The copyright of this thesis vests in the author. No
quotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



Studies in the
crystallisation behaviour of
Potassium Nitrate

Jonathan Peter Centurier-Harris

Department of Chemical Engineering
University of Cape Town
Rondebosch, 7700
South Africa

18 April 2000

A thesis submitted for the degree of Master of Science at
the University of Cape Town



This work was performed in conjunction with:

Delft University of Technology

Department of Chemical Engineering and Material Science

Laboratory for Process Equipment
as part of an extension of the UNIAK3 project

Supervision (Delft):

Prof. Dr. ir. G.M. van Rosmalen
Dr. ir. H.J.M. Kramer

Ir. G.M. Westhoff

Supervision (Cape Town)
Dr. A.E. Lewis

Leeghwaterstraat 44
2628 CA Delft
The Netherlands

University of Cape Town
Rondebosch, 7700
South Africa



Acknowledgements

As the final draft of this document slides out of the printer | am reminded of a number
of people. Without each of you | know that things would have been entirely different.
Special thanks must go to the following individuals who | will not easily forget:

To my supervisors Alison and Gerda for not only making my time in Delft possible but
also for making it truly a life experience, thank you. Thank you for your insight, time,
and wise encouragement.

To Herman, Bronwen and Gerrit who undertook the task of introducing me to the
world of crystallisation, which | have grown to be fascinated by, thank you for the
hours of teaching and careful guidance. Bronwen and Gerrit, thank you two
particularly for your friendship, dedication and willingness to get stuck in when
needed. | appreciated it enormously.

Naturally thanks must also go to each of the members of the Uniak team who were
so much a part of my everyday in Delft. A similar set of thanks must go to the
members of the EPE group at UCT,; we certainly have had some good laughs
together.

To my dearest princess, how could | not mention you? Thank you.

Lastly, et it be said that all the glory must go to Jesus. You have blessed me with a
fuli life indeed. Thank you.




Synopsis

The work detailed in this report forms part of a continued effort in the area of
industrial crystallisation research carried out within a multi-disciplinary project group.
The Universal Instrumentation and Automation of Crystallisers (UNIAK) group is a
co-operation between the Chemical and Mechanical Engineering departments, based
in the Laboratory for Process Equipment at Delft University of Technology.

Until now UNIAK has based all of its kinetic and design models on experiments run
over the past 13 years with ammonium sulphate. In order to generalise these models
to be useful throughout the process industry it was necessary to locok at a new model
compound.

This work set about to investigate the growth behaviour of potas’sium nitrate in a two-
litre batch crystalliser. Knowledge of potassium nitrate behaviour on the small-scale
would be helpful in the preparation of the large-scale experiments. Incorporation of
the results obtained from the two- and 1100-litre crystalliser experiments into the
existing UNIAK models would aid the broadening of their applicability.

The small-scale experiments were carried out in a jacketed, two-litre, draft tube
baffled crystalliser and were run in batch, cooling mode with a saturation temperature
of 50 °C. A water bath, with linked computer, facilitated the cooling of the crystalliser
contents at a user-defined rate. Crystal growth was monitored using on-line particle
sizing, density and temperature measurements.

These reproducible experiments showed that potassium nitrate crystal growth at
50 °C is diffusion limited. Impurities in the potassium nitrate source did not
significantly affect the growth rate while those in the water source did. Crystals in tap
water grew twice as fast as those grown in demineralised water. The overall growth
rate constants for the two systems were found to be (4.9 + 0.1)107 ms” and
(1.01 £ 0.04)-10° ms™' for demineralised and tap water respectively. The growth rates
fall between the fastest and slowest face specific growth rates reported in literature.
The two growth rate determination methods used in this work report significantly
different results and both neglect the possibility of size dependent growth.




UNIAK's large-scale crystalliser is an 1100 litre, draft tube baffled evaporative
crystalliser that can be run in batch or continuous mode. It was operated at a
temperature of 50 °C and a pressure of 100 mbar and is equipped with @ number of
sizing instruments and strategically placed pressure, temperature, density and flow
measurement devices that allow for fine control of the equipment.

Large-scale crystallisation of potassium nitrate on the 1100 litre crystalliser at 50 °C
proved successful. For the first time in 13 years a second model material was
introduced into the crystalliser. Significant findings were that inline measurement of
the potassium nitrate supersaturation was possible, that the impeller speed had a
significant affect on the particle size and that the behaviour of the potassium nitrate
crystals was significantly different to that of ammonium suiphate crystals. It is
hypothesised that the last two of these findings could be due to the brittleness of the
potassium nitrate crystal.

Recommendations for future work on the 2-litre experiments fall into three categories.

1) Experimental improvements: Retain the crystal mass at the end of an experiment
as a check for the mathematically calculated third moment. Improve the crystal
sampling method to preserve the quality of the sampled crystals.

2) Experimental analysis: Account for the possibility of growth rate dispersion in the
growth rate determination calculations

3) Further experimentation: Investigate crystal growth at constant supersaturation;
the growth of undamaged seeds and the effect that the type of nucleation has on
the growth rate.

Recommendations for future work on the 1100-litre experiments fall into two

categories:

1) Experimental improvements: Samples of the potassium nitrate crystals should be
taken and examined with scanning electron microscopy and compared with
ammonium sulphate crystals taken under similar conditions.

2) Further experiments: The effect of each of the major variables (impeller speed,
heat input, residence time and fines flow rate) on the product quality should be
examined. A further model compound with a very different character (perhaps an
organic substance) should aiso be investigated.

