. Solubility Curve.

The presence of impurities in the technical solution,
raises the solubility of sucrose by a factor y,,. This factor
depends no only on the concentration of impurities but
also on the internal composition of the different non su-
crose substances grouped under this label.

qsac/W

§= W (2)
qsat, p(T)' Ysat
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The fact that the solubility of sucrose increases with
the concentration of impurities means that the crystalliza-
tion process is impaired by their presence. So the purity of
the syrups (as defined in 3) is an indicator that must not
be neglected.

_ Mse 400

Mgye + mimp

Pur =

(3)

The existence of super saturation is a precondition
for the growing of crystals. It is also, the single more im-
portant factor in determining the kinetics of the process,
but is not the only one. Crystallization is a very complex
phenomenon not completely understood (Mullin 2001), it
is thought however that it may be explained as the series
connection of two concurrent mechanisms: one of mass
diffusion from the solution to the crystal surface through a
thin stagnant layer, a one of reaction in the surface that
models the incorporation of the growing unit to the crystal
lattice. The overall rate of the crystal growing process is
then mainly determined by the slower of the two mecha-
nisms. The surface reaction step is dependent on tempera-
ture and for the case of sucrose this dependence is such
that at relatively high temperatures of about 70-80 °C, the
mass diffusion step is the rate limiting one whereas at
lower temperatures values the situation is reversed.

So it can be stated that the overall rate of mass trans-
fer from the solution to the crystals depends on many fac-
tors: concentration of the sucrose, purity which deter-
mines the solubility but also in the sense that some non
sucrose substances interferes directly with the incorpora-
tion of sucrose molecules to the lattice, temperature
through its influence on solubility but also on the surface
reaction step, the viscosity and degree of stirring of the
mixture via their impact on the mass transfer step.

Ry = f(s,Pur,T,7,Pyot) (4)

The preferred mathematical framework for modeling
the kind of particulate systems represented by crystalliza-
tion process is the one provided by population balance
equations (PBE). In this setup, the time evolution of the
distribution of some relevant property of the grains, for
example a characteristic length (J), is tracked by a partial
differential equation. For the case of an homogeneous sys-
tem, a very general PBE could be stated as in (5).

dn(l,t) _ a[Gn(l,1)]
d¢  al

+ r"in + Bnuc

(5)

Where n(l,t) represents the time dependent density
function describing the amount of particles for unit vol-
ume that can be found with some specific characteristic
length at any given time.



In (5) G represents the growth velocity of the linear
dimension, B, the rate of appearance of new particles by
nucleation and n;, which could be of any sign, the net rate
of introduction (or disappearance) of particles in the sys-
tem due to movement through the boundaries or to break-
age or agglomeration of previously existing ones.

The general PBE can be solved numerically to give
the shape of the distribution of sizes (the crystal size dis-
tribution or CSD as known in crystallization) as the sys-
tems evolves. In many applications, however, all that is
needed is the knowledge of some of its moments defined
as:

,uk:'[lkn(l,t)dl (6)
0

The application of the moments transformation to
each term of (5) converts de original PDE in a set of ordi-
nary differential equations (ODE) more easily solvable by
standard numerical methods.

The first moments have a definite physical interpre-
tation. So for example O represents the total number of
particles, while Yy, W, Uz corresponds to the aggregate
value of the length, the surface area and the volume of the
grains respectively. From the moments it also easy to ob-
tain other important summary information as the mass av-
erage size (Lave) and the normalized standard deviation or
coefficient of variation (CV) that gives an indication of
the spread of sizes of the CSD.

The complete description of the crystallization sys-
tems, must include the relation between the PBE and the
continuous part represented by the mass and energy bal-
ances. This link must contemplate that the total mass of
sucrose that leaves the liquid phase to be deposited over
the surface of the growing crystals depends on the condi-
tions of the continuous system and on the total surface of
those crystals:
Weris = Rg “ Acris (7)

But the total area of crystallized sugar, can be ob-
tained directly of the second moment of the CSD.
Acris = Kap1V (8)

Where k, is surface factor of the sugar grains that re-
lates the area to the square of the characteristic dimension.

The linear growing rate is, obviously, related to the
mass transfer rate which is the ultimate reason of that very
increase in the size of crystals:

Ka Ry

= (9)
3 I(v * Peris

c
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In (11) p..is is the density of the crystals, while kv is
again a shape factor, in this case relating the cube of the
linear dimension with the volume of the sugar grain.

