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Abstract

The objective of this work was to determine the operating conditions which would maximise the
crystallisation performance of continuous vacuum pans used in the sugar industry. The specific
application investigated in detail is crystallisation of high grade product sugar (A-sugar) in a

South African raw cane sugar factory.

The optimisation studies are based on a detailed dynamic mathematical model of a continuous
pan. Whilst this model is based on the published work of others, the selection of variables and the
formulation of the equations have been structured to produce a modular model of an individual
compartment with the minimum number of independent variables. The independent variables
have also been selected to meet the requirements of both a state-space control formulation and
those necessary for the dynamic programming technique of optimisation. The modular
compartment models are linked together to model a multi-compartment pan and the steady state

model is derived as a special case of the dynamic model.

For the model to simulate the conditions in South African sugar factories adequately requires
appropriate descriptions of sucrose solubility and growth kinetics. Given the limited applicability
of published data, experiments were undertaken to determine these parameters. Sucrose solubility
in impure solutions was determined in laboratory tests designed to approach equilibrium by
dissolution at conditions approximating those during pan boiling. The dependence of crystal
growth rate on the concentration of impurity present in the mother liquor was investigated in both
laboratory scale and pilot scale batch pan boiling experiments. The primary dependence of
crystal growth rate on the super-saturation driving force was determined by fitting the steady

state model to results of tests on an industrial scale continuous pan.

The dynamic programming technique was used in conjunction with the mathematical model to
determine the operating conditions which maximise steady state crystallisation performance.
Using the crystallisation parameters determined for South African conditions, this approach has
shown that the conventional wisdom of running with high crystal contents in all compartments of
continuous pans boiling A-massecuite is not optimum. Pans should operate at lower crystal
contents in earlier compartments, only increasing to higher crystal contents towards the final
compartment. The specific values depend on seed conditions, pan design and the solubility and

growth kinetics.
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To reap the benefits of being able to determine the optimum steady state operating condition for a
continuous pan, it is necessary to be able to achieve effective steady state operation under
industrial conditions. This requires both a steady loading on the pan and effective control of the
crystallisation conditions within the pan. To stabilise loading, a strategy has been developed
which uses buffer tanks in an optimal way to damp out flow fluctuations. This strategy
accommodates multiple buffer tanks in series without the amplification of disturbances that

occurs with some of the simpler published techniques.

The dynamic behaviour of absolute pressure control and compartment feed control were
investigated in an industrial scale pan. This work has demonstrated the importance of high
quality absolute pressure control and developed techniques for effective automatic tuning of pan

feed controls.

As part of this research, computer control systems were developed as tools to provide the

appropriate monitoring and control of the experiments undertaken.
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Preface

This thesis is based on research which was conducted either whilst I was employed by the
Tongaat-Hulett Sugar Company (THS) or making use of their production and research facilities.
The research was conducted, and is best understood, within the context of Tongaat Hulett’s
efforts to perfect continuous pan boiling technology as described in section 1.3 of the thesis. The
successful efforts of the THS team which developed and commercialised a unique design of
continuous pan were recognised locally by the award of both the 1993 Chemical Engineering
Innovation Award of the South African Institution of Chemical Engineers and the 1994 Annual
Award of the Associated Scientific and Technical Societies of South Africa.

As a member of this team, which comprised THS staff from design, Research and Development,
production and the technical support departments of the company, it is hopefully instructive to
describe my personal contributions as part of the team and to identify the research that I

undertook personally.

A crucial aspect of the Tongaat Hulett design of continuous pan is the emphasis on achieving
appropriate flow characteristics for the massecuite in the pan. This is an important aspect in the
successful conversion of batch processes to continuous processes and which had been the
rationale behind the application of tracer testing to a number of processes in the local sugar
industry (Rouillard and Smith, 1981). The residence time distributions obtained from tracer tests
can be analysed both qualitatively and quantitatively to provide insights into the flow patterns
within the process unit being tested. My own involvement in measurement and optimisation of
flow patterns began when I was employed in the Research and Development Department of
Huletts Sugar (subsequently to become THS after a merger). My initial work was directed at
improving the performance of continuous clarifiers (Love, 1980) which was supported by
research to develop appropriate analytical techniques (Morel du Boil, 1980). I also developed
techniques for conducting and analysing tracer tests on diffusers (a counter-current leaching
process for extracting sucrose from shredded cane) using a two dimensional dispersion model
(Love and Rein, 1980). This background subsequently led to my involvement as a member of the

team which conducted and analysed tracer tests on continuous pans (Rein, Cox and Love, 1985)

When THS made the decision to proceed with the construction of the new Felixton mill, I was
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working as a process design engineer in the company’s central technical department ( Technical
Management Department) which undertook the design of the new mill iﬁ-house (Renton, 1985).
As a member of the process design team, I undertook the detailed design of some of the
ancillaries for the six new continuous pans installed in the new factory (viz, entrainment
separators, direct contact barometric condensers, feed distribution systems, steam spargers

(jiggers) condensate drains and massecuite transfer ports between compartments.)

After the construction of the Felixton factory, I joined the production management team at the
new factory and worked there for three years from 1984 to 1987, with one of my areas of
responsibility being the optimisation of the performance of the new continuous A pans. Much of
my efforts to understand and improve operations , being of a production rather than research
nature, were not published but provided me with a more comprehensive understanding of real
production problems which in turn provided direction and background to my subsequent

research.

My work on the control and instrumentation problems on the continuous pans during this period,
in close collaboration with an electrical engineering colleague, resulted in an investigation into
the use of boiling point elevation as a control signal, a modified method of controlling pan
throughput and the development of a method of tuning feed control loops ( Love and Chilvers,
1986).

Despite the significant effort expended by both production and technical support staff, the
continuous A pans at the new Felixton mill performed below design during their first years of
operation. The original design had been for an A massecuite exhaustion of 66 (Reid and Rein,
1983) but the season average A massecuite exhaustions for the first four years of operation were
significantly below this, viz.:

1984/85 season : 56,64

1985/86 season : 59,75

1986/87 season : 59,95

and 1987/88 season: 60,20.

Being a new technology, there was little past experience at the time to assist in understanding the
shortfall in performance, and only one other local continuous A pan installation for comparison
(at the Maidstone mill). As part of my efforts to improve the A pan performance, I performed
some production comparisons between the Felixton and Maidstone continuous A pans and co-

ordinated three weeks of close attention to A pan operations when I and two other experienced
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sugar technologists provided 24 hour supervision and testing in three eight hour shifts. I also was
part of the team that conducted detailed tests on the pans. The tracer tests were used to measure

residence time distributions (Rein, Cox and Love, 1985) whilst simultaneously collecting data for

analysis by a steady state computer model (Hoekstra, 1985).

None of this testing managed to produce a significant increase in performance, but it did indicate
that there was a lack of knowledge as to the relationship between crystallisation performance
and crystallisation loading. The definition of performance and loading are not well specified but
it is reasonable to expect that the performance of a process unit will reduce as the loading is
increased. There was also evidence of a wide variation in the reported growth rates of sucrose
crystals. Specifically, Hoekstra (1985) found that the crystal growth rates estimated from an
analysis of the tests on the Felixton A-pans was only one tenth of that predicted from published
correlations for the Australian cane sugar industry. As is described in Chapter 2, the data
published in the paper by Rein, Cox and Love (1985) can be analysed (Appendix G) to show that
the crystal growth rates (on a number basis) achieved in the test continuous A-Pan at Amatikulu
were more than double those achieved on either the production continuous A-Pans at either

Felixton or Maidstone.

It was within this context of the many unanswered questions about both the fundamentals and
practice of operating continuous A pans that I resigned from my production position at Felixton
and registered for full time research at the University of Natal to undertake a study into the
dynamic behaviour and optimum control of a continuous pan. The scope of this research work is
detailed in section 1.5 of this thesis. The ultimate objective was to provide clear
recommendations on how a continuous pan should be operated in a production environment to
achieve maximum performance. THS undertook to provide me with access to their factories,

information and research facilities to support this project

After a period of three years of full time research, [ was offered a position back at THS in their
central technical department, where I continued the research part time. During this period I
investigated techniques for reconciliation of mass balances and developed a simplified technique
which could be applied using the numerical analysis capabilities of spreadsheets. The technique
was initially applied to work on continuous centrifugals (Hubbard and Love, 1998) and is used in
this research for analysing the results on full scale continuous pans. Whilst initially I was able to
make some progress with the research, and the responsibilities of my position at Tongaat Hulett

Sugar kept me involved in the operation, development and commercialisation of continuous pan
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technology, it became increasingly difficult to devote sufficient time to completing the research.
I resigned from THS in 1997 to allow more time to complete the research whilst working part-

time as an independent consultant. THS continued to provide me with access to their research

facilities, specifically laboratory and pilot pans for the measurement of crystal growth kinetics.
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CHAPTER 1

1. Introduction

1.1 Readers Unfamiliar with Sugar Technology

This introductory chapter assumes a knowledge of the sugar manufacturing process and its
terminology. For readers with an interest in the control, modelling and optimisation aspects of
this thesis, but who are unfamiliar with the specifics of sugar manufacture, the necessary

background is provided in subsequent chapters (in particular Chapter 3).

1.2 Pan Boiling for Sucrose Crystallisation

At the heart of the sugar manufacturing process is the operation of sucrose crystallisation.
Despite the age of the industry, much of the technology of industrial sucrose crystallisation has
remained an art rather than a science as other aspects of sugar technology have progressed. The
skill of experienced operators (pan boilers) has been crucial to the operation of a sugar factory.
This has been particularly so for raw sugar factories where the impurities in the raw material

(either sugar cane or sugar beet) have an enormous influence on the crystallisation process.

In addition to a lack of scientific knowledge relevant to industrial sucrose crystallisation , two
characteristics of the process have severely limited the range of techniques which can be applied

to improve the process.

* Firstly, the low change in solubility of sucrose with temperature has relegated cooling
crystallisation to a secondary process. Evaporative crystallisation (under vacuum) is the
major crystallisation process.

* Secondly, the high viscosities of the impure sucrose solutions from which the crystals
must be grown precludes the use of size classification by settling to selectively remove
crystals from the process once they have grown to the required size, a mechanism often

used in continuous crystallisers for other products (Rein, 1992).

Consequently, as other unit operations within the sugar factory were converted from batch to

continuous operation, crystallisation continued to be carried out in batch evaporative crystallisers
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CHAPTER 1 Introduction

under vacuum (vacuum pans).

In recent years there has been a slow but steady move towards continuous pan boiling. The first
patent for a continuous vacuum pan was awarded in 1932, but it is only in the last approximately
25 years that continuous ﬁan boiling has become a practical proposition (Rouillard,1988). The
first continuous pan in the South African sugar industry was installed at the Maidstone factory in

1976.

1.3 Tongaat Hulett Sugar Company and Continuous Pan Boiling Technology

As described in the preface, this thesis is based on research which was conducted either as an
employee of the Tongaat-Hulett Sugar Company (THS) or making use of their production and
research facilities. The research has thus been conducted, and is best understood, within the

context of Tongaat Hulett’s efforts to perfect continuous pan boiling technology.

Tongaat-Hulett have been involved in continuous pan boiling from the time of the installation of
the first production unit in South Africa, through to the development and marketing of their own
design of continuous pan. Tongaat Hulett as a sugar production company, rather than an
equipment manufacturing company, were able to combine detailed engineering design,
considerable operating experience and research and development effort to produce a practically
successful design which has achieved considerable commercial success. Tongaat Hulett sell pan
designs directly to the Southern African Sugar industry but have used an established sugar
equipment company in the United Kingdom ( Fletcher Smith) as agents to market their design to
the rest of the world sugar industry. By the end of 1999 a total of 116 pans of the THS design
were installed world wide (Cox, personal communication, 1999), making THS a world leader in
continuous pan technology. For comparison, the other major design of natural circulation
continuous pan (Fives Cail Babcock) at approximately the same time had manufactured 150

pans to their original design and 30 pans of a new design (Journet, 1999).

The significant engineering and scientific effort in achieving this success has been recognised
locally by the award of both the 1993 Chemical Engineering Innovation Award of the South
African Institution of Chemical Engineers and the 1994 Annual Award of the Associated

1-2
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Scientific and Technical Societies of South Africa.

Tongaat Hulett’s experience with continuous vacuum pans began when the first commercial unit
in the South African Sugar Industry was installed at their Maidstone factory 1976. This pan,
designed by Fives Cail Babcock (FCB) was installed to process C massecuite and although it
demonstrated the potential of continuous processing, it required modification before acceptable
performance could be achieved and, even then, was unable to meet its guaranteed capacity
(Graham and Radford, 1977). Further efforts to characterise and optimise the performance
(Mathesius, Graham and Pillay, 1978, Julienne and Munsammy, 1981) provided more operating
data which confirmed the low heat transfer rates and demonstrated that the pans had poor

massecuite flow characteristics.

THS began tests to see whether the benefits of continuous pan boiling could be achieved at
minimal cost by converting batch pans into continuous pans (Rein, 1986). This began with the
conversion of a batch pan at the Mount Edgecombe mill into a continuous C-pan which
demonstrated improved heat transfer rates compared with the FCB pan (attributed to the vertical
tube calandria) and improved flow characteristics (attributed to careful design of the massecuite
flow path). The efforts in developing an alternative design of continuous pan were given extra
impetus when THS took the decision to build a new sugar mill at Felixton ( Renton, 1985).As the
largest sugar mill in South Africa at the time, it was to require six large continuous pans when

constructed.

A particularly important question that needed to be answered for the design of the new Felixton
mill was whether a continuous pan could be designed for producing A-massecuite. Whilst by that
time, continuous pan boiling was proven on B and C massecuite, no factories were operating
continuous pans on A-massecuite (Kruger, 1983, Rein, 1986). A brief test boiling of A
massecuite in the FCB pan at Maidstone in 1977 had showed that the process was feasible but

that encrustation of heating surfaces could be a significant problem (Kruger, 1983).

To test continuous boiling of A-massecuite more fully, a batch pan at the Amatikulu mill was
converted into a six compartment continuous pan (Kruger, 1983, Rein, 1986). These tests proved
that good quality crystal could be achieved with continuous A-pans, a particular concern since

this is the final product of the factory. Whilst good evaporation rates were achieved, the pan did
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not have suitable circulation and this resulted in rapid and unacceptable build-up of encrustation

on the heating surfaces.

At this stage of the investigation, a new continuous pan was required to expand the capacity of
the pan floor at the Maidstone factory. This provided THS with an opportunity to design and
build a new continuous pan which would be the prototype for the pans required for the new
Felixton factory. Although originally planned as a B-massecuite pan, provision was made to
operate the pan on A, B or C-massecuite. Comprehensive testing on A-massecuite proved that
this process was entirely feasible and led to the decision to install continuous A-pans at the new
Felixton factory (Kruger, 1983). Testing of the Maidstone pan on all three grades of massecuite
confirmed that the design had met the requirements of good circulation and had high heat transfer
rates. With slight modifications, the design formed the basis for the six continuous pans installed
in the new Felixton factory where continuous pans were used on all three grades of massecuite

for the first time in South Africa (Rein, 1983).

Tongaat Hulett continued to advance the technology of continuous pan boiling in a number of
areas, publishing many of the findings. A steady state computer model of a continuous pan was
developed to analyse the results of performance tests (Hoekstra, 1985) and used to predict
behaviour under different operating conditions (Hoekstra, 1986). Tracer tests were used to
measure residence time distributions and estimate the flow characteristics of continuous pans
(Rein, Cox and Love, 1985). The measurement of conventional electrical conductivity proved to
be a less than satisfactory signal for the control of continuous A-pans and led Tongaat Hulett to
develop a radio frequency conductivity measurement for this purpose (Radford and Cox, 1986).
These RF conductivity probes proved to have a significant market demand and considerable
further development was invested in this technology (Radford, Tayfield and Cox, 1988). The
dynamic behaviour of feed control loops was investigated and a technique developed for setting

the tuning parameters of the automatic controller (Love and Chilvers,1986).

With proven and competitive continuous pan boiling technology, the developments that Tongaat
Hulett have made since the innovative new design of the mid eighties have been incremental but
significant operating experience and performance data has been gathered (Rein, 1990, Rein,

1992, Rein and Msimanga, 1999). Whilst most applications have been in raw sugar processing,

the pan has also proved successful on refinery recovery boilings (Schorn and Meadows, 1998).
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1.4 Scope of this Thesis

The scope of the research for this thesis was defined to provide a better understanding of the
dynamics and operation of continuous pans with the objective of specifying an operating policy
which would maximise pan performance. Based on the experience of THS in the development of
continuous pan boiling technology and a review of the literature, the approach taken in this
research was to use a mathematical model as the basis for understanding pan behaviour. Where
possible, the parameters of the mathematical model were to be determined by fitting the model to
the results of plant scale tests to give a model which is capable of providing realistic predictions
of industrial performance. Where it is not practical to vary parameters on an industrial scale, the
model parameters were to be investigated by testing product streams from the local industry on a
laboratory or pilot scale. This was deemed to be preferable to accepting published correlations
with limited or unknown applicability (eg values determined for the Australian cane sugar

industry).

The scope of the research is illustrated diagrammatically in Figure 1.1. Here it is possible to see
the interdependence of the different aspects of the research and how they contribute to the overall

objective of defining an optimal operating policy for a continuous pan.

The mathematical model is built up in a modular form, starting with a dynamic model of a single
compartment. Single compartment models can then be linked together to produce a dynamic
model of a multi-compartment pan. The steady state model is obtained as a special case of the
dynamic model where the time derivatives are set to zero. The structure of the model is selected
to provide a model that is appropriate for both control and optimisation studies. The growth rate
dependency on supersaturation was determined by fitting the steady state model to full scale pan
tests. The correlation to define saturation in impure solutions was investigated by measurements
made using a specially designed laboratory apparatus. The dependence of crystal growth rate on
level of impurity in the mother liquor was investigated both in laboratory/pilot scale batch pan
boiling tests and by interpreting available industrial pan boiling data for different grades of

massecuite.

The dynamic behaviour of the pan was investigated, both by simulation using the dynamic

models of the pan, and by measurements on a full scale pan.
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Figure 1.1 : Diagrammatic representation of the scope of this research
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The dimensions of the optimisation problem preclude the use of conventional optimisation
techniques and necessitate the use of dynamic programming which uses Bellman’s “principle of

optimality” to overcome the “curse of dimensionality” (Bellman, 1957).

The long time constants for crystallisation in a continuous pan ( of the order of 5 to 10 hours)
combined with the importance of steady state operating conditions for a continuous process
results in a requirement for a steady production load if the optimal operating conditions are to be
maintained. This requirement leads to a need to stabilise the production rate of a continuous pan

through the optimal use of buffer tanks within the process.

The final objective of the different aspects of the research is to specify an operating policy for a
continuous pan to enable it to achieve maximum capacity and performance , covering :
1 A specification of the optimal steady state operating conditions.
2 Recommendations on how to maintain this optimal state by;
- stabilisation of throughput by the effective use of buffer tanks.
- accurate absolute pressure contrdl to avoid unwanted dynamic behaviour.
- correct operation and tuning of feed control loops to maintain stable conditions

in compartments..
1.5 Structure of this Thesis

Following on from this introductory chapter, Chapter 2 provides a summary of published
information on the fundamentals of sucrose crystal growth. This covers information on the
solubility and crystallisation kinetics of sucrose in both pure and impure solutions. It also gives
some background on the measurements that are traditionally used in the sugar industry to
characterise concentrations of sucrose and impurities in solutions and to quantify the size and

spread in size of sucrose crystals.

Chapter 3 provides the background to the terminology and processes of the sugar industry that
are applicable to the process of pan boiling (vacuum evaporative crystallisation). Beginning with
a summary of terminology, the chapter then goes on to describe how sucrose separation is
accomplished in a multistage process of crystallisation and separation steps with appropriate

recycle streams, known as a boiling scheme. The dominant boiling scheme of the South African
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Sugar Industry is described. Background is also provided on the technology of both batch and
continuous pan boiling . Alternative measurements used to monitor and control the pan boiling

process, and the control strategies that are employed in continuous pans are described.

With the background to this investigation into continuous pan boiling having been given in
Chapters 1 to 3, Chapter 4 begins to describe the research personally undertaken to investigate
continuous pan boiling. The chapter describes the mathematical model which provides the basis
for understanding and optimising continuous pan performance. Starting with a review of
published work on the modelling of pans, a state space model is formulated, using the approach
developed originally by P G Wright (Wright and White, 1974). The innovation in this present
work is the selection of variables and structuring of the model to provide a modular model
suitable for both control and optimisation studies (specifically the dynamic programming study
described in Chapter 8).

Chapter 5 describes work personally undertaken to determine a relationship to describe the
solubility of sucrose in the impure solutions encountered in the South African sugar industry.
The chapter describes the experimental apparatus, the experimental techniques and the collection
and analysis of results. The result is an equation which characterises the solubility of sucrose

under conditions of temperature and levels of impurities appropriate to A-massecuite pan
boiling.

Chapter 6 describes the research personally conducted to determine the effect of impurities
commonly found in local raw cane juices on the kinetics of sucrose crystallisation. This covers
initial testing and method development on a laboratory scale batch pan followed by the design of
a pilot scale batch pan specifically intended for collecting kinetic data applicable to full scale
boiling. The well known difficulties of simulating pan boiling on a small scale (Clark, 1999)
resulted in most of the work concentrating on method development with unfortunately very little

reliable data being generated on the purity dependence of growth rate.

Since it is the crystal growth rate achievable in full scale pans that is important for optimising
production, Chapter 7 describes detailed testing of a full scale production pan and the analysis of
the results (by fitting the model developed in Chapter 4) to determine growth rate kinetics.

Production constraints prevent significant purity variations in full scale testing and thus the
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purity dependence of crystal growth rate is not determined by fitting the model to the data but
rather taken as that derived from other sources (ie as described in Chapter 2 ,section 2.6 and in

Chapter 6)

Chapter 8 describes the development of an optimisation technique based on dynamic
programming and the mathematical model developed in Chapter 4 (incorporating the appropriate
solubility and growth rate correlations developed in Chapters 5, 6 and 7 ). The optimisation
technique is used to determine the optimum steady state conditions at which the pan must operate
(ie the crystal content and supersaturation profile) to achieve maximum crystallisation

performance.

Chapter 9 describes measurement and analysis of the dynamic behaviour of individual pan
compartments to provide recommendations on how they can be most effectively maintained at the

optimum steady state.

In Chapter 10, to provide further insights into the dynamic behaviour of the pan, the dynamic
model developed in Chapter 4 is used to simulate the dynamic response of the pan. These
quantitative simulation results are used to provide a better qualitative understanding of the
dynamic behaviour of the pan. This is achieved by identifying and explaining the contributions of
the three simultaneous mechanisms of concentration/dilution, “wash-out” and crystallisation to

the overall dynamic response.

The long time constants traditionally encountered in continuous pan boiling (of the order of 5 to
10 hours) mean that for any change in throughput, steady state will not be achieved for at least
this period of time, negating much of the benefit of knowing what the optimum steady state
operating conditions should be . To stabilise pan throughput the factory buffer tanks must be
used in an optimal way. Chapter 11 reviews the literature on strategies for the optimum use of
buffer tanks and highlights the limitations of available theories for dealing‘with a sequence of
buffer tanks in series. The development of a novel buffer strategy is described which uses Linear
Quadratic Gaussian Control theory to handle multiple tanks in series. The performance and
advantages of this novel strategy are demonstrated in the results of computer simulations and

compared with simulations of one of the more advanced published strategies.
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Chapter 12 describes the development of a computer control system to support this research, and
provide a platform for control studies. The system uses a specific real time operating system
(MultiDos Plus) and a structured programming language (Pascal) and shows how these two
elements can be combined to achieve a flexible computer control system. The system is capable
of being easily tailored to the requirements of different installations without the constraints which
many commercial control systems have in terms of implementing advanced control strategies and

numerical techniques.

Chapter 13 provides the final conclusions, summarising the recommendations for both what the
optimal steady state conditions for a continuous pan should be and how the pan should be best
maintained at these optimal conditions in a production environment. Specific recommendations

are provided for the product streams that were tested in the research.

To improve the readability of the thesis, supplementary material is relegated to a number of

appendices.
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CHAPTER 2
2. Mechanisms and Rates of Sucrose Crystal Growth

2.1 General

The growth rate of sucrose crystals is a major rate limiting step in the sugar production process,
particularly in raw cane sugar factories where impurities can significantly reduce the
crystallisation rate. In particular, the crystallisation rate is the major factor in determining the
installed capacity of the vacuum pans (evaporative crystallisers) and cooling crystallisers. (Heat
transfer requirements can become the limiting factor at the high crystallisation rates achieved in
white sugar pans of refineries but this is not normally the case in raw sugar factories). Since pans
and crystallisers constitute a major capital investment, the process of sucrose crystallisation from
aqueous solutions has been the subject of many investigations. These investigations range from
studies of the fundamentals of pure sucrose solubility to more empirical studies of growth rates
in the impure solutions of raw sugar factory syrups and much of the work has been summarised
in review articles over the years (eg Honig, 1958, Smythe, 1971, van Hook, 1977, van Hook,
1981, Murandi et al., 1988, and van Hook et al.,1997).

Underlying the studies of crystallisation is the concept of solubility since this is fundamental to
defining the driving force for crystallisation (viz. the extent to which the concentration greater
than that at saturation). There is an extensive body of literature on sucrose solubility in both pure
and impure solutions which is reviewed in this chapter. The area of interest for this thesis is
sucrose solubility in relatively high purity cane sugar solutions (approximately 65 to 90 purity)
at pan boiling temperatures (65 to 70°C), but unfortunately this is an area which has not received
much attention in the literature. Fortunately there is well corroborated data on the solubility of
pure sucrose solutions (section 2.2 ) and this is used as the basis for understanding and

interpreting the solubility data that are available for impure solutions (section 2.3).

Whilst there is a coherence in the literature on sucrose solubility, a review of the literature on
rates of crystallisation is apt to leave one with a feeling akin to that of Samuel Taylor Coleridge
who complained that zoology as he studied it was so weighed down and crushed by a profusion
of particular information, “without evincing the least promise of systematising itself by any
inward combination of its parts,” that it was in danger of falling apart. (Medawar, 1984). This is

sadly similar to the comment of Smythe (1971) when discussing the state of sucrose
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crystallisation research more than thirty years ago that “there is still, however, no generally
applicable theory which allows a quantitative evaluation of factors which influence the important

practical process of crystallisation from solution”.

For the particular requirements of this thesis it is necessary to be able to predict quantitatively
how fast sucrose crystals will grow as a function of operating conditions in industrial scale
equipment - specifically vacuum pans. This has been the guiding principle in reviewing the
published data on sucrose crystallisation and means that most of the quantitative data on
crystallisation rates reported for laboratory measurements only has use in understanding
mechanisms. The mechanisms of crystallisation are best understood for the simpler case of pure
sucrose solutions (section 2.4). The effects of impurities on sucrose crystallisation are complex

and particularly difficult to quantify effectively (section 2.5).

There is fortunately some published data on industrial and pilot scale crystallisation which have
been analysed to provide some data on rates of crystallisation which are applicable to industrial

scale pan boiling (section 2.5)

22 Solubility of Sucrose in Pure Aqueous Solutions

At a fundamental level of analysis, sucrose molecules can be considered to be held in aqueous
solution by the attraction between the sucrose hydroxyl groups (eight per molecule) and the water
molecules. In dilute solutions each sucrose molecule is surrounded by up to eleven water
molecules which satisfy its attraction sites completely (Allen et al., 1974). Removal of water
molecules from a solution will eventually result in a situation where there are insufficient water
molecules to satisfy all the attraction sites of the sucrose present, and attraction between sucrose
molecules will begin. Below a certain concentration, a sucrose crystal added to the solution will
dissolve, indicating that the attraction of the solution is greater than the attraction of the crystal
face. The concentration at which this dissolution no longer occurs, (and no growth of the
crystals yet takes place) is defined as a saturated solution. The ratio of water molecules to
sucrose molecules at saturation is dependent on temperature, and has been determined to be
(Culp, 1981):

N =10.65-0.0674-T
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CHAPTER 2 Mechanisms and Rates of Sucrose Crystal Growth

where :
N is the water/sucrose molecular ratio
T is the solution temperature (°C)

At concentrations above saturation, existing crystals will grow, but in the absence of crystals, no
crystallisation will take place unless the concentration is high enough to overcome the high
surface energy of "micro-packets" of sucrose molecules, causing them to grow rapidly to become
-a viable crystal nucleus (Wright, 1983). This formation of new crystals is known as
"nucleation”, "fine grain" or "false grain". The solubility of sucrose is more usually presented

empirically in the form of the diagram shown in Figure 2.1.
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Figure 2.1 Solubility diagram for aqueous solutions of pure sucrose

This concentration/temperature diagram is divided into four distinct zones, viz:
The dissolution zone, where the mother liquor is below saturation and crystals dissolve.
The metastable zone, where the mother liquor is above saturation and existing crystals grow
but no new nucleation occurs.
The intermediate zone, where the mother liquor is at a high enough level of saturation for new
crystals to appear, but only in the presence of existing crystals, (i.e. a secondary process).
The labile zone, where the mother liquor concentration is high enough to produce spontaneous

and homogenous nucleation of crystals from the solution.
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Of major importance is the exact specification of the saturation line which forms the boundary
line between the dissolution and metastable zones. The original data of Herzfeld (1892) were
found to be in error which encouraged further work to produce a definitive set of tables for

sucrose solubility (discussion on the paper by van Hook and van Hook (1959)).

McGinnis (1978) has summarised the solubility data which have the tentative approval of
ICUMSA (Schneider, 1979), based on the work of Charles (1960) and Vavrinecz (1962) but
misquotes the correlations developed by these researchers. The correct correlations are :

Derived by Charles:
C,, = 64397 + 0.07251x T + 0.0020569 x T> - 9.035x 10° x T° (@22

- Derived by Vavrinecz:

C,, = 64447+ 0.08222x T

2.3)
+0.0016169x T2 —-1558x 10 x T3> - 4.63x 108 x T*

where ;

Csp is the concentration of a pure saturated sucrose solution expressed as a mass
percent of the solution

T is the solution temperature (°C)

These correlations appear to have achieved general acceptance, with the cubic equation having
been used by Broadfoot (1980) and the quartic equation having been used by Heffels (1986) and
Bubnik and Kadlec (1992).

An alternative measure of the concentration of a sucrose solution is the sucrose to water ratio.

For a saturated sucrose solution, this can be determined from the mass percent value as follows :

C

5,p

SW, =
>~ (100-C, ) @4

where ;

SW,

sp 1s the sucrose to water ratio of a pure saturated solution
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2.3 Solubility of Sucrose in Impure Aqueous Solutions

The solubility of sucrose in impure solutions is different from that in pure solutions as a result of
the physicochemical effects of the impurities. The magnitude and nature of the effects will
depend on both the quantity and type of impurities present. Considering the range and variability
of impurities that will be present under industrial conditions, it is not surprising that no definitive
correlations for sucrose solubility in impure solutions are available. More work appears to have
been done on solubility in impure beet sugar solutions than that in impure cane sugar solutions.
Because of the similarities between beet and cane, some of the work on beet sugar is applicable

to the cane sugar solutions.

The accepted method for expressing sucrose solubilities in impure solutions is to relate the
solubility to that of a pure sucrose solution by using the concept of the "Solubility Coefficient" .

The solubility coefficient, SC, is defined as ;

SW,.
SC = SWS’ @2.5)

s,p

where;
SW,, is the sucrose to water ratio of the impure saturated solution
SW,, is the sucrose to water ratio of a pure saturated solution at the

same temperature

Vavrinecz (1978/79) provides a useful summary at the end of his review paper in which he
classifies impurities into four groups viz.

1 Nonsucrose material which has no effect on either water or sucrose. Compounds which
approach this ideal behaviour are carbohydrates without water of crystallisation which
are very soluble in water.

2 Nonsucrose material which ties up water. Consequently less sucrose is found in solution,
corresponding to the solubility power of the remaining water. Examples are water-of-
crystallisation-free or strongly hydrated nonsucroses (fructose) and electrolytes which do
not complex with sucrose (sulphates).

3 Nonsucrose material which binds with sucrose only. Compounds which approach this

ideal behaviour are the alkali salts of week acids (eg alkali carbonates).
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4 Nonsucrose material which binds with both sucrose and water. Most nonsucroses in beet
factory solutions are reported to belong in this class. In lower concentrations of these
impurities (ie in high purity solutions) a reduction in sucrose solubility is observed
(sometimes referred to as "salting out"). At higher concentrations of these impurities, on

the other hand, an increase in sucrose solubility occurs.

Wiklund (1946) was apparently the first to consolidate these effects into a simple rule. Based on
experimental evidence he suggested that the solubility coefficient was independent of temperature
and, for any particular impurities, only dependent on the impurity to water ratio of the solution.
Kelly (1954), in studying the effects of glucose and fructose on sucrose solubilities, showed a

linear relationship of the form :

SC=1-h-IW (2.6)
where :
w is the impurity to water ratio of the impure solution
h is a positive constant which is a measure of the particular nonsucrose’s ability

to bind with water
He found that the value of 4 for fructose was very low (viz. 0.02) indicating that fructose
approximated to the compounds of group 1 described above, whilst the value for glucose was
significantly higher (viz. 0.08) indicating that glucose would belong to group 2.
Wagnerowski et al. (1961) proposed that, above some minimum value of impurity/water ratio,
the solubility coefficient was linearly dependent on the impurity/water ratio ie ;
SC=m-IW+b 2.7)
where ;
m,b are constants, dependent on the nature of the impurities but independent of

temperature or concentration of the solution

When b = 1 and m is positive, this describes the behaviour of compounds which belong to group
3. Since most nonsucrose compounds also bind some water, a value of b slightly less than 1 is

able to describe this effect.

The equation of Wagnerowski et al. does not apply for low impurity/water ratios where the
solubility coefficient must be equal to unity at zero impurity/water ratio and will normally first

reduce in value for an increasing impurity/water ratio before changing direction and becoming an
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asymptote to the linear dependence of equation 2.7. Vavrinecz (1978/79) describes how

Wagnerowski's equation can be extended to accommodate this initial nonlinearity as follows ;

SC=m-IW +b+(1-b).e " 2.8)

where ;
m,b,c  are constants, dependent on the nature of the impurities but independent of
temperature or concentration of the solution
This equation describes compounds which belong to group 4 (with the water binding properties
of the nonsucrose compounds asymptotic to a limiting value).The ability of this equation, to

describe a range of different dependencies of solubility coefficient on impurity/water ratio is

illustrated in Figure 2.2.
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Figure 2.2 Form of the Solubility Coefficient Function

Vavrincez (1978/79) has shown that the experimental results of numerous research workers in
the beet sugar industry can be represented by this temperature independent function, including
the early work of Schukow(1900), Nees and Hungerford (1936) and Grut (1936/37). He
published tables of the three constants m, b and c for a range of actual factory molasses
solutions. He quotes the range of values for the three constants for industrial sucrose solutions
as; m=0.1t00.4

b=051t00.9

c=1to3
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For those instances where the solubility coefficient can be shown to be temperature dependent,

Vavrinecz recommends making the constants temperature dependent eg. ;

b=by+b' T @.9)

The wide use of the “Polish Test” ( described by McGinnis, 1978) in the beet sugar industry is
based on the assumption that the solubility coefficient is independent of temperature. In this test
saturation is achieved by dissolution of crystals into molasses at a high temperature (normally
80°C as reported by Vaccari et al. (1993)). The solubility coefficient determined at this
temperature is assumed to be unchanged at normal processing temperatures of between 40 and
70°C. Despite this assumption Vaccari et al. (1993) have shown significant variations in
solubility coefficient with temperature for beet molasses, particularly at impurity to water ratios
above 1. Bubnik and Kadlec (1992) analysed published data on the solubility of beet molasses
and commented on the wide variability of solubility coefficient and also found evidence of

significant temperature dependence.

The work on solubility coefficients within the cane sugar industry appears to be much more
limited than that for the beet sugar industry. The work is often of an empirical rather than a
fundamental nature where impurities are grouped together ( eg inorganic salts simply measured
as “ash”.) These empirical studies have usually had a specific aim in mind, which has influenced
both the experimental method and the range of conditions studied. The four main reasons for

determining the solubility of sucrose in impure solutions are ;

L. To enable the supersaturation to be estimated for conditions during pan boiling
(eg Broadfoot and Steindl, 1980, Quin and Wright, 1992) .

2. To enable the supersaturation to be estimated for conditions during cooling
crystallisaﬁon (eg Lionnet & Rein, 1980, Rein, 1980, Rouillard, 1980,
Maudarbocus & White, 1978, Maudarbocus & White, 1983, Rouillard, 1978).

3. To provide a measure of the maximum extent to which sucrose can be removed
from the final molasses (eg Bruijn et al., 1972, Bruijn et al., 1980, Bruijn,
1977, Morera & Mischuk, 1978, Moritsugu, 1974).

4. To determine the temperature to which final massecuites can be reheated before

centrifugation without crystal dissolution. (eg Jesic, 1977).
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The main techniques which have been used to estimate solubility are ;
1. Saturation temperature measurement (eg Harman, 1933, Rush and Meredyth,
1959, Wright, 1978, Wright, 1980, Quin and Wright, 1992).

2. Achievement of equilibrium conditions by crystallisation (eg Bruijn, 1977).

3. Achievement of equilibrium conditions by dissolution (eg Broadfoot & Steindl,
1980).

4. Modelling of growth conditions (eg Wright and White, 1974, Lionnet and Rein,
1980).

A summary of relevant correlations for solubility coefficients which have been developed by
these methods for the cane sugar industry is given in Table 2.1. Temperature in °C is represented

by T, and the reducing sugar to ash mass ratio by RS4.

Code Equation

A SC = 1- 0.088. IW 2.10)
B SC = 0.73 + 0.09. IW - 0.15. RSA @.11)
¢ SC = 1-575/T . [w+0281%) .12)
D SC = 0.742 + 0182. IW - 0346. RSA @.13)

SC = 1- 0.0341. IW - 0.0295. RSA4 2.14)
F | SC=209+0099.IW - 0272. RSA - 0.00374.(T + 273) (2.15)
G SC=1-0027.IW 2.16)
H SC=1-011.IW @.17)
I SC = 0.975- 0.286- RSA + 0.04. RSA. IW @.18)

I | SC=1+ IW (- 00425+ 0.0336- [W - 0374 - RSA- 0.0017- T) 2.19)

K SC = 1+ Iw-(0.0052 + 0.025. IW - 0.713- RSA) (2.20)

L | SC=1+(-01371+0.005.IW - 0.0417 - RS4-0.00209 - T) (2.21)

Table 2.1 Equations for Solubility Coefficient of Impure Sucrose Solutions

The origins of these equations and their ranges of applicability are given in Table 2.2. The

question marks indicates a lack of information in the original source.
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Code Reference Temperature W RSA
‘ Range Range Range
A Wright & White (1974) 60 to 70°C ? 1.3
Developed by fitting pan model to data collected on pan boiling
B | Maudarbocus & White (1978) ? 2to 5 0.6to 1.7
Based on unpublished data of Wright - measurement technique not described
C | Broadfoot & Steindl (1980) 50 to 65°C 0.5t03.5 0.68t01.71
Equilibrium approached by dissolution of crystals in stirred vessel
D | Lionnet & Rein (1980) 30 to 45°C 33t073 0.6to1.6
Developed by fitting a cooling crystalliser model to pilot plant data
E | Rouillard (1980) 30 to 60°C 0to2 0.64 to 1.36
Equilibrium approached by dissolution of crystals in stirred vessel
F Rouillard (1980) 30 to 60°C 2to5 0.64 to 1.36
Equilibrium approached by dissolution of crystals in stirred vessel
G | Broadfoot (1980) ? ? ?
Molasses from factory tests of continuous pan, saturated in laboratory batch pan
H | Maudarbocus & White (1983) ? ? ?
Based on solubility data published by Smythe (1967)
I Broadfoot (1984) 45 to 50°C 3to5 ?
Reported as applying to unpublished data on Queensland molasses
J | Hoekstra (1989) 40 to 50°C 3.2t04.5 0.56 t0 1.13
Re-evaluation of the raw data from SMRI tests as described by Rouillard (1980)
K | Hoekstra (1989) 45 to 50°C 421t06 1.04 to 1.48
Re-evaluation of the raw data from the tests of Lionnet & Rein (1980)
L Hoekstra (1989) 50 to 85°C 0.8t03.6 0.96 t0 2.43
Re-evaluation of graphical data presented in Meade & Chen (1977)

Table 2.2 Origins and Ranges of Applicability of Solubility Coefficient Equations

To provide a comparative summary of the predictions of these correlations, Figure 2.3 gives a

plot of the predictions of all of the above equations. For those equations which require it, the
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temperature is set at 70 °C and the reducing sugar ash ratio is set at 1.0.
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Figure 2.3 : Correlations for sucrose solubility in impure cane syrups/molasses
From this graph, a number of issues are evident :
- there is a wide variation between the predictions of the different equations.
- there are two distinct types of dependence of SC on IW : decreasing SC with increasing
IW at low IW and increasing SC with increasing IW at high [W.

- the transition between the two regions may be anywhere between IW = 2 and IW = 3.6.

By definition SC should be equal to 1 at an IW value of 0. Most of the equations for low IW
values (A, C, G and L) do have this correct asymptote but most of those for higher IW values
(B, D, F and I) do not. The form of the equation proposed by Hoekstra (1989) (used for
correlations I, J and K) does have the correct asymptote but has only been used over a limited
range of IW values. Equation 2.8 would probably apply to data across the full range of IW

values but unfortunately it does not appear to have been applied to cane sugar solubility data.

In the comparisons presented above, no direct mention has been made of the extensive body of
data for the South African Sugar industry on “target purity” (Bruijn, 1964, Bruijn et al., 1972,
Matthesius and Mellet, 1976, Bruijn et al., 1980, Rein and Smith, 1981). Because of the form
that these data are presented in, they cannot usually be interpreted in terms of a relationship

between SC and IW. The data do however provide valuable insights into sucrose solubility at low
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purities and low temperatures.

The definition of a target purity involves the determination of the lowest practical purity to which
molasses can be reduced by crystallisation over a long time (48 hours) and at a low temperature
(40°C) and is known as a “boiling down test” . Lionnet and Rein (1980) published data on their
boiling down tests which showed lower purities than the target purity equation of Matthesius and
Mellet (1976), indicating that they had more closely approached equilibrium. Although the
results of these boiling down tests are not presented in the way that they can be analysed in terms
of an SC versus IW relationship, Lionnet and Rein (1980) did however show that the results of
their boiling down tests were closely matched by the prediction of their equation (D) for an IW
value of 5. In a subsequent paper, Rein and Smith (1981) analysed the data presented by Lionnet
and Rein (1980) and some subsequent boiling down test resulté. They demonstrated that the
target purity equation of the South African Sugar Milling Research Institute (SMRI) predicted
equilibrium purity results two percentage units of purity too high when using the same analytical
techniques for analysing the molasses samples. They also proposed a new target purity equation
which was applicable to molasses analysed by the more modern methods of analysis using gas
liquid chromatography - highlighting the important differences that result from using different
analytical methods. Smith (1995) updated the target purity equation to accommodate conditions

of low reducing sugar ash levels. This equation has been confirmed by Sahadeo (1998)

Crystallisation or dissolution of sucrose is driven by the degree to which the sucrose
concentration is different from that at saturation. A number of different methods of quantifying
this degree of “supersaturation” have been used in crystallisation research with their relative
merits being at one time an issue of contention (see discussion on the paper by Golovin and
Gerasimenko (1959)). The standard method of defining supersaturation subsequently defined by
ICUMSA (Schneider 1979), and used in this thesis is :

lid ' 2.22
SS = —— .

s

where :
S8 is the degree of supersaturation

SW  is the mass ratio of sucrose to water in the solution
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SW, is the mass ratio of sucrose to water of a saturated solution at the same

temperature and the same mass ratio of non-sucrose (impurity) to water
2.4 Sucrose Crystal Growth from Pure Aqueous Solutions
Despite the limitations of the literature on sucrose crystallisation mentioned in section 2.1, it is

possible to glean from the literature a qualitative picture of the crystallisation process applicable

to industrial pan boiling. It is clear that crystallisation is, at least, a two step process as shown in

the diagram in Figure 2.4
Mother Liguor Surface Butk
Mothzlrjll.'fi uor Film of of
Con ditio(:\s Surrounding Sucrose Sucrose
Crystal Crystal Crystal
Sucrose Transport Sucrose Incorporation
Through into
Film Crystal Lattice

Figure 2.4 : Basic mechanisms of Sucrose Crystallisation

The sucrose molecules must first be transported to the crystal surface. Once they are present at
the surface, they must be incorporated into the crystal lattice. It is useful to consider each of
these mechanisms individually before considering the overall effect of both mechanisms operating

in concert.

The first stage of sucrose transport is a typical chemical engineering mass transfer process of the
type associated with a convective boundafy layer. It is convenient (and conventional) to define
the driving force in terms of supersaturation difference rather than concentration difference. The
mass transfer process (sometimes referred to as volume diffusion) is a first order process,

meaning that it has a linear dependence on the supersaturation driving force.

G=k 408 (2.23)

Where the over-saturation, os, is the extent to which the supersaturation is greater than one ie :
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os=s5~1 (2.24)

The mass transfer coefficient, k, will be dependent on the hydrodynamic conditions. The mass
transfer coefficient can be correlated by the used of the simplified Frossling equation (Maurandi

et al., 1988, Maurandi, 1989) which uses the dimensionless Sherwood (%), Schmidt (Sc) and

Reynolds (Re) numbers :
Sh=® - Re" .Sc"? (2.25)
Where :
sp= Kl (2.26)
=5 .
Sc = p—ﬂﬁ (2.27)
.p-
Re = il (2.28)
Ui

Unfortunately most researchers do not appear to have analysed their data in this way nor do they
supply sufficient experimental details for this to be done retrospectively. In consequence most
laboratory data on crystal growth are only applicable to the specific experimental technique
under which the data were gathered and cannot be compared sensibly with results gathered using

different techniques. The applicability to industrial scale pan boiling is even more remote.