3. SUGAR HOUSE DESCRIPTION.

The Sugar House (Van der Poel, Schiweck and Schwartz
1998) receives a concentrated sucrose syrup which has
been extracted from beets, and conveniently treated in the
previous sections of the sugar factory and delivers the
white crystallized commercial sugar.

The growing of the sugar grains is carried out in dif-
ferent types of crystallizers: those where super saturation,
the driving force for crystallization, is created by evapora-
tion of water: like the batch operated tachas or the con-
tinuous crystallizers, or those where it is generated by the
controlled reduction of the temperature: cooling crystal-
lizers.

The white sugar must comply with strict quality re-
quirements concerning its purity and the parameters de-
scribing the CSD: the population must have the right
mean size and ought to be not too spread. The need to
meet these quality indicators determines the utilization of
batch type crystallizers for growing the commercial grain,
because with this type of equipment is possible to exercise
a greater degree of control over the process. This is so be-
cause in the batch tachas it is possible, to avoid a too wide
dispersion of sizes by initially seeding the crystallizer
with a careful prepared mass of tiny crystals with a nar-
row CSD. This population is then made to grow along the
batch by keeping the super saturation in the safe metasta-
ble zone with the purpose of avoiding the creation of new
crystals by spontaneous nucleation (Mazaeda and Prada
2007). So, in theory, if the process is correctly conducted,
an the end of the strike the same number of originally
seeded grains would be obtained with the same standard
deviation in its CSD but with a much higher mean size.
Of course, the final actual CSD would be wider, because
of the inevitable differences in growing speed provoked,
for example, by local super saturation fluctuations. In any
case, the CSD currently attainable by the much simpler
continuous crystallizers, is worse due to intrinsic disper-
sion of residence times of that mode of operation.

The array of tachas delivers a slurry, the so called
massecuite, where the sugar crystals are embedded in the
original syrup, now called mother liquor. In order to ob-
tain the final product, the sugar grains need to be sepa-
rated from the surrounding syrup, and this task is per-
formed in an arrangement of centrifuges. The centrifuges,
in this case, are also of the batch type, and for a similar
motivation of quality. The syrup obtained just after load-
ing the rotating basket with the slurry, is essentially the
separated mother liquor. But it is impossible to com-
pletely eliminate the syrup from the crystals by using only
the mechanical separation power. So to comply with the
purity standards of the final product, at some point in the



centrifuge cycle, it is imperative to inject clear water in
the basket to extract, by diffusion, and push out of the
crystal bed the traces of mother liquor adhered to the sur-
face of the grains. The water extracts the remaining liquor
but also dissolves part of the solid sugar, so the expelled
liquid has now a greater level of purity. Hence, the syrup
from the centrifuges is divided in two streams of different
purities: poor syrup first and then rich syrup. The wet
sugar crystals are finally discharged to be transported to a
dryer for removing water and then to the appropriate silos
and out to market.
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Figure 3. Sugar House Layout.

In relation to the syrup streams, it is economically
justified to recover the extra dissolved sucrose by recy-
cling the rich one back to be fed to the crystallizer mixed
with incoming concentrated juice. The poor syrup, on the
other hand, which contains almost all the impurities put in
the department, if recycled would compromise the process
by lowering the purity of the standard liquor, without
bringing in any benefits. But, it can’t just be throw away
either, because it still contains too much dissolved su-
crose: the strategy adopted in most sugar houses is to con-
tinue the processing of poor syrups in subsequent stages
of similar structure to the one just described.
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Most modern  Sugar Houses employ two more
stages: know as B and C stages. The functioning is very
similar to the already explained first product white sugar
or A stage. But the objective now of crystallization is the
separation of as much sugar as possible in order to re-
cover it for the formation of first product. These two extra
exhausting passes don’t have an immediate concern on
the quality of the their produced sugar as a market prod-
uct, so the requirements of a narrow CSD is somehow re-
laxed but not too much: a sugar with mixed grain or with
a large amount of fines complicates the process of separa-
tion in the centrifuges.