The mass transfer coefficient, &, ,is reported to have an Arrhenius type of temperature
dependence. Smythe (1971) reports an activation energy of between 29 to 38 kJ/mole whilst
Maurandi et al. (1988) report a value of between 10 and 20 kJ/mole on the basis of both their

own and other researchers’ work.
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The incorporation step is significantly more complex and can be considered as being comprised
of three steps viz

- adsorption onto the surface of the crystal.

- diffusion on the surface of the crystal towards active crystal sites.

- incorporation into the crystal lattice at the crystal site..

Critical to this analysis is the existence of “active sites” on the crystal surface . Mullin (1992)
describes a range of theories which have been employed to describe how the process is initiated
(eg two dimensional nucleation) and propagated (eg incorporation at kinks). Burton, Cabrera and
Frank (1951) developed a theory (BCF) based on growth spirals which are initiated by a screw
dislocation in the crystal lattice. For sustained growth, the screw dislocations obviate the need for
repeated two dimensional nucleation. These growth spirals are well documented for sucrose
crystals (eg Albon and Dunning, 1959) and the BCF theory has been successfully applied to the
analysis of measurements of the growth of single faces of single crystals (Nikolic and Valcic,

1991) The growth rate dependence on supersaturation predicted by the BCF theory is given by :

os’ 0s,
G =k, -—tanh| — (2.29)

0s, os

This form of equation has the interesting characteristic of predicting second order kinetics at low
levels of over-saturation (ie growth proportional to over-saturation squared) and first order
kinetics (growth directly proportional to over-saturation) at higher levels of over-saturation, a
characteristic which is often observed in practice. In a detailed application of the BCF theory as
undertaken by Nikolic and Valcic (1991) the parameters k; and os, can be related to fundamental
properties of the crystal such as edge free energies and numbers of dislocations on the crystal
surface. The theory does predict that for large numbers of dislocations, the value of os, becomes
small and the growth kinetics show very little second order dependence. For most practical
applications, the parameters k; and os, would simply be selected to model the shape of the

growth curve measured experimentally.
If the growth equation were applied to large numbers of less perfect larger crystals as will

normally be encountered in industrial practice, os, will be small and the process will appear first

order.
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The surface incorporation coefficient, &, ,is also reported to have an Arrhenius type of
temperature dependence. Maurandi et al. (1988) report that a range of published data is

consistent in reporting an activation energy of between 70 and 78 kJ/mole.

The actual rate at which crystals will grow will clearly be dependent on the combined effect of
these two mechanisms. Consequently one or other of the mechanisms may be rate controlling or
they may both have a significant effect on the resulting growth rate. It appears to be generally
accepted (eg Maurandi et al., 1988, Pautrat et al., 1996, van Hook, 1977) that for pure sucrose,
surface incorporation is the rate controlling step at lower temperatures - ie below 50 to 60 °C.
(Note that van Hook contradicts this in his review of 1981, but this is almost certainly an error in
the writing rather than a disagreement with the consensus view.) Above the 50 to 60 °C range, it
is the transport mechanism that is limiting whilst within the 50 to 60 °C range both mechanisms

are expected to play a significant part.

Given the ranges of influence of the two mechanisms and their different activation energies, the
overall apparent activation energy.for the crystal growth process can be expected to vary
between the two values as a function of temperature. Maurandi et al. (1988) have produced a
graph based on published data which shows how the activation energy varies with temperature

up to 80 °C (Figure 2.5).
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Figure 2.5 Apparent Activation Energy for Sucrose Crystal
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The simplification that mass transfer is not limiting at low temperatures, (ie below 45 °C,
Pautrat et al., 1996) must however be treated with caution since Smythe (1959) demonstrated
clearly that even at 40 °C, the rate of crystallisation of stagnant crystals can be doubled by

introducing agitation.

An alternative explanation of the mechanism of sucrose crystal growth, originally proposed by
Silin is described by Smythe (1971). This is also a two stage process and has an intermediate
concentration (or supersaturation) which separates the driving force into two sections. The
transport mechanism is assumed to be first order whilst the incorporation mechanism is assumed
to be second order. The equations for the two mechanisms can be combined to give an explicit
equation describing the resulting growth rate in terms of the overall driving force (ie without any
knowledge of the intermediate concentration.). This growth equation is similar to the BCF
analysis in that it also predicts second order behaviour at low supersaturations and tends to first

order behaviour at high supersaturations.

Unfortunately most of the published data on growth rates relate very narrowly to the procedures
used in measurement and are not analysed in a way that contributes to a generalised quantitative
description of crystallisation that can be universally applied. A major factor confounding any
attempt to co-ordinate different studies is that growth rates of individual crystals differ widely.
This has been well known for many years (eg McGinnis, 1971) and has been attributed to
variations in numbers of defects or crystal dislocations. Laboratory investigations of crystal
growth appear to have concentrated on removing this inherent (and important) variability from
their experiments by careful sele‘ction and/or preparation of crystals (eg Smythe, 1959, Nicol and

Parker, 1971) before beginning any growth measurements!

Recent studies (White et al., 1998) report that the variability in growth rate is a property of a
crystal which remains with the crystal as it grows and that a variation in inherent growth rate of
a factor of 10 between crystals can be expected. If a batch of crystals with the same growth
history are examined, the fast growing crystals will be larger than the slow growing crystals.
Whilst the previous statement may seem obvious when stated in this context, measurements of
growth rates of large and small crystals can lead to the erroneous conclusion that large crystals
grow faster than small crystals when the correct interpretation is that fast growing crystals are

larger than slow growing crystals (given their common history). It is probable that this fact has
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added to variations in the reported dependence of growth on crystal size.

The traditional McCabe’s Law predicts that increase in length of a crystal with time is
independent of the crystal length (ie size independent growth rate). Van Hook (1980) reported a
weak dependence of growth on size, whereas Pautrat et al. (1996) report growth rates that
increase by a factor of four when the size increases by a factor of three. Guimaraes et al. (1995)
report size dependent growth rates in a fluidised bed crystalliser, but these might well be as a
result of different hydrodynamic conditions of the experiments with different sizes. White and
Wright (1971) showed that growth rates of multiple crystals could be modelled without assuming

any size dependence but rather assuming a distribution in growth rates.

A further factor that may influence growth rate measurements has been reported by Grabka and
Wawro (1998). They measured growth rates that varied by a factor of approximately two,
depending on the time/temperature history of the mother liquor from which the crystals were
grown for identical conditions during the growth period. They attribute this to an optimum size of

packets of sucrose molecules developing in the liquor prior to crystallisation.
2.5 Sucrose Crystal Growth from Impure Aqueous Solutions

The complexities of sucrose crystal growth from pure solutions are greatly increased when
considering the growth in impure solutions. The same basic two step growth process can be
assumed to apply but, for the particular area of interest of pan boiling, the mechanisms by which
the impurities can effect the growth rate are many and interacting. These are summarised most

effectively in a diagram as shown in Figure 2.6

The major ways in which impurities affect growth rates are through :

- altering the sucrose solubility (as described in section 2.3 ).

- altering the mass transfer by an increase in liquor viscosity (either directly at a micro
level or indirectly through macro effects on agitation and shear).

- affecting the lattice incorporation mechanism (eg by adsorption onto the crystal surface

or into the crystal lattice).
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Figure 2.6 : Factors affecting the mechanisms of crystal growth in impure solutions

Smythe (1971) has demonstrated in laboratory growth rate experiments how fructose and glucose
slow down growth rates by retarding the transport mechanism whilst raffinose slows down

growth rates by retarding the crystal incorporation mechanism.

The impurities that alter the crystal incorporation mechanism are often associated with changes
in crystal shape. There is an extensive body of literature on sucrose crystal morphology (eg
Kelly,1982) and the effects that impurities have on the shape (often called habit) of sucrose
crystals. The changes in crystal shape result from the fact that the growth rates of particular
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crystal faces are retarded by the impurities. It is thus inevitable that deformed crystal shapes go
hand in hand with slower growth rates. Raffinose is reported to be the major contributor to
crystal deformation in the beet sugar industry whilst oligosaccharides and dextran (a
polysaccharide) have been suspected to be the major contributing impurities in cane sugar
(Bubnik et al., 1992). Morel du Boil (1985, 1991, 1995, 1996) has investigated crystal habit
modification in the local, South African, cane sugar industry where dextran levels are normally
low. She has determined that the compounds which cause crystallisation problems in the local
industry are primarily oligosaccharides. Morel du Boil (1985) also measured the effect of
oligosaccharides on crystal growth rates (at 60°C, gentle agitation and supersaturation of 1.04)
and plotted the data with a line proposing a linear decrease in growth rate with increasing
impurity to water ratio. The data show a decrease in growth rate to one fifth of the rate for pure

sucrose solutions as the impurity to water ratio increased from 0 to 0.6.

Broadfoot and Steindl (1980) measured the effect of the impurities in molasses samples from
Queensland in Australia on crystal growth rates. Their measurements were done using a
laboratory technique similar to that developed by Smythe (1959) with individual crystals held
stationary in the flow path of a variable speed impeller. The measurements were performed at
50°C and at a supersaturation of approximately 1.23. The results show that stirring does have an
effect on growth rates, and increasingly so at higher impurity to water ratios. This indicates the
importance of the mass transfer mechanism under these conditions. Their results show an
exponential dependence of growth rate on irhpurity water ratio of the same magnitude as found
by Wright and White (1974) ie

Growth « exp(-175.-IW) (2.30)

In comparison to the results of du Boil quoted above, this dependence predicts only a three fold
decrease in growth rate as the impurity water rate increases from 0 to 0.6. Alternatively, fitting
an exponential curve of this type to the data presented by Morel du Boil gives a coefficient of -
2.33.

The purity dependence of growth rate ( which is discussed further below in terms of the
parameter K; of the growth equation of Wright and White ) measured by different researchers

can be summarised as shown in Table 2.3.
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Source K;
Wright and White (1974) 1.75
Broadfoot and Steindl (1980) 1.75
Li-Wu and Corripio (1985) 2.45
Morel du Boil (1985) 2.33

Table 2.3 The Dependence of Crystal Growth Rate on Impurity Concentration

Wright and White (1974) published a comprehensive equation for predicting crystal growth rates
in vacuum pans. There are unfortunately a number of errors and contradictions in this often cited
paper and these errors have been corrected here by reference to original sources and subsequent

publications and also by ensuring consistent use of SI units.

G=K,-(85-(1+K)) exp(K, - K, -IW) (2.31)

The parameters can be interpreted as follows :

K, is a constant to take account of the non-linearity of growth rate at low over-saturation
(this growth equation only applies for values of SS >1+ 1.5 ‘K, where linearity prevails )

K, is the major proportionality constant relating growth rate to the degree of over-saturation

K, is used to describe the extent to which growth rate varies with temperature

K describes the dependence of growth rate on the level of impurities present

The parameter K, defines an Arrhenius type of temperature dependence, defining it as :

X - Ea( 1 1 j 23
27 R \27316+T 33316 ‘

where Fa is the activation energy in kJ/mol.
R is the universal gas constant (8.314 102 kJ/ mol °K ).
and T is the temperature °C (clearly adjusting for growth rates around a norm of 60 °C).

Wright and White (1974) also expressed the activation energy as a function of both temperature
and level of impurities as follows : _
Ea = 46.06-084.(T - 60)+ 335.Iw (2.33)

The equation is reported to have a temperature range of between 45 and 75 °C and an impurity
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to water range from 0 to 4. The dependence of activation energy on impurity to water ratio is
apparently based on a single data point at /¥ = 0.5 and T'= 60°C. The applicability of this
dependence is thus dubious, confirmed by the fact that the equation predicts an activation energy
of 180 kJ/mol at IW = 4 and T = 60°C. This is more than double the value reported for the
crystal incorporation mechanism (as described in section 2.4). It is thus advisable to avoid this
use of the dependence of activation energy on impurity to water ratio, as has been done by
Broadfoot (1980), who uses the equation :

Ea=628-084.(T- 60)

Wright and White (1974) determined the following values for the parameters of the growth

equation by fitting a mathematical model of a batch pan to data from an experimental pan in a

raw sugar factory: K, =0.005
K, =7420 (microns/hr)
and K;=1.75.

Given the basis on which these parameters were determined, the growth equation has a much
greater promise of applicability to industrial scale measurements than attempting to use

measurements gathered from laboratory scale tests.

This growth equation of Wright and White has been used by a number of researchers over the
years (eg Broadfoot,1980, Li-Wu and Corripio, 1985, Hoekstra, 1985 & 1986, Rodriguez et al.,
1989, White et al., 1998, Vigh and Hurtado, 1999) but there is significant evidence that although
the form of the equation is correct, the equation predicts growth rates that are substantially

higher than have been achieved elsewhere.

Li-Wu and Corripio (1985) fitted the growth equation to data from a pilot pan and determined

new values for the parameters K, K; and K. Their values of :

K,=0.005
K, = 6000 (microns/hr)
K,=245

predict growth rates 3.5 times lower than those of Wright and White at the impurity water ratios

encountered towards the end of an A-massecuite boiling (ie /W = 1.5 ).

Hoekstra (1985) found that the Wright and White equation predicted growth rates that were ten
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times greater than those measured in continuous pans in South Africa!

White et al. (1998) measured crystal growth rates in pure sucrose solutions in an agitated
laboratory crystalliser at 50°C and also found values about one tenth of those predicted by the
equation of Wright and White (1974).

Equation 2.30 does not directly predict the crystal growth rates that are achievable in industrial
practice as these are also dependent on the degree of supersaturation that can be achieved without
the appearance of secondary nucleation or false grain. The maximum supersaturation which can
be tolerated in impure solutions without forming false grain (the false grain boundary) has been

the subject of a number of investigations (Wright,1983).

Penklis and Wright (1963) developed the following correlation for purities in the range 55 to 80 :

100~ Pty 100- Pty)?
SSn = 1129 - 0.284. (——) 2.333-0.0709.(T - 60))- (——) 2.35
7 00 * (T-60) | o0 ) @
where
SSn is the superatursaturation above which nucleation will occur (in the presence of
existing crystals).
T is the temperature at which growth is taking place, in °C.

Py is the purity of the mother liquor from which the crystallisation is taking place.

Broadfoot and Wright (1972) developed the following correlation for purities in the range 70 to
100 (the full details of the test work being subsequently reported by Broadfoot (1980)) :
SSn=2.864-3516 Py 1.81 (—PO})Z 0.00177-CC (2.36)
n=2864-3516-——+ 181 - 0. - -
100 100

where CC is the massecuite crystal content

For the investigations of this thesis, the correlation of Broadfoot and Wright (1972) has been
assumed to apply over the purity range 100 to 70 with the correlation of Penklis and Wright
(1963) assumed to apply over the range 70 to 55. At a temperature of 65°C and a 35% crystal

content, this provides an estimate of the supersaturation boundary without a major discontinuity.
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Given the variability in operating conditions which is normal in industrial operation, it is also
assumed that a practical limit to supersaturation is given by taking 75% of the degree of over-
saturation predicted by these equations. This implies somewhat better control than is implicit in
the use of a “realistic ‘safe’ operating level” of 60% suggested by Broadfoot (1980). Using the
assumption of 75% predicts operating levels of supersaturation similar to those quoted by

Wright (1983) for cane sugar boilings viz.:

for high purity boilings during feeding : 1.05t0 1.10
for high purity boilings during “boilback” and “heavy-up” : 1.15t0 1.20
for low purity recovery boilings during early stages : 1.15t0 1.25
for low purity recovery boilings at the end of the strike : 1.30

The predictions of the Wright and White growth equation (2.31), using levels of supersaturation
limited by a “practically achievable” approach to the superaturation boundary are compared to

industrial data in the next section.

2.6 Sucrose Crystal Growth Rates Applicable to Industrial Scale Pan Boiling

The growth equation of Wright & White (1974) has been shown in the previous section to have a
form which is sufficiently detailed to be able to model the rate of crystallisation in industrial scale
pan boiling. It has also been shown that if the numerical values of the parameters reported by
Wright and White are used, the equation predicts growth rates that are significantly higher than
those quoted by other researchers. Some of the discrepancies may be due to the propagation of
errors in the printing of the original paper and others may be due to the inappropriate form of the

dependence of activation energy on impurity to water ratio.

The Wright and White equation has been incorporated into a spreadsheet calculation to predict
the crystal growth rates in pan operation, using the following assumptions and modifications
- the activation energy is a function of temperature only (according to equation 2.33)

- the printing errors in the original paper are corrected

- pans operate at 75% of the levels of over-saturation at the nucleation boundary

- the nucleation boundary is defined by equations 2.34 and 2.35 as described previously

Growth rates calculated in this way for purities from 100 to 50 can be compared with other
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published data on growth rates that are reported to be achieved in industrial pans.

Wright (1983) reports the following values for average crystallisation rates for industrial batch

pan boiling for the cane sugar industry :

for high purity refinery strikes 300 microns/hr
for high purity raw sugar strikes 150 microns/hr
for low purity exhaustion strikes 20 microns/hr

To compare these values to the predictions of the Wright and White equation , it is necessary to

assume an appropriate range of purities over which they apply. Wright (1983) provides a table of

values for a material balance over a practical three boiling scheme as used in the Australian

sugar industry. To convert this information into relevant purity ranges, the following

assumptions have been used :

- The footing for the A-massecuite boiling is prepared from a magma of the same purity as
the A-massecuite purity.

- The magma is washed up and the crystal content reduced to 15% before the growth
phase starts (based on the results of Broadfoot, Miller and Bartholomew, 1996)

- The extent of crystallisation that takes place in the C pans is limited to achieving only
75% of the maximum crystal content as opposed to the 90% of the maximum crystal

content achieved by the combination of pans and cooling crystallisers (Wright 1983)

The purity ranges estimated in this way are :

for high purity refinery strikes 99
for high purity raw sugar strikes 841073
for low purity exhaustion strikes 64 to 46

Figure 2.7 below gives a graphical comparison of the Wright and White equation with these

estimates of average industrial data.
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Figure 2.7 Comparison of Growth Equation of Wright and White with average industrial data

It is clear that the equation of Wright and White predicts a strong dependence of growth rate on
mother liquor purity. Over the purity range of a high purity raw sugar boiling the growth rate is
predicted to vary by a factor of about 2 or more depending on temperature. For low purity
recovery boilings, the purity dependence is even greater but the correlations do not apply over the
full range so a comparative figure over the boiling range cannot be quoted. The strong
dependence (ie steep slope of the curve) makes comparisons between the growth equation and the
average values for different boilings difficult. The average growth rate is not a simple average of
maximum and minimum growth rates. The average growth rates will fall between the maximum
and minimum growth rates, but will depend on what portion of the growing cycle is spent at each
growing condition. Since pan boiling is a fed batch process, this is not a simple dependence and
is a function of the boiling strategy. There is, at least, a general agreement between the growth
equation and the quoted values for raw sugar boilings in that the growth line passes between the
purities that define the maximum and minimum growth rates for the case of low purity recovery

boilings and close to the low purity end of the range for high purity raw boilings.

The predicted growth rate for refined sugar boilings (approximately 99 purity) is significantly
higher than that reported as average industrial performance. This would be expected since, as

discussed in the previous section, the crystallisation rate in refined sugar pans is often
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constrained for a significant portion of the cycle by evaporation rate limitations.

In an attempt to consolidate knowledge on practically achievable sucrose crystal growth rates,
data from the published literature which relates to pilot and industrial scale pan boiling has been
re-evaluated to express results in terms of linear growth rates. Appendix G details the sources of
this information and the techniques necessary to interpret them. The data are summarised in

Figure 2.8 below.
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Figure 2.8 Crystal growth rates on pilot and industrial scale pan boiling

The primary area of interest for this research is in high purity raw sugar boilings (i A-
massecuite boilings covering the range of approximately 90 to 65 purity). To help define the
variation in growth rate with purity, data on refined sugar boilings and B and C-massecuite

boilings in a raw sugar factory are also included.

Displaying the data on a single graph, as done in Figure 2.8, presents some difficulties with
clarity but it does facilitate comparisons between the data. The four basic sources of data are
displayed according to the following conventions :
- solid triangles and lines

interpretation of batch pan production data according to the concept of pan time index

proposed by Archibald and Smith (1975).
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- solid circles and lines
Crystal growth rate measurements of Miller and Broadfoot (1997) on high grade batch
pans in the Australian industry, corrected to a standard boiling temperature of 65°C.
- crossed squares and lines
" Crystal growth rate measurements in continuous A-pans, estimated from the crystal
residence time measurements of Rein, Cox and Love (1985).
- solid circles

Pilot (laboratory) and full scale refined sugar boilings as measured by Lionnet (1999).

The following conclusions are evident from the presentation of the data in this way :

- It is again difficult to make quantitative comparisons between the growth equation and
the average values for the different grades of massecuite because of the steepness of the
growth curve and the wide range of purities across a single boiling.

- For the high grade (A-massecuite) boilings, the growth equation clearly overestimates the
growth rates that are achieved in practice.

- The growth equation gives reasonable approximation to the initial growth rates in refined
sugar pans although it should be noted that industrial scale pans normally operate closer
to 80 °C. The much lower values measured in the latter stages of refined boilings are in
line with evaporation limited growth.

- The Australian data on growth rates in high grade batch pans show growth rates ranging
between at least as fast as those estimated from pan time indexes for local batch pans,
and up to twice as fast.

- Other than the continuous A-Pan at Amatikulu, the growth rates reported for the
Tongaat-Hulett continuous A-Pans show values of only about 65% of those estimated for
South African batch A-pans. This may be, in part, due to the fact that they only operate
at the lower purity portion of the full range of purities encountered in A-massecuite
boiling.

- The Amatikulu continuous A-pan showed growth rates about 45 % higher than those
estimated for South African batch A-pans and more than double those for the Tongaat -

Hulett continuous pan.

Unfortunately, the anomalous behaviour of the Amatikulu continuous A-Pan, which was a
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conversion of a standard batch pan, cannot be checked experimentally as the pan was converted

back into a batch pan shortly after the test work was completed on it.

The extent to which average growth rates are a function of the inherent growth properties of the
particular impurities present in local sugar cane and to what extent they are a consequence of,
and can be influenced by, selecting operating conditions during the process of pan boiling is the

major focus of the research reported in this thesis.
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CHAPTER 3
3. Pan Boiling

3.1 Terminology

The sugar industry uses many terms with specific meanings which are well known and
understood within the industry but can be a hindrance to understanding for people who are
unfamiliar with them. It is possible to replace the “sugar industry jargon” with more generalised
engineering and scientific terminology but this would make explanations and discussions
significantly more ponderous. For example, a “batch pan” would become a “discontinuous
vacuum evaporating crystalliser”. To assist readers who are not familiar with sugar industry

terminology a brief list of terms and their explanation is provided below.

Analyses and performance figures :
absolute pressure
used to imply the pressure at which the contents of a pan are boiling, measured
in absolute units (as distinct from the pressure of the heating steam, which may
also be expressed in absolute units)
boiling point elevation
The rise in boiling point of a solution (due to the dissolved solids) above the

boiling point of water at the prevailing pressure.

brix
The estimated dissolved solids content of a sample (expressed as a mass
percent), usually determined by measuring the refractive index of a solution -
sometimes referred to as refractometer brix. In some contexts the term will refer
to the dissolved solids themselves (eg ....the total mass of brix in the vessel...).
crystal content |

The mass fraction of crystalline sucrose in a massecuite sample, usually
expressed as a mass percent of crystal on mass of massecuite.

crystal deposition rate
A term coined to quantify the crystallisation performed in a continuous pan,
expressing the quantity of sucrose crystallised per hour per cubic metre of

massecuite held in the pan.
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dry solids
The solids content of a sample determined normally by vacuum oven drying.

exhaustion
Applied to a massecuite stream, it describes the percentage of the sucrose in the
stream which is present in crystalline form. Applied to a process, it describes the
percentage of the sucrose fed to the process which is recovered in crystalline
form.