The B and C stages have to the deal with the problem
of the increasing viscosity of the process streams. The
syrups have now a low (and decreasing) purity, and this
fact implies a higher level of concentration to achieve the
needed super saturation: thus the increased consistency of
the mass. This fact makes that the moving around of syr-
ups becomes a significant problem which affects the se-
lection of the processing units: nonetheless in the B stage
it is still possible to use batch tachas for crystallization
but the centrifuges must be of the continuous type. In the
C stage, almost all crystallization equipment is of the con-
tinuous kind: at first evaporative crystallizers are used but
the final exhaustion of masses is carried out in a cascade
of cooling crystallizers.

On the other hand, the speed of crystallization is re-
duced considerably: so that if a strike of first product
takes around two hours, the residence time of the crystal-
lization towers installation at the C stage is in the order of
the 45 hours.

The poor syrup of the third product, known as mo-
lasses, with a purity of around 60%, contain almost all the
original impurities but also that part of sucrose that cannot
be efficiently recovered with the standard industrial
equipment. Molasses are thus a final byproduct of the
Sugar End that can be used for the production of alcohol.

4. OBJECT ORIENTED DYNAMIC MODELLING
SUGAR HOUSE LIBRARY.

The Object Oriented (OO) paradigm, originally intro-
duced in the context of general purpose software design,
had been extended to the modelling of dynamic systems.



The object orientation, in this context, provides the mod-
ellers with the language constructs that let them manage
complexity by allowing the creation of reusable compo-
nents. This approach allows what is called physical mod-
elling, because it encourages the creation of large models
by interconnecting the different pieces just in the same
manner in which a physical world prototype would be
constructed. The models so designed could in its turn be
made available as components to a higher level of ab-
straction, making possible in this way the successful hier-
archical decomposition of otherwise very difficult prob-
lems.

The object concept implies encapsulation which
means that the internal structure and behaviour is hidden
from the rest of the model. The interaction between com-
ponents is carried out through the so called ports, which
are special objects, also defined by the modeller, used to
specify the variables to be interchanged and the mathe-
matical behaviour of those variables at the junction.

For the object approach to work, the differential- al-
gebraic (DAE) mathematical equations that describe
them, must be stated in an non causal, declarative way
(Cellier and Kofman 2006). Once the final, aggregated
model is defined, the computational causality can be es-
tablished, the boundary variables are identified and the
model is ready to be exercised by performing experiments
onit.

The advantages of OO modelling have been put to
use in the creation of the Sugar House library.

The library is a collection of class models represent-
ing the main processing units already mentioned. All the
classes are comprehensively parameterized and coded in
a general way so that when used several times to create an
specific flowsheet configuration, each instantiated object
can receive its detailed set of parameters exactly defining
its physical and operational characteristics.

The main components of the library are:

e Batch evaporative crystallizer (tacha): a complex
class which codifies a model of a discrete-continuous
hybrid nature. The continuous dynamical model ex-
presses the material, energy and population balances
describing the physics of the particulate system. The
crystallizer is represented by a closed container where
the massecuite is processed and where super satura-
tion is created by means of the evaporation of water
in vacuum conditions and the controlled feeding of
syrup. The evaporation process is conducted at low
pressures in order to be able to work at correspond-
ingly low temperatures to avoid the caramelization or
thermal degradation of sucrose. The heat needed to
sustain the evaporation of water is provided by a tube
and shell heat exchanger or calandria located in the
lower half of unit: the mass inside the crystallizer
moves inside the tubes and the heat is transferred by
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virtue of the condensing steam in the shell. The mass
inside is vigorously stirred by a mechanical agitator
guaranteeing its homogeneity. The stirrer has also an
important role in increasing the kinetics of crystalli-
zation and on enhancing the coefficient of heat
transmission between the mass and the calandria.
The model also incorporates the program of the crys-
tallizer implemented by a complex fully parameter-
ized state machine that drives the stage by stage evo-
lution of the strike. The typical stage sequencing
includes: the initial loading with feeding syrup, a
concentration by evaporation phase after establishing
a vacuum pressure in the vapor phase space on top of
the liquid, the introduction of the crystal seed, the
growing of the sugar crystals, the final conditioning
of the consistency of the slurry, the discharge of the
massecuite, and finally a cleaning stage with steam to
remove any traces of products and to prepare the unit
for the next strike. The class representing the tacha
can be instantiated as many times as needed, and each
particular object can have its own defining parame-
ters. The behavior of the object depends of the char-
acteristics of the incoming syrup: so each one will re-
produce the very different performances of the real
units when connected in the different stages (A, B or
C) of the plant.