Nutsch
As a verb this describes the process of pressure filtering a sample of massecuite.
As an adjective, it describes the molasses separated from the massecuite and the
analyses of this molasses and as such describes the properties of the mother-
liquor of the crystallisation process

pol
The estimated sucrose content of a sample (expressed as a mass percent),
determined by measuring the rotation of polarised light when it is passed through
a sample of the solution. The pol of a concentrated solution or solid is calculated
from the measurement on a diluted solution.

purity
The sucrose content of a sample expressed as a percentage of the soluble solids
present. This may be either an apparent purity (calculated as pol as a percent of
brix) or true purity (calculated as sucrose as a percent of dry solids)

sucrose
The true sucrose content of a sample, the analytical method now accepted as
most accurate being by high pressure gas/liquid chromatography.

Products and Procedures

A, Band C
Letters used to characterise the traditional three crystallisation steps (and the
products and processes associated with them) of a three boiling system in a raw
sugar factory (see section 4.2)

false grain
Secondary nucleation of sucrose which can occur during the crystallisation
process - an unwanted situation which adversely affects subsequent separation

steps and degrades the quality of the crystal sucrose product .
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incondensible gasses
Constituents of a vapour stream which do not condense at around atmospheric
temperatures. These will usually be the constituent gasses of air, but may

include the products of unwanted chemical degradation such as carbon dioxide

liquor
A term similar to syrup or molasses, but usually used for higher purity solutions

magma
A mixture of sucrose crystals and mother liquor created by adding water or
molasses to crystals

massecuite
The mixture of sucrose crystals and their mother liquor during the crystallisation
process

molasses
A concentrated, impure solution of sucrose created by separating the mother-
liquor from the sucrose crystals which have been crystallised from it.

raw sugar
The product sugar from a cane sugar factory made by the first crystallisation
from concentrated cane juice (syrup) from the extraction process

refined sugar
A synonym for white sugar.

remelt
A syrup created by dissolving crystals from a subsequent crystallisation for
return back to the primary crystallisation process

seed
Small crystals, or a slurry containing small crystals which are to be grown to
larger sizes in the production process. As a verb this describes the process of
initiating the crystallisation process by the addition of seed.

strike
as a verb this refers to the process of emptying the massecuite from a batch pan
at the end of the batch cycle. As a noun it refers to the complete cycle (as in ..
the number of strikes boiled each day...)

Syrup

A concentrated, impure solution of sucrose normally created by concentrating
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the juice obtained from the extraction process.

vapour
Steam (at pressures either above or below atmospheric pressure) which has been
produced by the boiling of some factory product. Steam used for the sugar
boiling process is normally “vapour” which is produced by the multiple effect
evaporation plant

VHP sugar
A high quality raw sugar with low levels of impurity (contains approximately
99.4% sucrose), the initials standing for “Very High Pol”.

white sugar
High purity sucrose crystals (approximately 99.9 %) normally produced in the
cane sugar industry by crystallisation from a liquor created by dissolving raw
sugar (to produce a melt).

Equipment

calandria
The indirect heating medium for a pan. Usually consisting of a steam chest and
tubes so arranged as to allow steam/vapour to condense on the outside of the
tubes whilst the massecuite circulates through the tubes where it boils as a result
of the heat transferred.

centrifuge or centrifugal
Usually of the perforated basket type and used to separate sucrose crystals from
molasses

crystalliser
A vessel used to achieve crystallisation by cooling and usually requiring
mechanical agitation to promote heat transfer and prevent crystal settling

pan (or vacuum pan)
A vessel used to perform evaporative crystallisation under vacuum. It may be
either a batch or a continuous process vessel hence batch pan or continuous pan

remelter
Device for dissolving impure sucrose crystals to create a remelt stream to be

recycled for reprocessing.
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3.2 Boiling Schemes

In a raw sugar factory, sucrose and other soluble solids are extracted from the cane stalks by a
combination of shredding, leaching and pressing to produce a juice with a solids concentration of
approximately 12% . This juice from the extraction plant is first clarified and then concentrated
in a multiple effect evaporator. The product of these processes is called syrup and contains the
soluble impurities and the dissolved sucrose. To recover the sucrose from this impure solution,
cane sugar factories use crystallisation both as a means to produce a solid (water free) sucrose
product and as a purification process. Crystallisation from the syrup produces a brown sugar
which can either be sold directly to consumers or can become the feed stream to a separate
refining process where it is dissolved and purified by recrystallisation and other means to
produce a high quality white sugar. The brown sugar is called variously A-sugar, VHP sugar,
high pol sugar or raw sugar depending on its quality or the context in which it is being described.
For cane sugar factories there is as yet no proven cost effective technology for producing high
quality white sugar directly from the impure syrup. Most of the sugar produced in South African
raw sugar factories is intended for refining and is produced as high quality VHP sugar. In
addition to needing to produce this sugar with minimal impurities, a raw sugar factory must
recover the maximum quantity of sucrose possible in crystalline form, by producing an impurities
stream (final molasses) containing a minimum of sucrose. The processes or unit operations used
to accomplish these two requirements are :
- evaporative crystallisation under vacuum (pan boiling) to produce a massecuite (slurry
of sugar crystals suspended in the mother liquor from which they have been crystallised )
- Cooling crystallisation where further crystal growth is achieved by reducing the
temperature of the massecuite over time whilst stirring.

- centrifugation to separate the crystals from their mother liquor.

The particular way in which these unit operations are combined to achieve the two objectives of
maximising sugar quality and sugar recovery is known as a “boiling scheme”. The factors that
need to be considered in selecting a boiling scheme are :

- syrup quality (ie concentration and type of impurities)

- capital cost of equipment for each unit operation

- relative values of sucrose sold as sugar and sold in molasses

- the product specification for the sugar.
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Wright (1983) and Chen and Chou (1993) provide useful descriptions of the more common

boiling schemes that are used in the cane sugar industry. The South African sugar industry has

effectively standardised on a three boiling partial remelt scheme because of the requirements of

centralised marketing of high quality export sugar. This scheme (not modified as subsequently

suggested by van Hengel, 1983) is shown in the form of a simplified process flow diagram of

Figure 3.1.
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Figure 3.1 Standard South African Three Boiling Partial Remelt Scheme
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Archibald and Smith (1975) reported on the ability of this boiling system to accommodate
variations in the quantities of sucfose and impurities which need to be processed. van Hengel
(1983) provides some background to the original formulation of the boiling scheme and how it
has altered slightly over the years. He also proposed a slight modification to the boiling scheme
ijch was subsequently implemented in a factory (de Robillard and van Hengel, 1984).

A measure termed “exhaustion” is used to quantify the performance of each stage of boiling (ie
the combined performance of pans, crystallisers and centrifugals). The exhaustion of a stage is
the percentage of sucrose in the massecuite stream which appears in the sugar stream.

With this boiling scheme there is a strong incentive to maximise the exhaustion of the A
massecuite because any sucrose not removed in a first pass through the “A station” must be
recycled either as remelt or magma if it is to recovered as product sugar. Increases in sugar
recycle of this kind increase energy consumption, require more capital and result in increased

losses due to chemical degradation.

With this boiling scheme, the B and C sugars are of similar purity to the incoming syrup. As a
consequence, the purity of the A seed boiling is approximately the same as that for the A
massecuite boiling which uses the A seed as a footing. This is in contrast to the situation with the
C boilings where the C seed is boiled at a higher purity (using A molasses) to ensure a good
quality and uniform crop of crystals. The purity of the C massecuite then drops throughout the C

massecuite boiling where B molasses is used as the feed material.

The consequence of approximately constant purity throughout the A massecuite boiling is used to

advantage in simplifying the optimisation problem addressed in Chapter 8.
3.3 Batch Pans

Batch pans are the process equipment which has traditionally been used in the sugar industry for

growing sugar crystals by evaporative crystallisation under vacuum. The design and operation of
these units is well described in standard sugar technology texts (eg Chen and Chou, 1993, Hugot,
1986 ) and review articles (Wright, 1974, Wright 1983). Only a brief background is provided in
this chapter.
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Batch pans have been used in the sugar industry for over a hundred years, and have evolved over
time with the improvements being based on a mixture of experience, common sense and science.
Unfortunately the complexities of three phase flow (crystal, mother liquor and vapour bubbles)
have been difficult to model and attempts at applying engineering calculations to improve the
basic design of pans has had limited success. These problems are described in some detail in

Chapter 6 in relation to the design of an experimental batch pan.

A diagram of a typical modern batch pan as currently designed by Tongaat-Hulett Sugar is

given in Figure 3.2 below.

INCONET SR

vassEcun o/
CHUILETS

Figure 3.2 Batch Pan of Tongaat Hulett Design
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The main features of the p‘an are

- a vessel, primarily a vertical cylinder, which is capable of operating under full vacuum
( operating conditions can be as low as 8kPa absolute )

- a heating calandria formed by vertical tubes between two horizontal tube plates. The
tubes are 100mm internal diameter. The steam condenses on the outside of the tubes
whilst the massecuite is inside the tubes where it boils.

- a central “down-take” which allows the massecuite which is pumped up the tubes by the
boiling action to be circulated back to the bottom of the tubes.

- feed pipes which allow molasses and water to be distributed into the boiling massecuite
below the level of the tubes.

- a bottom of the vessel which is shaped both to promote circulation of the massecuite in
the pan (avoiding dead areas) and to allow full drainage of the viscous massecuite via
drain valves.

- an entrainment separator (eg a set of baffles) to remove any droplets of liquid from the

vapour before it leaves the vessel.

The vapour outlet is connected to a condenser ( the pan shown in Figure 3.2 has the condenser
constructed within the body of the pan) which is conventionally of the direct contact type. To
allow the pan to be boiled under vacuum, a vacuum pump is necessary to remove any gas which
is not condensed in the condenser (mostly air which leaks into the pan). Some batch pans,
particularly those used for producing refined sugar, are fitted with stirrers in the downtake to
promote circulation. Most pans used in raw sugar factories rely on the natural circulation caused
by the massecuite boiling up the tubes (the thermosyphon effect). Pans without stirrers often
make use of jigger steam. This is the addition of steam directly into the massecuite through a
distributor below the calandria. The bubbles so produced rise up through the calandria tubes and

promote circulation.

When no stirrer is present, the circulation is primarily dependant on the evaporation rate. Thus,
to achieve a variation in the effective evaporation rate, water may be fed to the pan to cancel the

concentrating effect of all or some of the evaporation.

The procedure for growing crystals in a batch pan varies slightly depending on the specifics of

the particular massecuite being produced. Details of the various options are well described by
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Tayfield et al. (1980), in terms of the requirements of automating the pan boiling procedure. The

sequence required for a slurry seeded B-massecuite gives a reasonably comprehensive summary

of the steps of the pan boiling procedure :

- fill the pan with A-molasses to a level just above the calandria.

- concentrate the molasses to a level appropriate for seeding (ensuring that the liquid level
does not drop below the top of the calandria).

- stabilise the concentration at this value.

- seed the molasses with an appropriate quantity of slurry (finely milled white sugar
suspended in alcohol).

- hold the pan on water for a period at this concentration to allow seed development.

- reduce the concentration slightly (thinning) to prevent any further secondary nucleation.

- allow grain to grow (bringing the grain together) without significant addition of new
mother liquor - achieved by feeding with water or a combination of water and molasses.

- once a reasonable level of crystal content has been achieved, proceed with crystallisation
with full feeding of molasses.

- once the pan is full, concentrate to the point where the crystal content impedes
circulation.

- discharge the pan contents.

To achieve the maximum crystallisation performance from a batch pan, there are a number of
principles which must be adhered to. These are discussed in Chapter 8 in relation to the

determination of optimal operating conditions for pan boiling.

34 Continuous Pans

Many of the processes in the sugar industry were originally conducted in batch mode (eg
clarification, evaporation, cooling crystallisation, centrifugation). Over the years these have been
converted to continuous processes. As discussed briefly in Chapter 1, pan boiling was one of the
last unit operations to be converted to continuous operation and the early development has been

reviewed in the literature survey by Rouillard (1988).

The development of the continuous pan has taken a significantly different route to the

development of continuous crystallisers that are used in other industries (Mullin, 1992,
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Mersmann, 1995) for two major reasons. Firstly, the requirements for a narrow size distribution
of product sucrose crystals precludes the use of mixed suspension mixed product removal
(MSMPR) crystallisers. Secondly, the high viscosities of sugar liquors and the small differences
in density between sucrose crystals and the mother liquor prevent the use of crystallisers which

rely on gravity separation and recycle of small crystals.

The route followed in the design of continuous pans has been to accept that the unit will operate
with an input of seed massecuite (normally prepared in a batch pan). The continuous pan is then
designed with a flow path that provides an approximately equal residence time for all the seed
crystals. This average residence time must be long enough for the crystals to achieve the
necessary growth. The pan must obviously be provided with the necessary heating surface and
feed system to allow feed (syrup or molasses) to be added and concentrated as crystallisation
takes place, as happens in batch pans. The time dependent growth of a batch pan is thus

converted to a position dependent growth along the flow path of the continuous pan.

Two broad approaches to providing a flow path with narrow spread in residence times have been
used in different designs of continuous pans. One involves the use of a long narrow flow path
whilst the other uses the conventional chemical reactor technique of a number of continuously
stirred tank reactors (CSTRs) in series. A brief summary of commercial designs which fall into
these two categories is given below. Many publications have tracked the development and
commercialisation of these pans and so, where possible, only more recent references are provided
here.:
Long Flow Path Designs
Langreney Pan (Langreney, 1977)
Originally designed as a rectangular vessel with a long narrow flow path, the
design was subsequently modified to achieve the same effect in a vessel built in
the shape of a ring (doughnut). The heating is via a calandria with vertical tubes,
as in a conventional batch pan.
Racecourse Pan (McDougall and Wallace, 1982)
Constructed as two 13m long vessels each divided in half lengthwise . The
massecuite flow path is created by connecting the two halves of each vessel in
series and then connecting the two vessels in series, resulting in a total flow path

length of 52m. The calandria is constructed by welding square steel tubes
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together (with spacers so as to provide a steam flow path).

CSTR based designs

Seaford Pan (Goddard, 1991)
This is a multi-compartment stirred pan. It has heating plates and a low installed
heating surface to make it applicable to early stages of crystallisation where
crystal contents and evaporation requirements are low.

BMA - VKT Pan (Bosse, 1996)
A design based on connecting four or five conventional stirred batch pans in
series. The pans are mounted one above the other in a “tower” to save floor
space and to provide the head necessary to drive the massecuite from the one
compartment to the next without the necessity for inter-stage pumping.

Fives-Cail Babcock (FCB) Pan (Journet, 1999)
A multi compartment pan, originally designed with vertical heating plates.
Subsequent designs had horizontal tube heating and most recently, mechanical
stirring is now offered for each compartment.

The KNK Pan(Gebler and Bubnik, 1997)
Developed on low purity beet massecuites in the Czech Republic, this design
with six compartments and heating by horizontal U tubes is similar to the FCB
design.

Sugar Research Institute - Australia (SRI) Pan (Broadfoot, 1999)
A multi-compartment pan with varying compartment sizes. Heating is by a
calandria with vertical tubes. The bottom of the calandria is sloped (and thus
uses a range of tube lengths) in order to promote good circulation.

- Tongaat-Hulett Sugar - Fletcher Smith (THS-FS) Pan (Rein and Msimanga, 1999)

The development of this pan has been discussed in some detail in Chapter 1. The
multi-compartment pan with vertical tubular calandria has proved successful in

terms of both cost and performance.

The THS-FS pan is the design which has been the focus of the research reported in this thesis.
Typical drawings in figures 3.3 and 3.4 show the construction of the pan in elevation and plan
respectively. The pan is shown in elevation with an integral entrainment elimination device and

direct contact condenser as is usually the case in the Southern African Industry. The pan is

3-12



CHAPTER 3 Pan Boiling

shown with ten compartments, but this may vary with different designs. The calandria has a

single steam inlet and operates at a common pressure for all compartments.

TR E T WAL LT
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Figure 3.3 End Elevation view of THS-FS Continuous Pan
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Figure 3.4 Plan view of THS-FS Continuous Pan
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Some pans have been designed with a calandria that is divided into two sections , each with its

own steam inlet, which can be operated at different pressures.

35 Laboratory Measurements for Pan Boiling

Effective pan boiling requires the normal range of analytical laboratory measurements for
monitoring performance. These techniques are well described in the manuals of laboratory

procedures for the sugar industry (Anon, 1985, Anon 1991, Schneider, 1979).

As is evident from the discussions of the mechanisms of sucrose crystallisation in Chapter 2, the
major measurements of interest are the levels of sucrose (both as crystal and in solution), water
and impurity present in a sample. Crystal size is also important but measurement of this requires

a different type of technique and is discussed in detail in Appendix A.

Unfortunately the analytical procedures which have been adopted for use for monitoring and
controlling factory performance have been selected for their benefits of simplicity, speed and
repeatability. For accurate analysis, more complex procedures are available, but are normally
only performed for special investigations or on weekly composite samples. These analyses are
not normally available at factory laboratories, but are conducted at better equipped and staffed

central laboratories.

The techniques of interest in this work are those used to measure total dissolved solids content of

a solution (or by difference its water content) and its sucrose content.

The approximate measurement used to estimate soluble solids content is “brix” which is based on
the measurement of the refractive index of the sample. The approximate measurement used to
estimate the dissolved sucrose content is “pol” which is based on a measurement of the rotation
of polarised light by the sample. Both of these tests are accurate for pure sucrose solutions but
are increasingly in error as the level of impurities increases. The magnitude of the errors are
dependent on the nature of impurities which are themselves dependent on seasonal, climatic and
geographic variations and can be expected to vary slowly at a given sugar factory. This allows a
weekly determined correction factor to be applied to the average pol and brix data to correct the

mass balances.
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The accurate measurement for dissolved solids (often referred to as dry solids) is by vacuum
oven drying or by a Karl-Fisher titration to determine the moisture content. The accurate

measurement for sucrose content is by high pressure gas liquid chromatography (HPGLC).

When a purity (sucrose as a percent of soluble solids) is calculated from pol and brix readings it
is referred to as apparent purity, and when it is calculated from sucrose and dry solids analyses,

it is referred to as true purity.

There are advantages and disadvantages to be weighed when deciding on which analytical

techniques to use for experimental work, particularly for high grade raw sugar boilings where the

levels of impurity are comparatively low. During the early development of high grade continuous

pans by THS (Rein et al., 1985) , numerous samples of syrup massecuite and molasses were

énalysed by both the approximate and accurate analytical procedures ( pol, brix , sucrose and

dry solids). This (unpublished) data showed that :

- within the range of variability, pol and sucrose values were equal (ie no offset)

- the dry solids results were slightly greater that the brix results (contrary to accepted
behaviour)

The anomaly in the dry solids results was subsequently attributed to problems with the vacuum

oven drying procedure.

Given this lack of benefits of the extra analytical load demonstrated in this earlier work on high
grade continuous pans, this present work has concentrated on using conventional pol and brix
analyses. This has an advantage that the measurements are directly comparable with factory
performance figures. However, given the variability in the effect of the level and type of
impurities on pol and brix readings, it was decided to investigate methods of correcting pol and
brix readings to give unbiased estimates of sucrose and dry solids. This would be particularly
advantageous for applying to mass balances. The significance of the differences between the
approximate and accurate analyses was also highlighted when analysing the results of the tests to

measure the solubility of sucrose in impure solutions (chapter 5).

The issue of developing correlations to estimate one type of measurement from another has been

addressed by a number of authors. Archibald and Smith (1975) developed correlations to
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estimate refractometric brix from an earlier analytical technique of spindle brix. Batterham Frew
and Wright (1974) proposed the following correlation for estimating dry solids concentration

from the brix output of an on-line refractometer :

DS = brix - 8.68 (1 Pty) (3.1)

= Orix — 6.00" - .
100

Matthesius and Mellet (1976) proposed a correlation to estimate true purity from refractometer

gravity purity. Saska and Oubrahim (1989) subsequently used this relationship to estimate dry

solids content from refractometric brix according to the relationship :

0.0093 1.013)7"
DS = + — (3.2)
Suc brix

Maurandi et al. (1988) proposed a simple proportionality constant to relate water content by the

Karl Fisher procedure to that estimated by refractometric brix.

Hoekstra suggested the correlation given by equation 3.3 for correcting brix readings to provide
an estimate of dry solids content. This has been used by Hubbard and Love (1998) for

performing mass balances over a high grade centrifuge.

DS = brix - (1- 0.00066- (brix — pol)) (3.3)

This equation was developed by analysing the results of a number of other researchers who had
been measuring the properties of C-massecuite and C-sugar in studies of C-centrifugal
performance. Hoekstra also included some data on average C-molasses analyses for the entire
South African sugar industry. The format of the equation is correct in that it predicts that dry
solids is equal to brix for pure sucrose solutions (ie those for which pol = brix). However the
ability of the equation to accurately correct measurements in the range of A-massecuite boiling
was not checked when it was formulated. The errors between the prediction of equation 3.3 and
the original raw data (covering the low purity range) are shown in figure 3.5. The errors are
calculated as the predicted dry solids from equation 3.3 (termed DSp ) less the measured dry
solids concentration ( termed DS). All these dry solids concentrations are expressed as mass

percent of total mass.
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Figure 3.5 Errors of equation 3.3 for predicting dry solids from brix and pol readings

Subsequently some data became available which could check the validity of equation 3.3 at
higher purities. A sugar industry sponsored study was undertaken at the Felixton factory in 1990
to quantify the relative extent to which losses occurred from cane crushing to concentration to
syrup and from syrup to raw sugar and final molasses. The weekly average syrup samples were
analysed for dry solids as well as brix and pol. The prediction error of equation 3.3 applied to
these data is shown in Figure 3.6, where the scale of the y-axis which shows the magnitude of the
error has been kept the same as in Figure 3.5. It is clear that the equation makes appropriate
corrections in this high purity range and is thus suitable for use in correcting data measured on

A-massecuite.
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Figure 3.6 Errors in prediction of dry solids in syrup using equation 3.3

Hoekstra also proposed a correlation for correcting pol readings to obtain an estimate of the true
sucrose content. This proposal was not based on any analysis of data but relied on the following
assumptions :

- the difference between pol and sucrose remains in a constant ratio to the amount of non-
sucrose (ie the difference between dry solids and sucrose)

- the nature of this relationship can be determined for the final molasses from a factory
(available throughout the local industry on a weekly basis) and then applied to any other
process stream in the factory

- although the impurities are known to change through the factory, the high purity
products, whose impurities are most different from final molasses, will have the smallest

corrections and thus the importance of this effect is greatly reduced.

Mathematically this can be expressed in terms of a constant , K, as follows:

_ pol - Suc

- 3.4
DS - Suc G4
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This relationship can be manipulated to give another constant, R , which is given by :

_ Suc- pol
DS - pol 5)
_—k
1-K
This constant can be included in the following identity :
(Suc - pol)
Suc = pol + (DS - pol) ————=
ue = pol +( pol) (DS - pol) (3.6)

= pol + (DS - pol)- R

Using dry solids (DS) estimated from equation 3.3, and the value of R which can be calculated

from the weekly data published for final molasses, it is possible to estimate the true sucrose value

from pol data using equation 3.6.