Batch centrifuge: It is also an hybrid model which
describes the separation of the mother liquor from the
sugar crystals provoked by the centrifugal force pro-
duced in a perforated rotating basket. A program
guides the operation of the equipment in each step of
the cycle which includes: the loading of massecuite
with the simultaneous initial separation of mother
liquor, acceleration of the basket and injection of
clear water for removal of syrup traces, the slowing
down of the drum and the final discharge of sugar
crystals. The component describes the processes of
filtration of the mother liquor and water through the
developing sugar bed. The dissolution of sugar crys-
tals is also modelled when super saturation falls be-
low unity during water washing. The dynamics of bed
formation is reflected and the dependence of bed fil-
terability on the characteristics of the CSD of sugar is
accounted for. The configuring parameters of the
class include: geometrical dimensions of the basket
and its angular speed profile. The timing of the dif-
ferent stages of centrifuge program can be freely
specified. It is specially important the opportunity of
establishing the poor to rich syrup switching time: a
key parameter used by the technical personnel to
achieve an efficient operation of department.
Continuous centrifuges: It also separates the sugar
crystals from the mother liquor. The process in this
case is continuous and this fact makes possible the
handling of more viscous masses but, on the down-



side, it cannot achieve the same degree of purity of
the extracted crystals. This characteristics make this
kind of centrifuges the right choice for B and C
stages. This unit can be provided in two version:
with and without separation of low and high purity
syrups.

e Continuous  evaporative  crystallizer:  The
massecuite travels from input to output through a se-
ries of compartments. The super saturation is main-
tained in the metastable zone inside each cubicle by
balancing the amount of water evaporated at vacuum
conditions with the introduction of the right amount
of syrup. The heat needed for evaporation is pro-
vided by means of the condensation of steam flowing
inside a bundle of tubes arranged in the longitudinal
direction of the equipment.

e Cooling crystallization tower: It is essentially a heat
exchanger where the now very viscous slurry is made
to circulate around an array of tubes conveying cold
water in a counter current way. The super saturation
is increased by virtue of its dependence on tempera-
ture. The main technological difficulty with this kind
of equipment is the very high viscosity of the magma,
and this problem is made even worse by the reduction
of temperature. So, a cooling tower can be configured
in such a way as to be able to provide for the heating
of the massecuite in its final stretch by allowing the
circulation of hot water in a separated circuit. Care
must be exercised, however, to achieve the desired
reduction of viscosity avoiding the dissolution of
crystals by heating just to the saturation point but not
lower.

In both type of continuous crystallizers is important
to represent correctly the retention time of the real equip-
ment because of its relation with the width of the resulting
CSD. This is accomplished by the series connection of
number of sections modelled as ideally mixed stirred
tanks.

In all the mentioned units models the dynamics of
crystal growth is represented by the evolution of the mo-
ments of number density function. The use of the mo-
ments transformation as a model reduction technique is
imperative to alleviate the numerical load because the in-
tended purpose of the model library is the creation of
large simulated flowsheet for the entire department.

It has been considered relevant to model up to six
moments of the PBE given the existence of expressions
that describe the rate of some phenomena, for example
nucleation, as depending on ps.

The above described main units of the house, can be
instantiated several times, in each case specifying a dif-
ferent set of configuring parameters, to describe the pre-
cise disposition of the concrete plant. But in any complex
process industry there is a collection of other indispensa-
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ble standard auxiliary equipment like, for example, buffer
tanks, heat exchangers, pumps, valves and even control-
ling devices like PIDs. Configurable classes representing
the mentioned standard apparatus have been developed as
part of a common library designed to assist in the model-
ling of the complete sugar factory (Merino, Mazaeda,
Alves, Acebes and Prada 2006]. However, this standard
equipment is not only helpful in describing the auxiliary
elements surrounding the main units, but it is also used as
building blocks for the internal description of those very
major units. In this way, taking advantage of the hierar-
chical composition power of object orientation, a complex
component, like the one representing the tachas, is made
up of an assortment of lower level components like valves
and PIDs.