The data from the industry sponsored survey mentioned above has been used to check the ability
of this technique to estimate the sucrose content of a high purity streams (syrup and mixed juice).

This is shown in Figure 3.7 below.
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Figure 3.7 Correction of pol to sucrose using equations 3.3 and 3.6
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For comparison, the graph also shows the offset between pol and sucrose measurements as a
function of the parameter R . These results demonstrate the ability of equations 3.3 and 3.6 to
estimate the sucrose concentration from pol and brix measurements despite the off-set between

pol and sucrose measurements varying from as low as about 0.1 units to as much as 2 units.

3.6 On-Line Measurements for Pan Boiling

Even the simpler analyses of pol and brix described above are time consuming and unsuitable for
controlling the progress of pan boiling. Although experienced operators (pan boilers) are able to
make some estimates of boiling conditions from the look and feel of the massecuite, on-line
measurements are necessary for automatic control and also provide valuable indications for

manual operation.

Conventional measurements of temperature, pressure and flow provide no particular problems
when applied to pan boiling. Level measurement is slightly more difficult but when other methods
have proved unsuitable (eg differential pressure sensors, capacitance level probes) a simple set of

discrete conductivity level detectors has been used to estimate level.

In a classic optimisation study, Frew (1973) showed that to maximise crystallisation
performance, it is necessary to be able to measure and control both super-saturation and crystal
content. These can be considered as monitoring the driving force for crystallisation and the
degree of progress of crystallisation. On-line crystal size measurement would be informative but
is not essential as an on-line control signal. Although some applications of on-line crystal size
measurement have been reported (Dijkstra et al, 1996, Hogg et al, 1986) it appears to still be an

exotic measurement that has not yet demonstrated reliability as an industrial measurement.

The measurement of crystal content and super-saturation are unfortunately difficult and/or
expensive to measure on-line. Consequently a number of measurement techniques have been
developed which approximate one or the other of the desired measurements or respond to a

combination of both. A summary of the major types of measurement in use is given below.

Electrical conductivity (Wright ,1984)

conventional electrical conductivity is affected by both crystal content and mother liquor
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concentration. The combined effect makes conductivity an effective means of controlling
pan boiling. Conductivity measurements are reliant on the presence of ionic impurities
and are most effective when these levels are relatively large and invariant. It is for this

reason that conductivity is most effective as a control signal on low purity boilings.

Viscosity or consistency (Hashimoto et al., 1985)
measurement devices are available which measure the consistency or effective viscosity
of the combination of crystal and mother liquor. The response is similar to that of

electrical conductivity measurements

Boiling point elevation (Sockhill and Wright, 1960, Foster et al., 1960, Batterham and Norgate,

1977, Batterham, Frew and Wright, 1973, Grimsey and Brown, 1994,
Peacock and Starzak, 1995)

The measurement of BPE provides an indication of the concentration of the mother-

liquor, almost independent of the level of crystal content. In batch pans, measurement is

complicated by superheating effects which vary as boiling progresses. The superheating

effects are significantly reduced in continuous pans but the absence of sensitivity to

crystal content means that BPE must be used with caution if it is the only measurement

available.

Nuclear density meters (Donovan, 1988)
Nuclear density meters can provide accurate measurements of massecuite density, which
is closely correlated with crystal content. The output is relatively insensitive to mother

liquor concentration.

On-line refractometers (Rozsa, 1996)
On-line refractometers can provide accurate measurements of mother liquor
concentration independent of crystal content . They rely on internal reflection of light
from the surface of a prism in contact with the mother liquor and thus do not provide the
averaging effects present in other measurement techniques. Effective circulation of
massecuite past the face of the prism is thus essential to the usefulness of this type of

measurement.
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Microwave Absorption (Reuter et al., 1998)
Microwave adsorption measurements are sensitive to the concentration of water in the

massecuite and as such are primarily a measurement of crystal content.

Radio Frequency Conductivity (Reichard and Vidler, 1975, Moller, 1984, Radford and Cox,

1986, Radford et al., 1988, Reichard et al., 1992, Ehrenberg
and Kessler, 1997)

A number of devices are available which measure the electrical properties of a

massecuite at frequencies in the VHF range. This results in measurements which are

affected by both the conventional conductivity and by dielectric constant. The

advantages over conventional conductivity are ,

- an ability to operate in the absence of ionic impurities

- an ability to tolerate some encrustation of the electrodes without affecting the readings

- the option of producing separate outputs representing the resistive and capacitive

chacteristics of the massecuite, which show different sensitivities to crystal content and

mother liquor concentration.

Software sensors (Kapur et al, 1991, Acharya, 1984, de Azevedo, et al. 1993)
A number of researchers have investigated the options of combining the results of a
number of measurements, using mathematical correlations and algorithms to estimate the
parameters required for a more scientific control of pan boiling (ie crystal content and

mother liquor super-saturation in their correct engineering units).

In the absence of any cost effective and accurate measurements of crystal content and mother
liquor super-saturation; most users appear to make their own compromises in terms of
instrumentation that they select and the control strategy that they employ. In many instances it is
possible to use a single measurement because the dynamics of the equipment and the
crystallisation process oreate a relationship between super-saturation and crystal content which

allows the single measurement to be adequate for control.

In this research, which concentrates on high purity boilings encountered in cane sugar factories,
the Tongaat-Hulett Radio Frequency probe and the boiling point elevation measurements have

been used to monitor and control the crystallisation process.
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3.7 Control Systems for Continuous Pans

The details of batch pan controls are more complex than those needed for continuous pans
because of the combination of a batch cycle combined with regulatory control. Whilst some of

the specifics are useful, the details are not directly applicable to continuous pans.

The control sysfem originally recommended by Tongaat-Hulett Sugar for their continuous pans
was reported on by Rein (1986). As a result of operational experience at the Felixton factory,
this original scheme was extended to include an evaporation rate control which operates by
adjusting a remote set-point to the calandria pressure controller. A seed flow control was also
included to maintain a constant seed to massecuite ratio as pan throughput was varied. This

improved control system was reported on by Rein (1992), and is shown in Figure 3.8 below.

WATER |
CONDENSER |
=\ 6
CONTINUOUS, VACUUM P : _@
HEATING VAPOUR
?] l ------------------------------ b l :
i
G _
= b D D
L C .
@P MASSECUITE
( |————
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WATER H " CONDENSATE
MoLASSES/SYRuP, !
I

. ©

SEED
PUMP

Figure 3.8 Control Scheme for a continuous pan

For clarity, the diagram shows only 6 compartments although the number is normally either ten

or twelve. The controls can be summarised as follows :
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- The absolute pressure in the pan body is controlled by adjusting the flow of condenser
cooling water

- The pressure in the calandria is controlled by throttling steam flow into the calandria

- The condensate flow is measured by a magnetic flow meter. The flow is controlled by
adjusting the set-point of the calandria pressure controller

- Sensors (Conventional conductivity, RF Probes or Boilihg Point Elevation
measurements) are provided in each compartment. An individual controller for each
compartment adjusts feed flow to maintain the contents at the desired set-point. The
selection of either water or molasses feed for each compartment is made manually by the
operator.

- The syrup/molasses flow to the pan will be primarily a consequence of the evaporation
rate and the number of compartments selected to feed syrup/molasses. The resulting flow
is measured with a magnetic flow meter. To maintain a constant seed to massecuite ratio,

the seed pump speed is adjusted to keep it in a constant ratio to the syrup flow.

Slightly different control strategies have been reported by other manufacturers and users of
continuous pans. An SRI pan (Davies et al., 1989) was fitted with automatic actuation of both
water and syrup/molasses valves. The control strategy sets the syrup/molasses valve to provide
the required rate of feed whilst the water valve is regulated by a conductivity controller. The pan
was fitted with two calandrias and the steam flow to each could be measured by differential

pressure cells and controlled by butterfly valves.

The VKT pan because of its completely self contained compartments has independent control of
absolute pressure and calandria pressure for each compartment (Austmeyer, 1990). The design
also requires massecuite level control in each compartment because of the need to regulate the
massecuite flow between compartments. Brunner et al. (1992) report on feed control to each
compartment based on the measurement from a nuclear density gauge and operating by sending a
remote set point to a feed flow controller which uses a magnetic flow meter as sensor. It is not

clear why this level of complexity is required.
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4. Dynamic Model of a Multi-Compartment Continuous Pan

4.1 General

Mathematical models are useful tools for investigating the behaviour of processing equipment.
Clearly a mathematical model is always only an approximatioﬁ to reality but if it is a sufficiently
accurate approximation it can be a valuable tool. Increased complexity and longer computing
times (since most useful models will require a numerical solution) are the cost of achieving a
closer congruity between the model and actual operating conditions. It is thus important in
formulating a mathematical model to select the variables and the equations describing their inter-
relationship carefully so as to achieve the best compromise between the complexity and accuracy
of the model. This balance is also dependent on how the model is to be used. The applicability
of the model can often be improved if its parameters are determined by fitting the model to

experimental data, under the same conditions that it is intended to simulate or predict.

The approach adopted in this work has been to develop a mathematical model of a multi-
compartment continuous pan which had the flexibility to be used for the following investigations:

- Dynamic behaviour of a single compartment of a continuous pan.

- Dynamic behaviour of a multi-compartment continuous pan.

- Steady state behaviour of a multi compartment pan, to be used in either a
parameter fitting (performance evaluation) mode or a predictive (simulation)
mode.

- Determination of optimum steady state operating conditions for a multi-

compartment continuous pan.

With this intention of a uniform approach to modelling for a range of applications, the
requirements for the basic model are:

- A modular model. By formulating a general model of a single compartment, a
multi-compartment pan model can be constructed by cascading the required
number of compartment models. The product massecuite output of one
compartment becomes the seed massecuite input to the next compartment.

- A dynamic model. By beginning with the formulation of a dynamic model, the

steady state model can be derived as a special case by setting all time derivatives
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to zero.

- A model that approaches linearity. Whilst the equations describing the
behaviour of even a single compartment are inherently non-linear, the choice of
independent variables will have an influence on the extent of this non-linearity.
A simplified linear model is a useful tool for dynamic analysis, particularly for
the design and analysis of linear control systems.

- Applicability for dynamic programming. The choice of independent variables is
important for the application of the "dynamic programming" optimisation

technique. This is discussed in detail in Chapter 8.

Given this wide range of requirements, the formulation of the final model was inevitably an
iterative process. This thesis does not attempt to document the process but rather summarises the

eventual formulation that met the requirements.
4.2 Batch Pan Models

Since batch vacuum pans have been in operation for over a hundred years and continuous pans
are a relatively recent.innovation it is natural that the first efforts at modelling the evaporative
crystallisation process would be applied to batch boilings. Evans, Trearchis and Jones (1970)
published a model to be used as part of a control system. Whilst the scope of the model extended
to both heat transfer and mass transfer, the format of the empirical growth rate expression was
not justified with any data or references. Wright and White (1968) presented a well structured
and researched model of a batch pan which became the basis of much of the subsequent
Australian research in this field. Wright and White (1974) extended their own work to simulate
how the crystal size distribution would vary through the boiling process. Frew (1973) used the
model as the basis of an optimisation investigation. Li-Wu and Corripio (1985a) in Louisiana
used the Wright and White model to evaluate the performance of a pan and as the basis for

developing a Dynamic Matrix Control strategy (Li-Wu and Corripio, 1985b).

- Particular features of the model of Wright and White (1974) are
- No attempt is made to model the complexities of heat and momentum transfer

- It accommodates dispersion in growth rates using a specific parameter, p (White

and Wright, 1971)
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- It assumes a symmetrical size distribution which is modelled by two moments
(Frew, 1973)

- It has been used as the basis of a multi-compartment continuous pan model,
originally outlined by Wright and White (1974) and subsequently used by
Broadfoot (1980)

- The format of the growth equation (discussed in Chapter 2) has sufficient

parameters to accommodate the major factors affecting growth rate

Other researchers such as Bonnenfant (1985) and Ditl et al. (1990) have also developed models
but without any evidence of specific improvements or advantages over the original work of
Wright and White. Depeyre et al. (1989) developed a batch pan model as the basis of a control
system. The model is more complex than that of Wright and White in that it does not treat the
pan as a CSTR (continuously stirred tank reactor) but rather considers it as several
compartments selected to simulate parts of the pan. The benefits of this added complexity are not
quantified but the complexity of the model was such that it could not be used on-line but required
that standard profiles (termed abacuses in the paper) be developed off-line using the model.

These profiles were then used as the basis of an on-line control strategy.

A research group from Universidad Central de las Villas published a set of papers ( Torres et al.,
1990, Herrera F, 1990 and Rodriguez and Torres, 1990) describing the development of an
empirical model of a vacuum pan, based on difference equations, which could be used as the
basis for developing a control strategy. The mathematical description does not attempt to model
any of the fundamentals of mass balance and crystal growth and thus has very limited utility for

providing insight into the performance of operating pans.

The model of Ditl et al. (1990) is a more complex batch pan model than that of Wright and
White. This model expands on earlier models (which only simulated the crystal growth phase of
the batch cycle) and encompasses all four phases of the cycle viz. filling and concentrating,
seeding, crystal growth and ,finally, tightening and discharge. The model also simulates the heat

transfer and mixing characteristics of the pan.

Whilst in terms of the development of appropriate mathematical models of pans the scope of the
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model of Ditl et al. (1990) may appear impressive, its utility is doubtful for a number of reasons

- It has insufficient modelling of the dispersion in crystal growth rates and its effect on the
crystal size distribution.

- It includes a model of secondary nucleation during growth - an occurrence to be avoided
in good pan boiling practice.

- It includes the relationships of other researchers (eg for Nusselt number and viscosity )
which may be of limited accuracy and applicability.

- It appears to be an “over-parameterised” model which may improve the ability of the
model to fit experimental data, but at the expense of a reduced confidence in the

significance of the fitted parameters.

4.3 Formulation of a Continuous Pan Model

Wright and White (1974) described briefly how their batch pan model could be extended to
describe the behaviour of a multi-compartment continuous pan. Broadfoot (1980), used this
formulation as the basis for a thesis on continuous pans and outlines the derivation of the
equations. The mass balances are conventional component balances whilst the population
balances are formulated according to the procedures of Randolph and Larson. The dispersion in
growth rates is modelled with a dispersion parameter, p, as described by White and Wright
(1971). This dispersion parameter concept has been used in analysing the results of tests on

industrial scale continuous pans in South Africa by Rein, Cox and Love (1985).

Heat transfer is not included in the Wright and White (1974) model. This is a sensible approach
since any attempt to try to model the heat transfer coefficient as a function of massecuite
conditions, is easily rendered invalid by fouling of the heating surfaces. In any event, the required
rate of heat transfer can be independently set at design time by the selection of the quantity and
configuration of heating surface which is installed or it can be set during operation by adjusting

the calandria steam pressure.

Hoekstra (1985) formulated a computer program for modelling the steady state behaviour of
continuous pans based on the approach of Wright and White. This program was used within
Tongaat-Hulett sugar for both the design and evaluation of continuous pans (Hoekstra, 1986).
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Hoekstra’s model did not try to include the complexities of spreads in residence time distribution
or heat transfer and circulation which were addressed in separate studies (Rein, Cox and Love,

1985 and Rouillard, 1985).

The modelling in this thesis is based on the approach originally outlined by Wright and White
(1974), in the belief that it represents an appropriate compromise between complexity and
simplicity. The formulation is described in detail in Appendix B, using the descriptions of
particle size distributions documented in Appendix A. The fundamental component of the model
is a single compartment which is assumed to behave as a continuously stirred tank reactor
(CSTR). The complete pan model is then constructed by linking as many compartments in series
as are necessary to simulate the actual construction of the pan. An innovation in the formulation
used in this present research has been to solve the equations symbolically to provide a set of

equations which approximates the standard state space format of :

X=A-x+B-u @.1)
y=C-x 4.2)
where :
X is a vector of plant states
u is a vector of plant inputs
y is a vector of plant outputs

A, B, and C are matrices with constant coefficients

and, the dot above a variable defines the time derivative (here, of the vector of plant states).

Since the equations which describe pan behaviour are non-linear, the coefficients of the matrices
A, B, and C will not all be constant but will in some instances be dependent on the vectors x and
u. This non-linearity can be addressed by evaluating the coefficients of the matrices for values of

x and u which define normal operating conditions.

An important part of the modelling process is the selection of the particular variables (from the
wide range of possible variables which can be used to describe pan behaviour) which are used to
define the states, inputs and outputs of the model. State variables can be distinguished from input
variables in that they must appear as derivatives in the equations and can be thought of as

defining the characteristics of the system which have “memory” or the ability to accumulate.
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There are however a number of alternative sets of state variables which could be chosen, as could

different sets of input variables, each providing a full description of a pan compartment. The

selection of appropriate state, input and output variables is not self evident and required a

combination of some intuition and iteration to arrive at the final selection which addressed :

- the need to describe the process by the minimum number of independent variables.

- the need for the differential equations to approximate linearity. ( eg using flows rather

than concentrations as variables is more likely to result in equations which approach

linearity since concentrations, being ratios, introduce an inherent non-linearity).

- the ability for the model to operate as a module of a complete pan model. The outputs of

one module should be easily configurable as inputs to the next module, allowing a full

pan to be created by a simple cascading of individual modules.

- the appropriateness of the model to be used as the basis of a dynamic programming

optimisation (as discussed in Chapter 8).

The variables finally selected, which match these criteria, are shown in Figure 4.1 below :

Total mass flow (kg/s) u8
I Evaporation |
Individual Pan Compartment
Mass of dissolved sucrose (kg) x1
Mass of water (kg) x2
1st moment of crytal size (m) x3
2nd moment of crystal size (m2) x4
A
Seed Massecuite Input ‘ T [ Product Massecuite Output I
Total mass flow (kg/s) ul Total mass flow kgfs) y 1
Mass flow of water kgfs) w2 Mass flow of water (kgfs) »2
Mass flow of dissolved sucrose ~ (kg/s) 43 Mass flow of dissolved sucrose  (kg/s)  »3
1st moment of crystal size (m) ud 1st moment of crystal size (m) y4
2nd moment of crystal size (m2) us 2nd moment of crystal size (m2) ys
Syrup/Water Feed ]
Total mass flow (kg/s) 16
Mass flow of dissolved sucrose (kg/s) u7

Figure 4.1 Definition of variables for single compartment model
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It is clear that in cascading compartment models of this format, the outputs y/ to y5 from one

compartment become the inputs #/ to u5 of the next compartment.

In pursuing a model which is an accurate representation of industrial practice, issues that have

been specifically addressed in this research work are :

Rather than assuming that the crystal size distribution is symmetric, the distribution is
assumed to follow a gamma distribution. Previous work (Frew, 1973 and Broadfoot,
1980) used the assumption of a symmetric distribution to express the third moment of
the size distribution in terms of the first two moments, as described in equation A.34.
Unfortunately this simplifying assumption is not appropriate for modelling South
African A-massecuite where the crystal size distribution has been found to be
asymmetrical (eg Rein and Archibald, 1989, Hoekstra, 1985, Hoekstra, 1986). The
gamma distribution was selected from a range of possible asymmetrical distributions
because of both its particularly appropriate properties (see section A-4) and its ability to
fit experimental data . The assumption of a gamma distribution results in a different
expression for calculating the third moment from the first two moments (equation A.40).
The correlations for sucrose solubility in impure solutions presented in the literature have
been critically reviewed (Chapter 2) and investigated experimentally for molasses
samples from the local industry (Chapter 5).

Published parameters for the Wright and White growth equation have also been reviewed
(Chapter 2) and compared with growth data derived from other appropriate published
sources (Appendix G). Crystal growth rates that are attainable in South African A- .
massecuite boilings have also been investigated in specially conducted test work on

experimental scale batch pans (Chapter 6) and full scale continuous pans (Chapter 7).

The detailed formulation of the model equations for a single compartment is described in

Appendix B. The major assumptions used in the formulation are :

The compartment behaves as a fully mixed tank or CSTR (continuously stirred tank
reactor) where the properties of the massecuite leaving the compartment are equal to the
uniform properties of the massecuite in the compartment.

The mass of massecuite in the compartment remains constant.

The purity of the massecuite entering the compartment is constant and equal to the purity

of the feed to the compartment. This implies constant massecuite purity throughout the
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continuous pan and allows a considerable simplification of the equations. It also
simplifies the determination of an optimum operating profile described in Chapter 8.
Whilst this assumption is appropriate for the intended study of A-massecuite boiling
within the traditional South African boiling scheme (see Chapter 3) it does prevent the
model from being applied to other grades of massecuite and boiling schemes where this
assumption does not apply.

- No agglomeration, breakage or nucleation of crystals takes place.

- Sucrose solubility is defined by a simple form of the relationship between solubility
coefficient and impurity to water ratio (viz. equation 2.6). This is appropriate for the low
values of impurity to water ratio encountered in A-massecuite boiling but would not be
appropriate for lower purity boilings.

- The growth rate of crystals is described by equation 2.31, based on the work of Wright
and White (1974).

—  Thereisa dispersion in growth rates which can be described by a single parameter, p

(see section B-12)

Using these assumptions it is possible to formulate the set of differential equations which

describe the behaviour of a single compartment by using the fundamental balance relationship :
Flowin - Flowout = Accumulation - Reaction (Generation)

This relationship is applied separately to each of the following “components” :
Number of crystals.
Size distribution of crystals (subsequently converted into moment balances).
Total mass of massecuite.
Mass of water.

Mass of dissolved sucrose.

By suitable algebraic manipulation, it is possible to convert these equations into the standard
state space format described by equations 4.1 and 4.2. The details of both the formulation and
manipulation of the equations are described in detail in Appendix B. The final equations which

result can be more clearly described by using the following set of intermediate functions :
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x1
o(x, u) = x2
& (x u) (CZI; - x2) pur “-3)
Ko\ 1-K—5 '(1" 100)
(ul - u2)-%)z%— u3
gl(x,u) = 2 (4.4)
0.0, -(2-—;‘:— u5~u4)
(cT, - x2)- 70 - x1
g2(x,u) = @4.5)

w,(l_ pw‘j (4.6)

x2

g3(xu) = K, '(go(x:") - (14 Ko))'eXP(Kz - K5 100

These intermediate functions have the following physical significance :
20(x,u) is the prevailing supersaturation in the compartment
gl(x,u) is the number flow rate of crystals into the compartment
g2(x,u) is the number of crystals in the compartment

g3(x,u) is the linear growth rate of the crystals in the compartment

The four state equations which describe the behaviour of the compartment , using these

intermediate functions are :
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2L i)
x1 @7
= u3+u7 - (ul+u6- u8)-€1—:— 3-p,-a, g2(x,u)- g3(x,u)- (x4 + p-x3)
22 - falxn)
100 2 “9)
x
=u2+ (u6— u7;t;j — u8— (ul + u6 - uS)C—Z,
22 1o
4.9)
_ gl(x, ") _
= 22(00) (ud - x3)+ g3(x, u)
22 _ ralou)
21(x 1) (4.10)
= m-(uS— x4) +2-g3(x,u) x3+ p- g3(x,u)

The output variables y1 to y5 define the product massecuite leaving the compartment and
correspond to the input variables 1 to 45 which define the seed massecuite entering the
compartment. The calculations for these variables are relatively simple, being based an overall

total mass balance and close relationships to the corresponding state variables, and are given by:
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yl=ul+ ub- u8

2 ( 1+ u6- 8)
yi=\U u uso): .

. — + —_— o ——
y u Uu u

y4 = x3

y5= x4

The variables used in these equations but not defined in Figure 4.1 are :

pur

Density of crystal sucrose

Volume shape factor of crystals

Size dispersion parameter

Offset defining level of supersaturation above which linear growth exists
Proportional dependence of growth on oversaturation

Factor adjusting growth rate for variation of temperature from a “normal” value
Factor defining exponential dependance of growth rate on impurity/water ratio
SW ratio of pure sucrose solution at saturation and at compartment temperature
Constant relating solubility coefficient to IW ratio.

Total mass in the pan compartment

Common purity of the massecuite and the pan feed syrup

These equations are too complex to solve analytically to determine the time response of the

compartment to any given inputs. The conventional method of (numerically) solving this type of

problem is to use the Runge-Kutta technique as has been done in Chapter 10.
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4.4-Steady State Model as a Special Case

A steady state model of a continuous pan compartment can be simply generated by setting the

time derivative of the vector of plant states to zero.

The consequence of this is that to find the state ( the vector x ) of an individual compartment,

given the input vector # , it is necessary to solve the set of simultaneous equations which are

defined by :

0= f1(x,u) (4.16)
0= 12(x,u) (4.17)
0= f3(x,u) 4.18)
0= f4(xu) 4.19)

It is clear from equation 4.8 that equation 4.12 can be solved independently of the other three
equations to yield the steady state value for x2. The steady state values of x1, x3 and x4 need to

be determined by solving equations 4.11, 4.13 and 4.14 simultaneously.

The standard method for solving such a set of simultaneous non linear equations is to use the
Newton-Raphson technique which is well described in texts on numerical analysis (Press et al,
1989, Burden, Faires and Reynolds, 1981, Carnahan, Luther and Wilkes, 1969). The Newton-
Raphson method is an iterative technique which takes an initial estimate of the solution and

improves it in steps. For the general case of a set of n non-linear equations defined by:

fi(xx,...x,)=0
fo(x,%,...%,)=0

fo(xy,%y...%,)=0 @20

or
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The Newton-Raphson technique updates the estimates of the solution using the following

relationship :

xED 2 x® - g(x®) 7 F(x®) (421)
where the Jacobian matrix J(x) is a matrix of partial derivatives defined as :
afi(x) Jfi(x) dfi(x)

Ix, ox, T Ox,
0f(x) Ifr(X) 01,(x)

J(x)=| Jx, ox, = Ox, (4.22)
Ofa(x) Ifa(X) 0fa(X)
ox, ox, ox,

In applying the Newton-Raphson technique to the solution of equations 4.11, 4.13 and 4.14 in
this research, the approach (and numerical routines written in Pascal) of Press et al. (1989) has
been used. As implied by equation 4.21, for each iterative step it is necessary to solve a set of
linear simultaneous equations. Rather than do this by calculation of the inverse of the Jacobian
matrix as indicated in equation 4.21, Press et al. recommend the solving by the use of the

techniques of lower/upper decomposition and back substitution.

Rather than attempt to calculate the elements of the Jacobian from symbolic evaluations of the
partial derivatives, it was found that simple finite difference approximations gave acceptable
performance. Although techniques are available for reducing the computational effort of
repeatedly recalculating the Jacobian matrix (eg Broyden, 1965) these were not found to be
necessary as convergence was achieved in four or five iterations. Two factors which probably
contributed to the good performance of the standard Newton-Raphson technique in this
application were :

- Good initial estimates of the steady state. For the first compartment of the pan it was
necessary to use some engineering judgement, but for subsequent compartments, the
steady state of the previous compartment provides a good first estimate.

- Applied to equations which are only slightly non-linear, the Newton-Raphson technique

will converge more rapidly than when applied to those which show a high degree on non-
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linearity. The efforts in the selection of appropriate variables to approximate linearity
during the formulation of the compartment equations will thus have contributed to a

more rapid solution of the equations.

Computer routines, written in the Pascal language, were developed to use the techniques
described here to determine the steady state operating conditions of a continuous pan. These were
then incorporated in computer programs which specific objectives which are described in more
detail in Appendix E.

The MODPAN program is designed to estimate growth kinetics by fitting the steady state model
to results of tests on an industrial scale continuous pan (Chapter 7)

The OPTPAN program is designed to calculate the optimum steady state operating conditions by
the use of dynamic programming (Chapter 8).

The SIMPAN program is designed to simulate an operating continuous pan with either manual of

automatically controlled pan feed to the pan compartments.
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CHAPTER 5

5.  Measurements of Sucrose Solubility in Impure Solutions

5.1 Selection of Method

The background to sucrose solubility in impure aqueous solutions of sucrose has been discussed
in detail in chapter 2 . It is clear from that review of theory and published data that there isa
dearth of solubility data for high purity products at high temperatures (ie the conditions defined
by A-pan boiling in particular) for the South African sugar industry.

The reason for the investigation into sucrose solubility reported here is to provide information
which can be used for evaluating growth rate measurements in pans. Specifically, the solubility
of sucrose in the impure mother liquor must be known for the super-saturation driving force to be

estimated.

When analysing results from tests on pans by fitting a mathematical model to the data, it is
possible to include an expression for solubility coefficient, SC, as a function of some of the
operating parameters (eg impurity/water ratio ,JW, and reducing sugar/ash ratio, RSA). The
parameters in the expression for the solubility coefficient can then be fitted at the same time as
the parameters for the growth rate equation. This approach has been used to evaluate data on
batch pans (Wright and White, 1974) and on cooling crystallisation at low purities (Lionnet and
Rein 1980) . Unfortunately, this is unlikely to provide estimates of any value (or statistical
significance) in the instance of evaluating results of continuous A-pan performance since there is
usually little variation in the mother liquor conditions (either temperature brix or purity) over the
pan. There is also an inherent difficulty in discriminating between the effects of the magnitude of
the super-saturation driving force and the mass transfer coefficient on the growth rates of

crystals.

Given this background, the study of sucrose solubility presented in this chapter was undertaken
to provide a better basis for evaluating and simulating the performance of high purity pan
boiling.

The objectives were :

1 To develop a procedure for measuring sucrose solubilities in impure solutions at

conditions of temperature and purity that are relevant to high purity pan boiling.
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2 To develop a relationship for SC vs IW for local raw factory streams which can be used
in preference to assuming the applicability of published data for another cane sugar
industry.

3 To compare the SC - IW relationship for South African molasses with that determined
for other industries to indicate the extent of the error that has been inherent in assuming
published data from other industries

4 To check on the applicability (or otherwise) of the assumption that the solubility

coefficient, SC, remains constant with temperature.

The beet sugar industry has undertaken comprehensive investigations into solubility in impure
solutions (Vavrinecz 1978/79). The “Polish Test” often referred to in beet literature (eg Bohn et
al., 1991) is a standard procedure for determining sucrose solubility in impure solutions. This
test is described in some detail by McGinnis (1978). There appear to be a number of variations
in the detail of the test originally proposed by Wagnerowski et al. (1962) but the basic principle
is to approach saturation by dissolution of added crystals which are stirred in an under-saturated
solution. This is done at temperatures significantly higher than the temperature of interest and
relies on the Wiklund assumption of constant solubility coefficient with temperature to estimate
the solubility at the temperature of interest. McGinnis (1978) quotes a wide range of times
reported as being necessary to reach equilibrium, from as little as 45 minutes to as long as 24
hours (for tests at 80°C). The 45 minute period appears to be sufficient for equilibrium to be

reached, as this test has been validated against a test with a 3 hour mixing time.

There are two major problems with applying this type of technique to cane sugar syrups and
molasses. Firstly there is no guarantee that the solubility coefficient is constant with temperature.
Jessic (1977) found no effect of temperature on solubility coefficient for some samples from the
Hawaiian cane sugar industry whilst Broadfoot and Steindl (1980) did find a temperature
dependence for samples from the Australian cane sugar industry. Secondly the significant levels
of monosaccharides as impurities in cane molasses are particularly prone to thermal degradation
at high temperatures (particularly if stirring times are prolonged to cope with the higher
viscosities and slower dissolution rates of cane molasses). The degradation would change the

composition of the molasses and thus render the solubility data incorrect.
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The techniques for estimating solubility by measuring the temperature at which small crystals
just begin to dissolve ( Harman, 1933, Rush and Meredyth, 1959, Wright, 1978, Wright, 1980
and Quin and Wright, 1992) can provide rapid answers about solubility. Unfortunately they also
depend on the assumption of constant solubility coefficient with temperature if they are to be
used to provide an estimate of solubility in units of concentration. Their application to cane

molasses samples is thus limited.

Approaching equilibrium by crystallisation (eg Bruijn, 1977) is the method conventionally used
for determining sucrose solubility in low purity syrups at low temperatures because of the
impracticality of obtaining under-saturated solutions under these conditions. Wright (1983)

warns against the accuracy of data obtained by this method.

The preferred alternative of approaching equilibrium by dissolution has two major advantages
over the crystallisation method (provided under-saturated syrups can be obtained). Firstly, the
rate of dissolution is significantly faster than crystallisation for the same degree of under or over-
saturation. This ratio of dissolution rate to crystallisation rate for the same magnitude of driving
force was investigated by Nicol & Parker (1971). By evaluating publishéd data, they determined
the following ratios :

- 4.7 - based on data of Kukharenko

- 10 - based on data of Charles

- 3.5 - based on data of Mantovani

Nicol & Parker (1971) determined ratios between 3 and 10 in their own experiments whilst

Wright (1983) quotes a ratio of 5.

The second advantage of approaching saturation by dissolution is the absence of a “non-

' linearity” at low values of under-saturation. In contrast, for small values of over-saturation, the
crystallisation rate dependence on degree of over-saturation decreases significantly, as shown in
Figure 5.1 below (taken from Wright and White,1974). This will significantly increase the time
required to reach equilibrium conditions by crystallisation. A similar “non-linearity” does not

apply to the dissolution process.

Broadfoot and Steind! (1980) performed tests to determine equilibrium solubility, where they
approached equilibrium by dissolution of crystals. They determined the initial, slightly under-
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saturated, conditions using a photometric method (Wright, 1978) and allowed approximately 20

hours for equilibrium to be reached.
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Figure 5.1 Effect of super-saturation on rates of growth and dissolution

Charles (1960) gives an illuminating comparison of the differences between approaching
equilibrium by dissolution and by crystallisation for a pure sugar ‘solution at 15.25 °C.
Equilibrium appears to be approached after only one hour by dissolution whilst approximately 75
hours is required to achieve equilibrium by crystallisation. There is some evidence that the
saturation value is never reached by crystallisation, stabilising at some small value above
saturation but Charles states that this cannot be confirmed because of the limitations of accuracy

of the test procedure.

Given this background the approach selected for this work was to approach equilibrium in a
stirred vessel by dissolution of crystals. This is obviously limited to situations where it is possible

to obtain or create solutions which are under-saturated at the temperature of interest.

As discussed in Chapter 3 (section 3.5) pol and brix analyses were used in the experimental work
for this thesis as measures of sucrose and solids concentration. The preliminary calculations of
solubility data were thus calculated using these analyses. The consequences of using these
approximate analyses were investigated by using the relationships derived in Chapter 3
(equations 3.3 and 3.6) to estimate true sucrose and dry solids content from pol and brix and re-

calculating the sucrose solubility data. This effect of the type of analysis on calculated levels of
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sucrose solubility, which is discussed at the end of this chapter, must be kept in mind when

comparing the results of different researchers.
5.2 Experimental Apparatus

The experimental technique was developed using a modification of an apparatus originally
designed for determining target purity differences.(Bruijn et al., 1977). The original apparatus
used a jacketed vessel firstly as the steam heated body of a miniature pan, then as stirred water
jacketed crystalliser and finally as a Nutsch apparatus to separate a sample of the mother liquor.
In the test work reported here it was the stirred water jacketed vessel and Nutsch capabilities
which were used. A diagram of the jacketed vessel is shown in Figure 5.2.

Rotating shaft
with stirrer blades

Compressed Air Inlet —> g J L‘//

Bearing housing
& pressure seal

{ I ]
L : ‘
[ | li <+—— Water Outlet
l )
L |
Water Inlet ——» F—— || L Screen
— | 1| —

HIRIRINIEI |

[ ] «——— Sealing flange

Figure 5.2 Water jacketed vessel for sucrose solubility measurements.

One of the requirements of the original apparatus was the ability to handle highly viscous
massecuites as a consequence of the low purities and low temperatures. Under these conditions
slow stirring speeds are necessary to minimise heat generation from the input of mechanical
power. Settling of crystal is insignificant under these conditions and stirring is applied to promote

heat and mass transfer.

Initial tests using this apparatus for determining solubilities at higher purities of interest for this

research showed poor repeatability and also could not reproduce the well accepted values for
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pure sucrose. Visual observation of the stirring in a glass beaker of similar size to the normal
jacketed vessel showed significant settling of crystals leaving a crystal free liquor at the top of
the beaker - clearly an unacceptable condition for attaining equilibrium between crystals and
mother liquor. Tests with modifications to the stirrer blades proved unsuccessful in preventing
the settling of crystals. An increase in stirrer speed from 11 rpm to 62 rpm was however
successful in ensuring good mixing with the worst case of a pure sucrose mother liquor at
saturation conditions. The speed change was achieved by converting from the original chain
drive to a rubber belt drive with suitably sized pulleys, the lower viscosities permitting this
change without any slippage in the drive belts being evident. The ability to operate with the very
limited torque capabilities of the simple rubber belt drives compared with the original chain drive
was an indication that despite the increased speed, the input of heat to the molasses sample by the

conversion of mechanical work was unlikely to be a concern.

The stirring mechanism was capable of accepting 6 jacketed vessels simultaneously. The jacketed
vessels could then be connected to a supply of water from a computer controlled water bath,

configured as shown in Figure 5.3.

Up to Six Stirred Vessels with WaterJackets

Temperature
Recorder
Temperature Indicating
Controller ~ \ & jrommmooomrememommmmmmsnennnnmnnn e

.................... s %
-I
In-line Electrical Heater k 2 -

Centrifugal Pump

Temperature
Transmitter

Water Bath

Figure 5.3 Temperature control of jacketed equilibrium vessels with recirculating water

A version of the computer control system described in Chapter 12 was used for the temperature

control. This enabled much more precise and accurate control of the circulating water
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temperature than was possible with a standard water bath thermostat. Full PID control was
implemented with time-proportional on/off switching of the electrical heater using a solid-state
relay. The provision of a dedicated centrifugal pump for circulating the water (rather than using
the rudimentary pump of a conventional water bath thermostat) ensured that high rates of water
circulation could be achieved. The drop in water temperature as it circulated through the jacketed
vessels was less than 0,1°C at steady state - ensuring accurate control of the temperature of the
magma (the combination of crystals mixed with a mother liquor) as it reached equilibrium. The
generation of heat from the stirring of the molasses in the pots was not of concern, since heat

had to be added to the circulating water to maintain constant temperature.

5.3 Experimental Technique

In the broadest terms, the procedure devised for determining the solubility of sucrose in impure

solutions is as follows:

- prepare a solution approximately at saturation at the temperature of interest

- mix in a sample of white sugar crystals heated to the same temperature

- heat briefly to remove any crystals which may have nucleated during this process

- cool to below the temperature of interest to promote crystallisation and remove sucrose
from the mother liquor and render it under-saturated at the temperature of interest

- heat to the temperature of interest

- hold at this temperature overnight whilst agitating, allowing the mother liquor to
approach saturation conditions by dissolution.

- separate the mother liquor and analyse for the concentration sucrose and impurities

This procedure is similar to that described by Broadfoot and Steindl (1980).

The experimental technique is described below for determining solubility coefficients of impure
solutions at 70 °C. The intention is to gather data on SC at a range of I/Ws The highest I/'W will
be defined by the starting material - the highest values of impurity water ratio which can be

tested being limited to that achievable with a low purity C molasses.

Samples of molasses are created at a range of impurity water ratios (IW), from the highest IW
possible with the available molasses sample, down to values close to zero (ie pure sucrose).

These samples are then brought into equilibrium with added sucrose crystals ,by dissolution, at
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the temperature of interest (here 70 °C).

The procedure for each sample added to a single jacketed vessel is as follows :

10

11

12

13
14

Analyse the sample of molasses under consideration to determine brix and purity
Calculate the quantities of molasses, sucrose and water which must be mixed together to
give 520 g of solution of the required impurity to water ratio and at a concentration
which approximates saturation at 70 °C. The calculation is automated on spreadsheet. It
assumes the solubility coefficient relationship of Wright and White (1974) to give an
approximation of the concentration at saturation. The sucrose is added in the form of
starch free icing sugar to promote rapid dissolution.

Heat the mixture rapidly in a microwave oven in order to dissolve the sucrose.

Place the mixture in a preset water-bath set at 70°C

Connect the jacketed mixing vessel to the circulating water supply which is controlled to
70 °C. Allow the water to circulate and heat the vessel to this temperature.

Weigh out 200 g of large sugar crystals (white sugar sieved to provide the sieve fraction
between 550 and 850 p,m for this purpose) and heat in an oven to over 70°C. Large
crystals are selected to ensure that no crystals dissolve to the size that they could pass
through the Nutsch screen at the énd of the test.

Add crystals to the solution being held in the water bath. Mix thoroughly and transfer
into the heated jacketed vessel.

Attach the jacketed vessel to the top flange and stirrer mechanism. Begin stirring.

Raise the circulating water temperature to 80°C to dissolve out any fine grain that might
have nucleated during this mixing and addition phase. (Approximately 30 minutes)
Switch off heating and allow to cool to 50°C (approximately 120 minutes).

Hold at 50 °C for approximately 30 to 60 minutes. This process will allow
crystallisation to take place, removing sucrose from the mother liquor and creating a
solution that is undersaturated at the temperature under investigation ( 70 °C).

Increase the circulating water temperature to 70 °C over a period of approximately 120
minutes and set to control at this value.

Leave sample stirring overnight (>16hours) to reach equilibrium.

Separate a sample of mother liquor (Nutsch molasses) by removing bottom flange and

applying compressed air to the top connection. Discard the first approximately 50 g as
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this may contain molasses from the drainage holes that was not in equilibrium with the
crystals .

15 Check a sample of crystals from the jacketed vessel under a microscope to ensure that
they show the characteristic rounded shape (like a used bar of soap) of crystals that have
undergone dissolution - confirming that equilibrium has been approached by dissolution.

16 Check a sample of Nutsch molasses under the microscope to ensure that there is no
evidence of small grain which will inflate the purity of the molasses when analysed.

17 Check the chart recording to ensure that the temperature remained under control for the
duration of the test. (Any temperature excursions would inevitably give spurious results)

18 Analyse the molasses sample for brix and pol using standard methods of analysis for
high purity factory products.

19 Calculate purity, sucrose/water ratio, solubility coefficient and impurity/water ratio
using the approximation that pol is equivalent to sucrose concentration, and brix is

equivalent to dry solids concentration.

For tests to determine the solubility at 80 °C the initial solutions are created for and at this
temperature, raised to 90 °C to dissolve spurious nucleation, cooled to 60 °C to produce an

under-saturated mother liquor and then finally held at 80 °C for equilibration to take place.

For tests to determine the solubility at 60 °C the initial solutions are created for and at this
temperature, raised to 70 °C to dissolve spurious nucleation, cooled to 40 °C to produce an

under-saturated mother liquor and then finally held at 60 °C for equilibration to take place.

This design of experiment, where molasses samples are held at relatively high temperatures for
over 16 hours, does risk the possibility of chemical destruction of sucrose and monosaccharides.
The Maillard reaction (Newell, 1979) is well known to take place under these conditions
although its effect is most severe at lower purities and higher brixes (as encountered in C-
massecuite). The Maillard reaction is accompanied by the evolution of carbon dioxide and a
consequent swelling of the molasses/massecuite sample. The Maillard reaction is also known to

cause a reddening in the colour of massecuite when it occurs during factory processing.

The occurrence of Maillard reaction during the test procedure could be expected to impede the

equilibration process due to the presence of small bubbles. The reaction products would also
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change the nature of the impurities and such parameters as the reducing sugar to ash ratio of the
sample. For the specific aspects of sucrose to water ratio and impurity to water ratio, the
occurrence of thermal degredation is not of direct concern since the sample analysis is only

undertaken at the end of the test and will thus take into account the changes that have occurred.

In the experiments conducted, there was no obvious evidence of the Maillard reaction, either
sample swelling and flowing out of the compressed air inlet (see Figure 5.2) or of any obvious
colour change to the molasses samples. Future tests should investigate thermal degradation with
detailed analysis of the changes in sugars (sucrose, fructose and glucose) over the test period,

particularly given the variability of the results measured in these tests (as evident in Figure 5.6)

The question of whether sufficient time is allowed for the crystals and mother liquor to reach
equilibrium can be investigated by a computer simulation of the procedure. A simple simulation
was developed as a spreadsheet program based on the following (conservative) assumptions for
the case of determining solubility at 70°C
- the growth rate of crystals in A pans is approximately 50 pum/hr at a supersaturation of
1,1 (based on data presented in Chapter 2)
- For dissolution rates five times as fast as crystallisation rates (Wright, 1983) the specific
dissolution rate is thus 2500 pm/hr/unit of SS
- The mother liquor and added crystal come to equilibrium when cooled to 50 °C
(saturation estimated by the equation of Wright and White, 1974)
- The crystals have a characteristic dimension, D¢, of 800 [tm
- The mass of a single crystal is given by m= &, - p, - D¢?
where , a, =0,34 and PO = 1587 kg/m’
( following the approach of Lionnet, 1998)

To simulate the dissolution process, the initial conditions are first estimated as follows :

- Calculate the number of crystals added

- calculate the mother liquor conditions and the increase in sucrose crystal mass as a result
of achieving a mother liquor which is saturated at 50°C

- calculate the increased size of the crystals (assuming that the number of crystals remains
constant).

The simulation then tracks the dissolution process in small time increments (one minute),
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calculating at each instant :

- the new crystal size based on the dissolution rate estimated for the degree of saturation at
the previous time interval, the crystal size at the previous time interval and the length of
the time interval

- the mass of crystal sucrose, assuming the number of crystals remains constant

- the composition of the mother liquor as a result of the decrease in the mass of crystal
sucrose

- the degree of super-saturation in the mother liquor as a result of the prevailing
temperature and composition.