The connection of the different models requires also
the premeditated design of the appropriate ports. Some of
these are provided as part of the already mentioned com-
mon library, as for example, the one representing the flow
of saturated or super heated steam. Others are defined as
part of Sugar House Library like those describing
massecuite and syrups.

In all cases, the ports should introduce the needed
equations to explain the behaviour of typical process vari-
ables like pressure and total mass flow. To describe the
conduction of pressure for example, which is a variable of
type across (in bond graph terminology), the port coding
must indicate the need to add an extra restriction equation
for each junction specifying the equality of the corre-
sponding variables in all the converging branches. On the
other hand, variables of the through kind, like mass flow,
calls for the introduction of an equation stating that the
sum of the flows at the node must be cero. The inclusion
of the mentioned restriction equations for each node in the
final model can be as simple as using the appropriate
modelling language constructs, see for example figure (5)
and eq. (10).

PORT syrup
EQUAL REAL P
SUM REAL W

S_iny S_out;

S:;;\\\\\\

EQUAL OUT REAL h

SUM IN REAL H S_out,

CONTINUOUS

H=W*h S/EBV////) S_out,
END PORT

Figure 5. Syrup Port Definition Fragment.
S,.P=S,P=---S P

jisim1=o
i=1

There are, on the other hand, magnitudes which
have a mixed kind of behaviour: the value of the variable

(10)



of the branches into the node must be summed up, but it
must be considered as equal in every departing conduit.
This can be observed in transport variables concerning for
example the transmission of heat by convection in the di-
rection of the flow: the total enthalpy in the node is the
sum of the contribution of all incoming flows, but the
specific enthalpy of all the departing nodes is the same:

m
H=>s_in.H
i=1

S_out;.h=---=S_out,.h=h
H=W-h

(11)

In the case of the port defined for the transport of the
massecuite streams, there is the additional need of con-
veying information relative to the shape of the CSD. For
the reason already discussed, it has been decided to pass
on the values of the first six moments of the distribution.

Each one of the moments must be considered as a
transport variable so each one receives a similar mathe-
matical treatment. For example in figure (6) and equations
(12) the procedure is exemplified for the case of the cero
moment. The total flow of the incoming quantity (in this
cases total number of particles per unit time) are added,
while the specific value of all the outgoing branches, in
this case the number of particles per unit time per unit
volume, is forced to be the same. In (12) Qnm Stands for
the total volumetric flow rate of the mother liquor of the
slurry streams arriving at the node.

M_iny M outy

N
.

PORT massecuite
EQUAL OUT REAL fmO
SWM IN REAL FmO

CONTINUOUS M out,

FmO=Qmm*fm0
END PORT

M out,

Figure 6. Massecuite Port Definition Fragment. CSD
Moments Transport.

m

i=1

Fm

Each one of the components integrated in the sugar
house library has their own set of modelling assumptions
in tune with the declared operators training purpose of the
whole project. The targeted scale of the kind of applica-
tion tool to be build based on the library, aiming at de-
scribing the entire Sugar House plant as part of a scheme
including a complete Sugar factory, also determined the
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degree of resolution attainable when dealing with each in-
dividual detail. The rationale followed has been the being
able to offer to the would-be trainee a model that repre-
sents correctly the main known relations between the
many variables involved by scrupulously stating the perti-
nent balance equations and by reflecting accurately the
known structure of each of the units. The exact represen-
tation of the external configuration of the specific sugar
house flowsheet depends of each particular example but
in any case is made possible by the very object oriented
nature of the library. Additionally, the reproduction of the
programs of the batch units like the tachas and first prod-
uct centrifuges has been very realistic and detailed.

A more difficult issue is the truthful accounting of
the rate processes like for example, the kinetics of crystal-
lization and dissolution or the heat transfer coefficients.
Here the challenge is not only the accurate reproduction
of the observed dynamic behaviour but to make that be-
haviour a meaningful function of the relevant prevailing
parameters and properties of the concerned streams. So
for example, it is known that the heat transfer coefficient
is not more than a convenient simplification of a more
complex physical phenomenon, and for this reason cannot
be simply approximated by a fixed number suitable for
every situation. The accepted practice in the chemical en-
gineering community is the approximation of this kind of
rate coefficients by experimental correlations between the
appropriate non dimensional numbers adapted to the spe-
cific situation. For example, the heat transfer coefficient
can be typically obtained as function of the Reynolds,
Prandtl and Nusselt numbers and this gives the chance of
putting the referred parameter in relation with the prevail-
ing conditions of the flow, the thermal properties of the
fluid, and geometry of the problem. Similar relations do
exist to obtain the mass transfer coefficient which is im-
portant in describing the velocity of crystallization and
dissolution. The approach here taken is to make use of the
existing experimental or heuristic relations for describing
the mentioned dynamics in the major units, especially
those of batch kind where the conditions are widely modi-
fied along the strike. In any case, there is always room for
adapting free parameters of the models to match the avail-
able measured variables values obtained from the specific
real plant.