The simulation is then repeated for each time interval, allowing the changes in crystal size and
mother liquor to be estimated over the duration of the test. A graph of the results of the

simulation is shown in figure 5.4 below.
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Figure 5.4 Simulation of equilibrium test procedure

It is clear that equilibrium is achieved approximately one hour after the temperature reached
70°C (during the first two hours the temperature is increased linearly from 50°C to 70°C). The
allowance of 16 hours to reach equilibrium is thus most generous and will allow for significantly

lower dissolution rates than those assumed.
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S.4 Results

The particular interest of this work is in sucrose solubility as applied to the boiling of A-
massecuites in raw sugar factories. The boiling temperatures are usually in the range of 65 to
70°C being a compromise between high temperatures for faster crystallisation and lower
temperatures to prevent thermal degradation. The primary temperature of interest for this work
was selected as 70°C. Tests were performed using three different molasses samples as the base

material and the results are summarised in Table 5.1 below :

A molasses B molasses C molasses
RS/Ash = 0.97 RS/Ash = 1.38 RS/Ash = 0.81
Purity Brix Purity Brix Purity Brix
69.58 82.35 60.99 83.45 49.26 87.5
71.52 81.8 61.33 83.4 51.03 87.1
72.49 81.6 61.62 83.25 55.55 85.6
74.05 81.3 63.05 82.95 61.35 83.95
76.13 81.05 65.58 82.5 68.33 82.25
77.45 80.7 66.18 82.5 75.88 80.65
79.94 80.25 68.35 82 79.97 79.9
81.04 79.9 69.36 81.75 84.54 78.9
84.66 79.2 72.35 81.2 94.06 77.45
87.61 78.7 73.44 81.15
91.08| 77.95 76.36 80.6
94.9 77.4 77.15 80.3
81.21 79.55
85.03 78.85
89.46 78.25
94.25 77.4
99.54 76.7
99.67 76.75
99.67 76.6
99.67 76.75

Table 5.1 Equilibrium Tests at 70°C - three different sources of molasses

Using these data (and the assumption that brix approximates dry solids and pol approximates
sucrose) it is possible to calculate impurity to water ratios (IW) and sucrose to water ratios (SW)

using the following equations.

P DS - Pty- DS + 100 1)
- 100- DS '
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Where DS is the dry solids concentration (in %) and Pty is the purity (in %).

o P DS +100
- 100- DS

(5.2)

Using the correlation of Charles (equation 2.2) to calculate the sucrose to water ratio for a pure
sucrose solution at 70 °C as 3.247, it is then possible to calculate the solubility coefficient SC for

each test. The results are summarised in Table 5.2 below.

A molasses B molasses C molasses

SW IW SC SW IW SC SW w SC

3046| 1.419| 0999| 3.075] 1.967| 0.947] 3.448] 3.552| 1.061
3.214] 1.280| 0.989] 3.081 1.943| 0.948] 3.446| 3.306] 1.061
3215| 1.220| 0.990| 3.063] 1.908] 0.943| 3.302] 2642 1.016
3.219]| 1.128| 0.991| 3.067| 1.798| 0.944] 3.209] 2.022] 0.988
3.256| 1.021 1.002 3.092] 1.623] 0.952| 3.166| 1.468] 0.975
3238| 0.943] 0997 3.120] 1.594| 0.960| 3.163] 1.005| 0.974
3248| 0.815| 1.000f 3.114] 1.442| 0.958| 3.179] 0.796] 0.979
3221| 0.754] 0992 3.107] 1.373] 0.956] 3.161| 0.578] 0.973
3224| 0.584| 0992 3.125| 1.194| 0.962] 3.231| 0.204 0.994
3237 0458 0.996| 3.162] 1.143| 0.973
3220 0.315] 0.991]| 3.172f 0.982f 0.977
3250 0.175] 1.000] 3.145] 0.931| 0.968
3.1589| 0.731f 0.972
3.170| 0.558] 0.976
3.219| 0.379] 0.991
3.228| 0.197] 0.994
3.2771 0.015} 1.009
3.290] 0.011 1.013
3.263| 0.011 1.004
3.290] 0.011 1.013

Table 5.2 Interpretation of Equilibrium Test Results 70°C, in terms of SW, IW and SC

These data are plotted in Figure 5.5 below, along with lines showing the relationships proposed
by Wright and White (1974) and Rouillard (1980).
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Figure 5.5 Solubility Coefficient data calculated from pol and brix measurements for three

different sources of molasses at 70°C.

The following points are evident from this experimental data :

The A-molasses data show a solubility coefficient of approximately unity across the full
range tested (up to an IW ratio of 1.4).

The B-molasses data show an approximately linear decrease in SC with increasing IW
for values of TW to about 2.0.

The C-molasses data show a decrease in SC with increasing IW, but only to about 1.5.
There is a difference in slope of the lines for the different samples of molasses but no
relationship with RSA ratio is evident.

The slope of lines for all samples is less than that predicted by either the equations of
Wright and White (1974) or Rouillard (1980).

At higher IW ratios (C-molasses samples) the SC increases to values greater than 1 (as

reported for South African molasses by Rouillard (1980) and Lionnet and Rein (1980)).

Straight lines can be fitted to the data for each of these samples of massecuite. The line is

assumed to pass through the point SC = 1 at IW = 0, being the definition of a pure sucrose

solution. For the C molasses sample, only the data up to an IW ratio of 1.5 are included in the fit

since the linear decrease clearly does not apply to values beyond this limit. The results of the

least squares fits are presented in Table 5.3 below :
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A Molasses B molasses C molasses
Number of points 12 20 5
Slope of Line - 0.0052 -0.0288 -0.0234
Std. Error of Slope 0.0015 0.0012 0.0041
r squared 0.5132 0.9692 0.8918
t-statistic 3.405 24.46 5.74
t-statistic for 95% 2.201 2.093 2.776

Table 5.3 Results of fitting straight lines to equilibrium resuits.

The slope of the correlation line is close to zero in all three cases (particularly for the A molasses
based data). However, the fact that the calculated t-statistic is greater than the standard value for
a 95% confidence level indicates that the correlation between solubility coefficient and impurity

to water ratio is however still statistically significant in all three cases..

C molasses @ 60 °C C molasses @ 80 °C
Purity Brix Purity Brix
43.78 86.8 50.81 89.15
44 .38 86.75 51.21 88.95
46 .4 86.2 51.32 88.75
46.43 86.15 57.11 87.2
46.47 86.4 63.52 85.8
49.62 85.15 67.61 85.05
53.98 83.55 70.61 84.2
54.06 83.15 76.11 83.3
55.4 83.85 78.45 82.55
62.11 81.55 84.51 81.65
64.78 81.2 88.22 81.05
67.08 80.05 93.46 80.25
71.53 79.55
75.58 78.2
80.45 77.75
85.08 76.4
86.6 77.25
89.53 75.9
89.83 76.2
93.97 75.85
94.19 75.7
94.32 75.7

Table 5.4 Results of Equilibrium Tests at varying Temperatures - single source of molasses
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The results in Table 5.4 above are from tests conducted to investigate the effect of temperature
on the relationship between solubility coefficient SC and impurity to water ratio. The tests, which
measured solubility at both 60 °C and 80 °C, were on a range of samples which were based on

the C molasses.

These data can also be processed to provide results in terms of impurity/water ratio and

solubility coefficient :

C molasses @ 60 °C C molasses @ 80 °C
SW IW SC Sw W SC
2.879 3.697 1.000 4.175 4.042 1.127
2.906 3.642 1.010 4122 3.927 1.113
2.898 3.348 1.007 4.049 3.840 1.093
2.888 3.332 1.004 3.891 2.922 1.050
2.952 3.401 1.026 3.838 2.204 1.036
2.845 2.889 0.989 3.846 1.843 1.038
2.742 2.337 0.953 3.763 1.566 1.016
2.668 2.267 0.927 3.796 1.192 1.025
2.876 2.316 1.000 3.711 1.019 1.002
2.745 1.675 0.954 3.760 0.689 1.015
2.798 1.521 0.972 3.773 0.504 1.018
2.692 1.321 0.935 3.798 0.266 1.025
2.782 1.107 0.967
2.711 0.876 0.942
2.811 0.683 0.977
2.754 0.483 0.957
2.941 0.455 1.022
2.820 0.330 0.980
2.876 0.326 0.999
2.951 0.189 1.026
2.934 0.181 1.020
2.938 0.177 1.021

Table 5.5 Analysis of Equilibrium Test Results at Varying Temperatures

These data are plotted in the graph below along with the data previously presented for the tests
on C molasses at 70 °C .The data unfortunately show significantly more scatter than was evident
for the results of the tests using the A and B molasses samples. Despite this scatter, there is some

evidence of higher values of SC for higher temperatures at the same impurity water ratio.
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Figure 5.6 Solubility Coefficient data calculated from pol and brix measurements

The data for 80 °C must be treated with caution however because of the increased likelihood of

thermal degradation of both sucrose and reducing sugars at these elevated temperatures.

In summary, if pol and brix measurements are assumed to approximate sucrose and dry solids

measurements, it is possible to recommend the following :

Given the evidence of some effect of temperature on the relationship between SC and
[W, the data collected at 70 °C are the most appropriate to pan boiling.

The data for A-molasses appear to be an anomaly in that they do not show the decrease
in SC with increasing IW, for low values of IW shown in the other tests (excluding the
high temperature C-molasses results which may have been adversely affected by thermal
degredation) and in the data of Rouillard (1980).

Despite the variability of the IW - SC relationship between samples, these results (and
the limited data of Rouillard, 1980) indicate that the relationship of Wright and White
(1974) as used by Hoekstra (1985) is inappropriate for South African molasses samples
if based on pol and brix data..

Until a more comprehensive body of solubility data is available, the relationship
determined for the B molasses samples should be used for investigations relating to

A-massecuite boiling.

5-17



CHAPTER 6

6. Measurements of Growth in Experimental Scale Pans

6.1 General

The mathematical models of the crystallisation process used in this thesis use equations which
predict the growth rate of sucrose crystals as a function the operating conditions during pan
boiling. Unfortunately, as discussed in Chapter 2, there is a limited quantity of good quality
crystal growth rate data which is directly applicable to pan boiling. This lack of data appears to
be more a consequence of the experimental difficulties rather than as a result of a lack of interest

in this area.

The scope of this thesis was not primarily directed at addressing the lack of information on
crystal growth rates but attempts have been made to update the parameters of the growth
equations with values determined for the specific conditions being studied (viz. A-massecuite
crystallisation in South African raw sugar factories). Chapter 7 describes how the parameter
describing the overall dependency of growth rate on oversaturation, K, and the parameter
describing the dispersion in growth rates, p , were obtained by fitting the steady state continuous
pan model to measurements from a full scale pan operating in normal production. Unfortunately
this approach is not appropriate for determining the parameter which describes the dependency of
growth rate on purity, K;, owing to the limited variation in mother liquor purity in the full scale
tests. This prompted the attempt to determine this parameter from measurements made using
experimental scale batch pan tests. Testing on an experimental scale pan allows variation in the
operating conditions significant enough to properly identify the relationships between operating
conditions and growth rate, without the constraints of production which would normally preclude

such experiments.

Before discussing the difficulties specific to using experimental scale pan boiling to obtain
crystal growth rate data applicable to full scale pan boiling, it is instructive to consider the
difficulties inherent in determining a quantitative description of crystal growth rate. Growth rate,
being a description of dynamic behaviour, is inevitably more complex to measure than quantities
that relate to steady state behaviour (such as concentrations at saturation). An added complexity
arises in trying to relate growth rate to operating condition since, within a closed (batch) system,

many of these will vary along with the growth process. There are, however, numerous laboratory
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methods for measuring crystal growth rates as summarised by Garside, Mersmann and Nyvlt
(1990), Only a limited number of these techniques are applicable to impure sucrose solutions
because of their high viscosity and the small density difference between crystals and their mother
liquor. Despite these limitations, a number of specialised laboratory techniques have been devised
to measure sucrose crystal growth whilst avoiding the complexities of pan boiling (eg Smythe,
1959, Broadfoot and Steindl, 1980, Nicol and Parker, 1971, Guimaraes et al., 1995, Vaccari et
al., 1996, Pautrat et al., 1996).

A common approach of many of these techniques is to use small closed systems (from a few

litres down to tens of millilitres) into which accurately measured (using laboratory balances)

quantities of mother liquor and crystals are added. The concentrations of mother liquor are

sometimes set by combining accurately weighed amounts of sucrose and water. In general, the

test methods appear to have been designed to address four main issues viz

- Fixing the conditions under which crystallisation takes place
By mixing together crystal and mother liquor it is possible to create almost any desired
growing condition in terms of both crystal size and mother liquor properties. This is
particularly useful in removing correlations between the independent variables being
investigated for their effect on crystallisation. By using small quantities of crystal
relative to the quantity of mother liquor, the change in mother liquor properties as
crystallisation progresses can be minimised, allowing changes in crystal size or mass to
be measured at approximately constant operating conditions.

- Obtaining accurate measurements
Operating on a small laboratory scale facilitates accurate measurements. Temperatures
can be measured with accurate laboratory thermometers. Masses can be measured on
precision laboratory balances. The samples that are used for analysis will be large
relative to the test, reducing the likelihood of poorly representative sampling. Small
numbers of crystals being tested means that the actual changes in mass or size of
individual crystals can be measured, rather than relying on estimates of the change in
average crystal size with time made by analysing the changes in the size distribution of
particles in samples taken a known time interval apart.

- Control of conditions
By using closed systems there is little other to control than stirring rate and operating

temperature. Without external disturbances, accurate control of the temperature to within
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0.1 °C appears to be possible with a good quality laboratory water bath.

Achieving repeatability by use of a standardised technique

Because there is much about the crystallisation process that is not fully understood,
careful attention to detail is used to control the poorly understood or difficult to measure
aspects of crystallisation so as to achieve repeatability of the measurements. Examples
of this are hand selecting starting crystals with similar levels of imperfections, and

conditioning the liquor prior to mixing it with the crystals.

Whilst these laboratory techniques may be precise, and give useful insights into the magnitude of

specific effects on crystal growth rates (such as shear at the crystal surface), their applicability to

industrial pan boiling is questionable.

The ideal situation is obviously to determine the parameters of the equations which describe

crystal growth rate from measurements on the pan boiling process itself. To provide accurate

data in this way requires addressing the four issues addressed above for the laboratory scale

tests. This was the motivation behind the laboratory and pilot scale test work described in this

chapter. The same four main issues addressed by other crystallisation measurement techniques

(as described above) need to be addressed in measuring crystal growth rates during pan boiling.

The approach in dealing with the increased complexity of these issues was as follows:

Fixing the conditions under which crystallisation takes place

By operating an experimental scale pan, there is much greater flexibility in altering pan
boiling conditions without the constraints of production requirements. Without the
materials handling problems of an industrial scale pan there are greater opportunities for
creating massecuites by mixing crystals and molasses/syrup.

Obtaining accurate measurements

Both the size of the equipment and the requirements of control systems described below,
mean that accurate laboratory measurements (eg temperatures measured using accurate
mercury in glass thermometers) need to be replaced by less accurate, industrial plant
type measurements (eg temperature measured by a PT100 sensor connected toa 4 - 20
mA temperature transmitter). The options for very high accuracy electronic
instrumentation was generally outside the budget of this research and thus the approach
was to calibrate the sensor-transmitter-indicator combinations against accurate

laboratory measurements.
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- Control of conditions
By moving away from measuring crystallisation in a closed system, the control
requirements become significantly more complex. In a batch pan its is necessary to
control operating pressure, evaporation rate and feed into the pan. Given the
complexities of dynamic behaviour, poor control will undoubtably lead to errors in
interpreting the data to estimate the crystallisation rate and the conditions which are
driving it. Good quality control is possible, but requires close attention to the equipment
details and appropriate tuning of the control loops. The difficulties that other researchers
may have had in achieving stable control are not always evident, but the trends presented
by Wright and White (1974) show considerable fluctuations in supersaturation during
the batch boilings they used for estimating growth kinetics. The trénds presented by de
Azevedo et al (1993) show very poor pressure control and it would be doubtful if any
meaningful crystallisation rate data could be obtained from tests conducted under such
unstable conditions.

- Achieving repeatability by use of a standardised technique
Pan boiling is often considered as more of an art than a science. This is particularly so in
regard to the seeding of the pan, with many options possible in terms of combinations of
quantity and quality of the seed crystals and the temperature and concentration at which
it is added. Significant effort is necessary to develop appropriate and repeatable seeding

techniques for particular products.

The usefulness of data obtained from experimental scale pan boiling is not only dependent on
achieving good repeatability. It is also necessary to have confidence that the results adequately
reflect the behaviour that will be achieved in full scale equipment. As a first requirement in
providing this confidence, the experimental scale pan needs to achieve similar average crystal

growth rates and crystal size distributions to those achieved on full scale.

As is shown in Chapter 8, the dependency of crystallisation rate on the purity of the mother
liquor from which the crystals are being crystallised is a major factor in determining the optimum
operating conditions for a continuous pan. Given this importance, a considerable portion of the
time and effort expended in this research was invested in experimental scale pan boiling directed
at quantifying this relationship. Unfortunately the investment in this aspect of the research

provided very little return in terms of quantitative measures of growth kinetics. On a more
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positive note, the achievements in equipment and method development will hopefully provide the

necessary platform for successful future research into growth kinetics.
6.2 Laboratory and Pilot Scale Pan Boiling

Whilst small scale pan boiling offers significant advantages over full scale tests for obtaining
better quality data on sucrose crystallisation, there are significant problems which need to be
addressed. Clark (1999) expressed concern over the use of laboratory scale crystallisation for the
evaluation of emerging purification technologies. His concerns relate to the ability to simulate
full scale operations adequately on a laboratory scale. He specifically mentions poor circulation
and difficulties in control of supersaturation as particular problems of experimental scale pans.
Garside et al. (1990) recommend a minimum volume for an experimental evaporating crystalliser
of 20 litres, stating that in smaller vessels, the bubbles influence the fluid dynamics too much.
Wright and White (1974) commented on the fact that much work on crystallisation was
“restricted to idealised laboratory experimentation , which is often quite unrelated to the
performance of the industrial crystallisation process”. To avoid this limitation in their work, they
obtained the parameters for their batch pan model by fitting the model to results from a pan in a

factory that was available for “off production” experimental boilings.

Laboratory scale pans have been used within the South African sugar industry for a number of
years. Bruijn (1964) described the construction of two laboratory pans at the Sugar Milling
Research Institute (SMRI). These pans had strike volumes of 4.2 and 13 litres respectively and
were designed to produce sugar for filterability tests from different starting materials. No
particular attempt appeared to have been made to simulate full scale pan performance directly
and the sugar from the experimental pans proved to have much better filterability than that
achieved from equivalent raw material in full scale pans. The larger pan was subsequently fitted
with a viscosity measurement and used for “boiling-down” tests designed to determine the lowest
purity to which massecuite can be exhausted by crystallisation. The pan proved to be too large
for efficient testing of this type and a new design of experimental pan with a strike volume of
only 500 to 600ml, known as the boiling down apparatus, was developed (Bruijn, 1977). This
system proved to be very useful in obtaining the necessary practical equilibrium data (target
purity) with a duplicate apparatus being used by Tongaat-Hulett for extending the investigation
(Rein and Smith, 1981). Whilst these pans provided the data which are used to evaluate factory
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performance in terms of approach to maximum possible recovery of sugar from final molasses,

the pans were not operated to try and simulate the operating procedures of full scale pans.

The 13 litre SMRI pan was upgraded by fitting it with extra instrumentation and computer
control (Wienese et al., 1987) and initially used for the study of impurity transfer in A-boilings
(Lionnet, 1987). The pan was subsequently used to study impurity transfer in white pan boilings
(Lionnet, 1998). These investigations were aimed at understanding the effect of different levels
and types of impurity on the products of a standardised pan boiling procedure rather than
attempting to simulate full scale performance. Comparisons between the experimental pan and
full scale industrial production (Lionnet, 1999) showed that the crystallisation rates in the

experimental pan were considerably slower.

A laboratory pan based on the original 13 litre design was built for Tongaat Hulett sugar by the
SMRI. The original purpose of the pan was to process higher purity products so as to provide
molasses suitable for exhaustability tests as per Bruijn et al., (1972). It was this pan that was
refurbished and automated with computer control to investigate the effect of purity on

crystallisation rate as described in the following section.

6.3 Setting up a Laboratory Scale Pan

The first attempts of this research to measure crystal growth under tightly controlled conditions
began using the Tongaat Hulett laboratory pan mentioned above. A sketch of the pan

construction is shown in Figure 6.1.
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Figure 6.1 Diagram of Laboratory Pan Body

The pan consists of a stainless steel base section with a dished end. This section has a volume of
4.9 litres and is fitted with a 2kW electric heating jacket on the outside of the cylindrical wall to
achieve boiling on the inside wall. To promote circulation an axial flow stirrer is installed in a
central downtake. The stirrer is driven by a variable speed motor, providing a maximum impeller
speed of 120rpm. The pumping action is down the downtake so as to assist the upward flow
adjacent to the outside wall caused by the vapour bubbles during boiling. Since the heating is
electrical the metal temperature can rise to levels which can cause sucrose destruction if the base
is not kept flooded at all times when the heating is on. The heat input can be manually regulated

using a device which uses a time proportional on/off control with a frequency of 1 Hz or faster.

Above the metal base section, the rest of the pan volume is provided by a section of glass
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column, 500mm in height, providing an additional volume of 15,5 litres. This section provides
both additional volume for crystallisation and as well as space for disengagement of droplets of
liquor from the vapour before it passes to the condenser. Figure 6.2 gives a schematic diagram of

the pan with its ancillary equipment.
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Figure 6.2 Schematic diagram of Laboratory Pan with Instrumentation

A critical aspect of the design of the complete system was to ensure that accurate on-line mass
balances could be achieved. This allows the contents in the pan to be estimated at any stage from
a knowledge of the initial charge into the pan and measurements of the total feed into the pan and
the total amount of material removed from the pan. Specifically the unmeasured holdup in feed

lines and condenser had to be minimised.

The condenser is a double pipe heat exchanger mounted directly above the pan body and sloping
downwards towards the vacuum condensate receiver which is mounted on an electronic balance.
The balance is connected to the logging and control computer through an RS232 serial

communications link. Water flow in the condenser is counter current to ensure the maximum
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cooling of the incondensible gasses. The condensate is collected in a transparent condensate
receiving vessel whilst the incondensible gasses pass on to the vacuum pump through a silica gel

vapour trap to collect any remaining vapour.

A two-stage diaphragm vacuum pump is used to allow the pan to operate under vacuum. The
absolute pressure in the pan is regulated by bleeding air into the suction of the vacuum pump.
The air bleed requires a very small valve with a Cv out of the range of normal control valves (as
an indication, the valve needs to throttle to less than the capacity of a 1mm orifice): An adequate
bleed valve was constructed from a redundant chart recorder mechanism coupled to a home-made
needle and seat arrangement which gives good control although the construction is not very

robust.

Two means are provided for sampling from the pan whilst it is operating under vacuum. A
*proof-stick” is installed in the upper section of the stainless steel pan base. This allows small
samples (approx 0,4ml ) to be taken from the pan for microscopic analysis. A 15mm ball valve is
provided in the base of the pan to allow larger samples (approx 100ml) to be removed for

analysis using a vacuum sampling arrangement described below..

The massecuite boiling temperature is measured by a transmitter with a long probe inserted
through the top of the pan. The measuring element is at the tip of the probe immersed in the
massecuite with probe cooling by atmosphere minimised by the length of the probe body
extending through the heated vapour. This positioning prevents over-reading which was
suspected when the probe was installed through the heated side wall of the pan. The temperature
probe was specially constructed (Anon,1986) for accurate measurements of massecuite
temperature between 65 and 75°C. The probe uses a thermistor sensor which has a more
pronounced variation in resistance with temperature than the conventional platinum resistance
sensors. The combination of temperature probe and computer interface was calibrated against a
high precision mercury in glass thermometer which had been calibrated by an accredited

calibration laboratory.

The absolute pressure measurement is by a Yokogawa absolute pressure transmitter of modern
digital design. A previously installed Rosemount transmitter of an older analog design was

identified as the source of significant errors caused by drift during operation. The combination of
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transmitter and computer interface was calibrated using a mercury in glass differential
manometer against a full vacuum achieved using a high quality vacuum pump. The full vacuum
was shown to be better than 0,015 kPa absolute by measurement with a Macleod gauge. The
pressure transmitter is ranged with a maximum of 30 kPa abs so as to be sensitive to variations
around the normal operating point. A vacuum gauge, ranged from 0 to -100kPa g is also

installed, allowing the initial drop in pressure from atmospheric to be monitored.

Two small insulated probes are installed into the base of the pan to allow the measurement of

electrical conductivity of the solution between them using a Siemens conductivity transmitter.

An adapted version of the radio frequency “Duotrac” conductivity probe (developed and
marketed by Tongaat Hulett Sugar, Radford & Cox, 1986) is also installed through the base of
the pan. This probe provides two outputs (the RS and the XS signals ) which, because of
different sensitivities to both dielectric constant and conductance of the massecuite in the pan, are
better able to sense changes in both mother liquor concentration and crystal content than a single

conventional conductivity measurement.

There are two feed lines into the pan which enter through the side wall of the metal base of the
pan and extend through to just above the downtake. This allows feed material to be rapidly mixed
into the pan contents as it passes dpwn the downtake and through the impeller of the stirrer. One
feed line is allocated for feeding liquor (syrup or molasses) and the other is allocated for feeding
water. A solenoid operated valve is installed on each feed line close to the pan to allow feed into
the pan to be automatically regulated. A feed line extends from each valve to dip into a feed
bucket containing liquor or water respectively. With a time-proportional on/off control system
used to regulate the feed flow, a simple orifice flow restriction can be used to ensure a smooth
control action without significant concern over the size of the control valve. The water flow
requires a very small orifice restriction and consequentially is a potential blocking problem. The
solution has been to manufacture a restriction from a segment of centrifugal screen, with all but
two slots blocked providing an open area of approximately 1mm? . This is fitted to the end of the
water feed line and can be easily removed for cleaning. Both feed buckets can be mounted on the
feed balance which is also connected to the logging and control computer with an RS232 serial

communications link.
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The control and logging computer is fitted with an analog and digital interface card (PC30 card
supplied by Eagle Electronics). This interface card provides the analog inputs to monitor the
temperature, pressure and conductivity measurements. It also provides an analog output to
regulate the air bleed valve and digital outputs to control the liquor and water feed valves. The
computer also has two RS232 ports which are used for monitoring the condensate and feed

balances.

The details of the multi-tasking computer control program (which was developed for this work)
described in detail in Chapter 12. All the measurements and variables calculated by the control

program (eg controller outputs and on-line mass balances) can be logged to disk for subsequent
analysis. The logged data is in text file format and can be imported into a computer spreadsheet

program for graph plotting and further calculations and analysis.

To facilitate the operation of the pan and make the necessary measurements during test boilings,
a number of pieces of ancillary equipment are required. A steam heated vacuum evaporator has
been refurbished to allow it to be used to pre-concentrate liquor before it is fed to the pan. This
minimises the concentration period in the pan (which has a much lower maximum evaporation
rate) and is also essential to de-aerate and eliminate foaming tendencies of factory syrups. The
evaporator has a much larger disengagement space than the pan and is able to concentrate syrups

to the point where foaming is minimised.

A high vacuum pump with water trap is available to create a vacuum in a glass sampling pot
which can be connected to the valve positioned in the base of the pan for this purpose. This
allows sufficient quantities of sample for analysis to be removed from the pan during boiling,

without disrupting the pan operation or control.

Crystal growth can be monitored by measuring the increase in crystal size over time during the
boiling. The “proof-stick” described above is able to remove small quantities of massecuite from
the pan during boiling - just sufficient for microscopic analysis. A video camera connected to a
computer through a dedicated interface (Snappy “frame grabber”) allows images to be captured
from the microscope onto computer disk for subsequent analysis to determine crystal size
distribution. Attempts to automate the analysis of these images have not been successful

(Schumann and Thakur, 1993) and a semi-automated method is still necessary. A description of
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the software developed for this semi-automatic size analysis is given in Appendix E.

A full analysis of massecuite sampled from the pan requires that a sub-sample of mother liquor
be separated from the massecuite immediately the sample has been taken. The conventional
“nutch bombs” (Munsamy, 1980) used in the sugar industry are too large for this work and
special centrifuge tubes are available to perform this separation. The tubes are designed to be
used in a large laboratory centrifuge. The tubes have a fine screen, with a rigid backing screen,
which is secured approximately half way along the length of the tube. Massecuite is placed in the
tubes above the screen and then centrifuged. The crystal remains above the screen whilst the
molasses drains under the “increased gravitational force” into the empty bottom section of the
tube. The tubes can be unscrewed at the point where the screen is mounted to allow the molasses
to be removed and the screen to be cleaned. By measuring the mass of massecuite added and the

mass of molasses separated, it is possible to obtain a rapid estimate of crystal content.
6.4 Results Achieved with Laboratory Scale Pan

Considerable effort was necessary to achieve reliable operation and control of the laboratory pan.
The description of the pan in the previous section is the result of many modifications made
towards this end. For example, many attempts to pump condensate out of the condenser (which is
under vacuum) to allow it to be collected and weighed in a collection vessel which was at
atmospheric pressure were all less than successful, with intermittent problems frequently causing
test runs to be aborted. The final solution was to collect the condensate in a vacuum vessel
mounted on a scale, with the connections to the condenser and vacuum system made by flexible

hoses carefully positioned to minimise any influence on the mass measurement.

The quality of the control finally achieved in the laboratory pan is demonstrated in Figure 6.3
below. In this test a sample of high purity liquor was first concentrated and then diluted in steps
from approximately 76 % brix up to approximately 79 % brix and back again over a period of
about three hours. It is clear from the graph, that after the pressure control had stabilised at the
beginning of the test, the control was considerably better than + 0.1kPa. The changes in
concentration are reflected in the changes in boiling point elevation. Some manual intervention
was necessary to minimise overshoot or undershoot on setpoint changes, but control at setpoint

was better than + 0.1°C.
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Figure 6.3 Quality of control in Laboratory pan

The importance of this level of control can be determined by relating boiling point elevation to
the level of supersaturation for a mother liquor of 74 % purity and at 70 °C, as typical of the A-
massecuite boilings which are of interest. From equation 2.36, and assuming a crystal content of
45%, the supersaturation at the nucleation threshold limit is 1.17. Using equations 2.3, 2.4, 2.5
and 5.4 it is possible to calculate the solids concentration at saturation (supersaturation of 1.0)
and at the nucleation threshold limit of 1.17. These are 80.10 and 82.32 % respectively, giving
the width of the metastable zone (see Figure 2.1), within which the liquor must be maintained for

controlled crystallisation, as 2.22 percentage units. These limits can be interpreted in terms of
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TIME

Boiling Point Elevation

boiling point elevation (BPE) using the relationships of Batterham et al., (1973) :

BPE1=2.442.SW - 00757 + 3.333. IW

BPEp =

(273+ T)’
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Where BPE]1 is the boiling point elevation at one atmosphere pressure and BPEp is the boiling
point elevation at any other pressure defined by the saturated temperature of water vapour at that
pressure, T, in °C. Assuming a pressure of 18kPa abs which has a saturated vapour temperature
of 57.8 °C, the metastable zone can be calculated to exist between a BPE of 7.903 °C and a BPE
0f9.231 °C, giving a width of 1.328 °C. To control supersaturation to 10% of the width of the
metastable zone thus requires that the BPE be controlled within a range of 0.1328 °C -

demonstrating the importance of accurate pressure and BPE control during boiling.

The design and operation of the pan to perform an on-line mass balance provides direct estimates
of the concentration (dry solids % ) of the massecuite in the pan during boiling. Obtaining
reliable results from this feature required considerable attention to the equipment details and
measurement accuracies. A test of the accuracy of the mass balance was achieved by analysing
results from the concentration and dilution tests shown in Figure 6.3. Using BPE as a measure of
concentration, if the contents of the pan are diluted back to the starting concentration, this should
be reflected in the measurements from the on-line mass balance. The results of the test are shown

in Figure 6.4 with different markers used to indicate the concentration and dilution phases.
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Figure 6.4 Test of on-line mass balance by concentration and dilution.
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Figure 6.5 shows the level of agreement between BPE and the RS output of the RF probe, both

being measures of the concentration of the pan contents.
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Figure 6.5 Agreement between measurements reflecting changes in concentration

Over the three hour test period, the error in the mass balance relates to approximately 0.25 % in
the brix reading. This is only slightly greater than the conventional 0.2% accuracy assumed for

the analytical procedure used to measure brix.

With the tight control and reliable measurements that were finally achieved, it was hoped that it
would be possible to achieve adequate simulation of industrial scale pan boiling. Attempts at
creating “artificial” massecuites by mixing crystals with mother liquor were not successful.
Adequate mixing and the exclusion of air bubbles were particular problems and crystals tended
to bond together and form conglomerates when crystallisation began. In consequence,
massecuites were created by conventional seeding with a small quantity (approximately 0.4 ml)
of seed slurry. This slurry contains crystals of approximately 4 micron size , suspended in
isopropyl alcohol, created by a standardised ball milling procedure (Anon.,1985). The seeding
procedure, in terms of seeding point, holding time etc was developed by trial and error to
generate massecuites with adequate numbers of crystals. An example of the data collected on

crystal growth rates is shown in Figure 6.6. Massecuite samples were taken throughout the

6-15



CHAPTER 6 Measurements of Growth in Experimental Scale Pans

boiling cycle and digital images of the crystals saved to computer disk. To obtain these images,
cach massecuite sample was spread onto a microscope slide and up to three images were
captured (from different portions of the slide) before cooling of the slide caused crystallisation in

the mother liquor and a substantial degradation of the image.

The images were subsequently analysed using the software described in Appendix E. Lionnet
(1998) conducted tests to determine the number of crystals that needed to be counted to provide a
reliable result. He found that the standard deviations of both length and width tended to constant
values after about 140 crystals had been measured. He thus recommended that 200 crystals was
a suitable sample size. Each of the images captured from the massecuite samples from the lab
pan test contained between 100 and 270 crystals, with most exceeding the minimum requirement
of 140 crystals. Rather than combining the results of images from the same massecuite sample,

the results of each image are plotted to give some measure of the degree of variability in the tests.
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Figure 6.6 Growth Rate of Crystals in Laboratory Pan
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This boiling was performed on a raw sugar factory syrup of 84% purity. A polynomial was
fitted to the relationship between crystal size and time, allowing the growth rate to be determined
as the derivative of this polynomial. The boiling was controlled for the first 2.4 hours at a BPE of
9.5°C which was then increased to a BPE of 10.0°C. This is reflected in the increase in growth
rate at that time. The constant BPE over the first portion of the boiling cycle would have resulted
in an approximately constant concentration of mother liquor but a declining supersaturation,
resulting in the decline in growth rate. The magnitude of the growth rates is within the range of
those achieved in industrial scale pan boiling (as described in Chapter 2). Unfortunately it was
evident that the crystal size distribution was poor by industrial standards and became worse as
the boiling progressed. Examples of the images of crystals captured during the boiling are shown
in Figures 6.7 to 6.10 below. Each image covers a region 4000 pm by 3000 pm.

Figure 6.7 30 minutes after seeding Figure6.8 60 minutes after seeding

Figure 6.9 12 minutes ae seding Figure 6.1 10 mmufes aer seédg |
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An appropriate measure of the spread of the size distribution is the Coefficient of Variation (CV)
as described in Appendix A (equation A.44). To demonstrate the poor quality of the size
distribution it is possible to plot the CV against the mean of the size distributions of the analysed
images on a graph which includes data from industrial scale pan boiling ( the tests on the
Felixton continuous A-pan reported in Appendix F). This graph (Figure 6.11) shows how the CV
of the size distribution increases as the mean size increases (as the boiling process progresses).
At the time when the crystals are first large enough to be analysed by the semi-automated
technique (a mean size of about 0.06 mm) they have a CV of about 30%. By the time that the
crystals have grown to approximately 0.18 mm, the spread in size has worsened to a CV of close

to 70%.
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Figure 6.11 Comparison of Laboratory Pan with full scale crystal size distributions

It is clear that the size distribution in the laboratory pan is rapidly deteriorating as the boiling
progresses. There is also an increase in the variability of the CV measurement as the mean size
increases, much of which can be ascribed to the measurement technique. The larger sizes
correspond to higher crystal contents and an increased difficulty in separating the crystals to

provide a clear image for crystal counting. Despite this variability, any reasonable extrapolation
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of these data indicate that the CV will continue to worsen and will never achieve the quality of
the size distribution achieved in industrial practice shown on the graph (a CV of approximately
40% at a mean size of approximately 0.8 mm). The discrepancy between the laboratory and
industrial data is so severe as to cast considerable doubt on the applicability of any results

obtained in the lab pan to full scale pan boiling.

Despite many attempts at altering boiling techniques and testing with high purity products (i
refined sugar boilings) no observable improvement in this aspect of the boiling could be achieved.
The importance of pan design in obtaining good product sugar quality is well known (eg
Donovan , 1988) and having both ensured good control and experimented with boiling technique,

the design of the laboratory pan is the most likely cause of the poor performance.

The requirements of other research objectives of Tongaat Hulett provided an opportunity to
utilise the knowledge and experience gained with the laboratory pan to design and build a larger,
pilot scale, pan. The selection of the type of pan and the details of its design are described in the

following sections.

6.5 Options for a New Pilot Scale Pan

Experience with the laboratory pan indicated that the following aspects of the design of the pilot

pan should be given particular attention :

- Massecuite Circulation
Good circulation is a major consideration in full -scale batch pan design and appears to
be more difficult to achieve on small scale because of the relative increase in frictional
drag resulting from the increased wetted perimeter to cross-sectional area of smaller
pipes.

- Heating surface temperatures
Insufficient heating surface and electrical heating can result in very high heating surface
temperatures. This creates the possibility of areas of high temperature massecuite where
crystal dissolution takes place. Steam heated tubes, as used in full scale equipment, limit
the maximum temperature possible whilst the provision of good circulation and adequate
heating surface reduces the maximum temperature necessary.

- Feed line blocking
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The blocking of the syrup feed line was a problem on the laboratory pan.

- Adequate vacuum system
A vacuum system that was marginally adequate on the laboratory pan meant that both
frequent refurbishment of the vacuum pump and very tight control of air leaks into the
pan were necessary. A failure of the vacuum system during a boil often led to the

termination of the test and the discarding of the results.

The new pilot pan design needed to avoid the limitations of the laboratory pan whilst attempting
to approach the design and performance of a full scale pan as closely as possible. Industrial
batch pan designs have been iterated over a period of more than a hundred years and whilst
considerable design experience and information was available within Tongaat Hulett Sugar,
much of this information is empirical rather than fundamental and needed to be applied with
caution to the design of a small scale pilot pan. (It is an interesting reversal of conventional
chemical engineering practice to be using data from full scale installations to design a pilot

plant!)

Given the requirement of approximating full scale pans as closely as possible whilst keeping
quantities of massecuite manageable within the laboratory, possible design options were

investigated before proceeding with the detailed design.

An ideal pilot pan would be one based around a single standard pan tube (100mm diameter) with
a length equivalent to those used in industrial pan designs (approximately 1000mm long). The
difficulty with this design is that if the circulation ratio (ie the ratio of the total cross sectional
area of the tubes to the cross sectional area of down-take) is maintained at the value for a full
scale pan, circulation will be impeded by the disproportionate resistance of the down-take. This
is because the effect of frictional drag from the down-take wall is increasingly significant with
smaller pans whilst there is no equivalent effect of pan size on frictional drag through the tubes
(when using standard size pan tubes). Attempting to maintain the circulation by reducing the

velocity and thus the drag in the down-take will result in a disproportionately large down-take.

As a solution to this problem, the possibility of using a “pumped down-take” was investigated.
The high viscosities, presence of crystals and unacceptability of crystal damage leaves very few

choices for pump selection. A sliding vane positive displacement pump offered the possibility of
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providing the necessary performance and a test rig was constructed to re-circulate massecuite
through a pump on trial and allow crystal damage to be investigated. Unfortunately, a short test
showed very clearly that there was excessive and unacceptable crystal damage caused by the

pump. Whilst other pumping options may be possible these were not pursued.

Given the difficulties of the full length single tube design described above the design proceeded
on the basis of using multiple 100 mm tubes but using shorter tubes to keep massecuite volumes
small. The basis for the design is a set of tubes equally spaced around a central down-take with a
circulation ratio approaching that of a full scale batch pan. Because of the significance of
frictional drag in the down-take of small pans described above, the design requires a stirrer to

promote circulation.
6.6 Design of a New Pilot Scale Pan

The photograph of Figure 6.13 (on page 6-28) and the instrumentation diagram of Figure 6.12
(on page 6-27) may assist in clarifying the descriptions of the aspects of the design of the new

pilot scale pan which follow .
6.6.1 Pan body

The material of construction for both the pan body and calandria is stainless steel, using standard
pipe and flanges where possible and standard 100mm stainless steel pan tubes. This approach
eliminates the corrosion problems associated with intermittent pan operation and has the added

benefit of shiny internal surfaces which improve lighting and thus visibility of the pan contents.

The design uses six (100 mm diam) tubes equally spaced around a central down-take as
discussed below under the section on heating surface (on page 6-22). The pan body is
constructed from standard 450 mm pipe and with the selected down-take diameter of 140 mm
(see below) provides a strike volume of 51,4 litres and a graining volume of 21.3 litres. This ratio
of strike volume to graining volume ration of 2.42 is higher than the value of 1.89 for Tongaat-
Hulett’s present design of 85 m® batch pan, but is achieved with a massecuite level only 200mm
above the top tube plate. This low head will favour good circulation. Expressed differently, the

graining volume is 41% of the strike volume, approximating the recommendation of Rouillard
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(1987) of a value of 40% as a compromise between good circulation and number of cuts required

to achieve the required final crystal size.

The base (saucer) of the pan was sized to minimise holdup of massecuite and eliminate stagnant
regions whilst promoting good circulation. The base includes a fitting to allow a standard
industrial model RF probe (short length) to be fitted into the pan and protrude into the down-take
where the forced circulation past the probe will ensure a representative reading. A major
advantage of the use of a full scale probe is that it should enable control settings determined
during the pilot test work to be converted into appropriate settings for full scale equipment. (To
achieve probe readings comparable to full scale boilings without recalibration of the probe it was
found necessary to shorten the tip to compensate for the conduction path from the tip to the walls

of the down-take).

The pan body is fitted with three (standard industrial size of 200 mm diameter) sight glasses
above the calandria. Two are just above the calandria level to allow the massecuite level to be
monitored during boiling and the other is positioned near the top of the pan body to provide extra
light and to allow any foaming and potential carryover to be monitored. The sight glasses are not
provided with any steam or water wash points as this would introduce added complexity to
system for on-line mass balances. Natural condensation has proved to be sufficient to keep the
glass clean in most instances but a wash system compatible with the mass balance requirements

could be designed and fitted.
6.6.2 Heating Surface

The use of six 100mm tubes of 200mm length provides a heating surface area to volume ratio of

6.8 m'. For comparison, other appropriate figures are

6.07 m! Tongaat-Hulett design of 85 m® batch pan
5to6m! quoted by Wright (1974) as normal range for batch pans
8to 10 m* range of values used in Tongaat-Hulett continuous pan designs - this

normally allows the pans to be boiled using sub-atmospheric vapour
when they are clean.
With the small size of the calandria, steam distribution was not considered to be a problem and

the only special arrangement used was a tangential steam inlet to promote mixing in the steam
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chest and reduce the possibility of stagnant pockets where incondensible gasses can accumulate.
Since the calandria is only 200 mm high, only a single incondensible gas vent is installed (rather
than the conventional top and bottom vents). The vent is positioned to remove incondensibles

from close to the down-take.

In the calculation of surface area for heat transfer, the down-take surface area is not included. As
presently designed, the down-take is only marginally different from the heating tubes and there
will undoubtedly be heat transfer through this surface. If this heat transfer affects circulation (eg
by the generation of vapour bubbles and cavitation of the impeller), it is possible to install an

insulating sleeve within the down-take.

6.6.3  Pan Circulation

Whilst the importance of circulation in pans is well known, there is very limited data available on
the actual circulation rates or velocities achieved in industrial equipment, making appropriate

selection of a stirrer for the pan difficult.

In reviewing the literature it is important to take account of the error of Webre (1933) who
proposed that no boiling takes place in the tubes and that natural circulation is due to the
difference between the density of hotter massecuite in the tubes and colder massecuite in the
down-take. The validity of this assumption was questioned by Allan(1962) and later
demonstrated by the detailed measurements of Rouillard (1985) to be completely erroneous.
Webre’s error was propagated by Hugot and Jenkins (1959) in their elegant mathematical
derivation of the optimum dimensions of a pan down-take. The details of this calculation were
included in the first edition of Hugot’s handbook (1960). The more recent edition of the
handbook (Hugot, 1986) has simplified the optimisation of down-take dimensions to minimising
the sum of the resistance to flow through both tubes and down-take, without any reference to the
error in the previous calculation. Bubbles in the tubes are stated to be the driving force for
circulation but this driving force is simply neglected in the optimisation calculations. A recent
paper by Sheng (1993) makes no mention of this problem of quantifying the driving force for
circulation and simply refines Hugot’s calculations to allow for multiple down-takes and the non-

Newtonian behaviour of massecuite.

6-23



CHAPTER 6 : Measurements of Growth in Experimental Scale Pans

The circulation velocity measurements of Webre (1933) quoted by Hugot (1986) were inferred
from temperature measurements and based on his erroneous assumption of the absence of boiling
in the tubes and must thus be disregarded. Rouillard (1985) estimated circulation in pan tubes by
fitting a mathematical model of heat transfer to pilot plant results. One of the parameters
estimated by the model is the circulation velocity. No measurements of circulation velocities
were, however, made to check the validity of the model predictions. It is even more difficult to
have confidence in the model when, as Rouillard demonstrates, the model predictions of
evaporation rate are not applicable to A-massecuites and predict the opposite of the observed
response of evaporation rate to operating pressure on B and C-massecuites. Rouillard did
conduct some tests with pumped circulation of massecuite through a single tube and the flow rate
for these tests is available from the calibration of the positive displacement pump used. Bosworth
(1959) provides some data on direct measurements of circulation velocity obtained with an
adaptation of a hot wire anemometer. Bosworth’s measurements were unfortunately taken in the
volume above the calandria and the direction of flow could only be inferred. They do not thus

relate directly to the flow rate through the tubes or through the down-take.

For mechanically stirred pans, some data are available on the size and installed power of stirrers
(Hoekstra, 1999). Bachan and Sanders (1987) describe the benefits of the Ekato design of
impeller on the performance of refinery pans. Cox and Purdham (1989) demonstrated the benefits
of a marine type of impeller over a Kaplan Turbine impeller for white massecuites. These

authors do not provide any direct measurements of circulation rates.

The readily available data on pan circulation (which must obviously be treated with
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