Another important concern relates to the modelling
of the mixing behaviour of the different types of equip-
ment. For batch units it is somehow sustainable the claim
of a perfectly mixed tank which translates into a simple,
global parameter ordinary differential equations model. A
Continuous crystallizer, on the other hand, exhibits a
more complex residence time distribution (RTD) function,
halfway between the two ideals patterns of perfectly
mixed reactor and plug flow reactor. Since the expected
characteristics of the final CSD, in particular its width,
depends critically on the residence time of the sugar crys-



tals in the reactor, it is important to get right this behav-
iour. The approach here followed has been to approximate
the RTD by placing a cascade of an enough number of
perfectly mixed reactor models.

To model auxiliary equipment like heat exchangers
correctly, it would be necessary to follow a similar discre-
tization strategy. Although perfectly possible, the ap-
proach here suggested is to pragmatically solve the trade
off between dynamic accuracy and easiness of the nu-
merical solution in favour of the latter.

Other general important modelling assumptions of
the library have already been mentioned in passing, but
we explain them here giving more details for the sake of
precision: all the non sugars present in the technical
streams are grouped under the impurity tag. The exact
composition of the impurities is of course important, but it
would be extremely difficult to keep track of all these
substances individually. In any case, by considering all
non sugars together, we here follow the common practice
of most sugar industry studies. In those cases in which the
exact nature of non sugar substances has a big impact, like
for example when describing their influence on solubility,
the unpredictability caused by the ignorance of the exact
impurities composition is accounted for by means of suit-
able adjustable parameters. Furthermore, the library do
not contemplate either the possibility of mass transfer be-
tween the impurities and any of the other species integrat-
ing the syrups or the massecuite. This, for example, rule
out the considering of the process of inversion, not exces-
sively important in the sugar house anyway, whereby the
sucrose molecules are transformed in inverted sugars
which are termed as impurities. The process of impurities
inclusion in the sugar crystals is not modelled either: this
phenomenon can be observed when the crystals grow up
too rapidly and traces of mother liquor gets trapped inside
the lattice.

Finally it should be said that the library must use the
relevant properties of the described streams like specific
enthalpies, densities, viscosities and the like. The proper-
ties of steam are widely known but those specifically per-
taining to the sugar industry have been taken from the ex-
cellent compilation due to Bubnik, Kadlec, Urban y
Bruhns (1995).

5. THE MODEL OF THE SUBSECTION OF
STANDARD LIQUOR FORMATION.

In order to better illustrate the concepts involved in the
design and use of the library, the subsection in charge of
the formation of standard liquor for the A stage is de-
scribed. This part of the Sugar House (fig. 7), whose pur-
pose is to provide the feeding liquor to the first stage crys-
tallizers, consist of a series of continuously operated
stirred tanks which are fed with the concentrated syrup
entering the department and with the rich syrups from the
A centrifuges. The tanks also receive the sugars from the
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B and C stages, and the goal is to completely dissolve all
the incoming crystals. The temperature of the equipment
is kept in a safe high value to help the dissolution process
by increasing the solubility of the solution. The concen-
tration of the resulting liquor is automatically controlled
by manipulating the input of a more diluted juice.
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Figure 7. Standard Liquor Formation.

In figure 8 an EcosimPro (EcoDiagram) connection
diagram model describing the central, most important part
of the subsection is shown. The aggregated model incor-
porates readily a few instances of model classes represent-
ing standard equipment such as valves, pumps, heat ex-
changers and PID controllers. A side by side inspection of
the section flowsheet representation (fig.7) and its model
assembled graphically by reusable object models (fig. 8)
gives an idea of how intuitive the OO way of modeling
could be.

The class compartment has been specifically devel-
oped for this section. It represents a perfectly mixed con-
trol volume that is able to receive the two mentioned
types of streams: syrup and massecuite, and which deliv-
ers, generally by overflowing, the resulting slurry. The
main process being described in the component is the dis-
solution of the existing sugar crystals.

The other especial class used in the final model is
the one representing a steam coil used for the heating of
the mass inside each of the cubicles.

The original processing tank is build using an elon-
gated horizontal open reservoir, internally divided in three
compartments by partition walls. In the model this fact is
represented by placing the same number of instances of
the class compartment (compl to comp3) in series. In this
example, it has been assumed that each of the original
compartments behaves as a perfectly mixed reactor. Even
though each real partition has its own dedicated stirrer,
the previous claim might no be entirely justified. In any
case, if RTD data were available, it would be straightfor-
ward to approximate the corresponding mixing behavior,
by placing the appropriate number of compartment ob-
jects in cascade.
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Figure 8. EcosimPro Internal Description of the Horizon-
tal Dissolution Tank.

The mathematical model of each compartment keeps
track of the presence of each of the constituents of the
slurry by stating the corresponding mass balances.

The most important element to consider here is the
rate at which mass is transferred from the dissolving
crystals to the solution. This rate in [kg/s] can be deter-
mined according to:

Wiis = kd AcrisCsug (S _1) (13)

Dissolution can be considered as the counterpart of
crystallization, but in this case, the phenomenon can be
successfully described by just one mechanism: mass dif-
fusion from the crystals to the bulk of the solution: so kq
is the mass transfer coefficient [m/s], Cy,4 the concentra-
tion of sucrose in a saturated technical solution [kg/m?],
A the total area [m?] of existing crystals obtained from
PBE and S the supersaturation which should be less that
unity for dissolution to occur.

The mass transfer coefficient can be adjusted in ac-
cordance to the measurements, or, in the absence of ob-
served data it could be approximated by correlations be-
tween non dimensional numbers as, for example, in
Koiranen, Kilpio, Nurmi and Norden (1999).

The energy balance is also written down in the model
to correctly describe the influence of temperature on the
workings of the installation. Figure 9 illustrates the behav-
ior of the compartments in cascade in relation to the tem-
perature of the mass. The graph depicts the evolution of
the sugar mass fraction along with the value of supersatu-
ration, which is the driving force of the dissolution proc-
ess and whose dependence on temperature is the ultimate
cause of the above mentioned correlation. It can be ob-
served, that for a temperature of 65°C, the sugar content
decreases form a compartment to the next, but the equip-
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ment is unable to dissolve all the incoming grains. When
the temperature of the mass is increased by modifying the
set point that controls the steam input to the heating coil,
initially to 80 °C and then to the normal working value of
90°C, the super saturation is correspondingly lowered and
the sugar content goes to zero first in the last cubicle and
then, in the intermediate one also. A high temperature
helps the dissolution process, but values above 90°C
should be avoided to prevent caramelization.
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Figure 9. Influence of Temperature on Dissolution.

There are many other factors determining the per-
formance of the subsection: figure 10, for example illus-
trates the impact on the performance of the equipment of
the amount of sugar crystals originally fed to the first
compartment.

The control room operator should be trained in the
not so obvious relationships of the different variables to
be able to take the appropriate actions when confronted
with the real factory challenges. It may very well happen,
for example, that the quality of the available steam is in-
capable of guaranteeing the recommend mass tempera-
ture, she might then try to compensate this effect by a
suitable manipulation of the proportion between the dif-
ferent streams put in.
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Figure 10. Sugar Crystals Mass Fraction in each Com-
partment with Different Mass Flows of B Sugar.

Other elements should be of concern in the conduc-
tion of the subsection. It is important, for instance, the
guaranteeing of a constant purity in the liquor sent to the
downstream tachas. So if the purity of the arriving con-
centrated syrup changes, the operator should counterbal-
ance this fact by adjusting the amount of rich syrup intro-
duced in the dissolution tank.

Finally, it should be said, that for a useful training
experience, the developed dynamical models should be
presented to the trainee with an HMI interface (fig. 11)
that resembles the one he would meet in the real factory.
The training application (Alves, Normey-Rico, Merino,
Acebes and Prada 2005) also guarantees the real time exe-
cution of the simulated sections.
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Figure 11 HMI Interface of the Training Tool.
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