In order to achieve the overall UNIAK aim, both the small- and large-scale resuits
should be simulated with the gPROMS model based on ammonium sulphate.
Adaptation and modification of the model would allow its wide application.

i
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Introduction

Chapter One

Introduction

Crystallisation is the conversion of a substance from the amorphous solid, liquid, or
gaseous state to the crystalline state. It is one of the oldest of the chemical
engineering unit operations and is used widely within the chemical process industry.
Both the vast number and enormous quantities of crystalline substances produced
commercially verify this fact. For instance, substances such as sodium chioride,
ammonium sulphate and sucrose each have world-wide production rates in excess of
100 million metric tons per annum.

Crystallisation is particularly valuable as a thermal separation process for either
concentrating or preparing substances in a pure state. This separation can be from
solutions, melts or the gaseous phase. Its advantages over other separation
processes are the relatively low energy consumption, the high purity of product per
separation stream, the absence of extractant or absorbent as extra phase and the
mild process conditions.

Today there are few sectors of the chemical industry that do not, at some stage, use
crystallisation as a method of production, purification or recovery of solid material.
Distillation is the only separation or purification technique used more frequently.

Growing interest over the last number of years has led to a much deeper
investigation into the complex sub-processes that make up this separation process.
Much work has been carried out recently but the field can still be regarded as far
from complete.

The work presented in this report forms part of the continued effort being carried out
in this area by a multi-disciplinary research project set up at Delft University of
Technology in the Netherlands. The Universal Instrumentation and Automation of
Crystallisers (UNIAK) project is located at the Laboratory for Process Equipment.
There are four different research groups represented in the project:

Industrial Crystallisation (Laboratory for Process Equipment)

Particle Technology (Chemical Engineering Department)

Measurement and Control (Mechanical Engineering Department)

Process Systems Engineering (Chemical Engineering Department)

The project started in 1986 and is at present unofficially in its fourth phase. This
phase has two particular objectives. The first is the improvement and generalisation
of the observation and control systems for crystallisation processes, which is vital if
automatic control systems are to be implemented in industrial plants. The second is

1-1



Introduction

to improve the performance and controllability of industrial crystallisers by better
design.

For its experimental work the UNIAK-3 project has worked with three crystallisers
and a growth cell. The crystallisers are: a 22 litre Draft-Tube (DT) crystalliser, a 150
litre forced circulation (FC) crystalliser and an 1100 litre draft tube baffled (DTB)
crystalliser.

Up until this stage the UNIAK project has based all of its kinetic and design models
" solely on the results from ammonium sulphate experiments. In order to generalise
such models it was necessary to examine the crystallisation behaviour of a new
model compound. It was with this in mind that this project was undertaken.

The primary goal of this work is to investigate the growth behaviour of potassium
nitrate in a small-scale batch crystalliser. The growth kinetics of this model material
and its tendency towards scaling and agglomeration will be investigated. This will be
helpful in the preparation of the 1100 litre crystalliser experiments and particularly
useful in the generalised modelling of the crystalliser kinetics in the large-scale
plants.

Once this has been achieved the 1100 litre DTB crystalliser will be run with
potassium nitrate. Incorporating the results of these further 1100 litre experiments
into the existing models will broaden their applicability. This will take us closer to the
development of generic modeis for the design and control of industrial crystallisers.

The organisation of this report is as follows:

Chapter 2 discusses crystallisation theory. General crystallisation concepts and
crystal growth theories are described. This is followed by a description of the
literature available on topics associated with potassium nitrate crystal growth. The
chapter ends with a discussion of the two methods used for the determination of
overall growth rate in this work.

Chapter 3 is dedicated to the development of supersaturation measurement. The
chapter first deals with the calibration of the density meter used to measure solution
concentration and then focuses on the generation of applicable equilibrium
concentration or solubility curves.

Chapter 4 combines the theory of Chapter 2 with the supersaturation measurements
from Chapter 3 and presents the experiments carried out in the 2 litre growth cell. It
reports the determined growth rate constant and mechanism of growth for potassium
nitrate.

Chapter 5 describes the 1100 litre crystalliser set-up and gives the results of one of
the first experiments to be run with potassium nitrate in this crystalliser.

Finally, in Chapter 6 conclusions are drawn from the work carried out as part of this
project.

The report ends with recommendations for work in the future.




Literature Review

Chapter Two

Literature Review

2.1. Crystal Growth theories
Crystal growth is a secondary process that is preceded by crystal birth, otherwise

known as nucieation.

The spontaneous nucleation process is classed into two groups according to its
mechanism: primary and secondary nucleation. Primary nucleation occurs in a highly
concentrated solution in the absence of both crystals and other foreign particles. A
primary nucleus forms when a critical number of molecules or solute ions form a

cluster.

Secondary nucleation requires a suspended particle that will either catalyse cluster
formation or physically contribute to the nucleation by processes such as attrition.
Since it is rare for a solution to be completely particulate free, most nucleation events

are considered to be secondary nucleation.

It is commonly accepted that secondary nuclei formed by attrition are only stable
above a certain critical size. When smaller than this size the nuclei tend to dissolve
far more often than they grow whereas stable nuclei (nuclei that are above this limit)
begin to grow into crystals of significant size. What is in debate however, is exactly
how big (or small) this critical size is. It is difficult to fix a universal standard (Kramer,
1999) but Gahn and Mersmann (1999) accept that this critical size lies within the
range of 10 to 40 um. A

Many mechanisms for growth have been proposed over the years. A few of the more

widely accepted theories are discussed briefly below under their generic headings.
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2.1.1. Surface energy theories

In the late 19" century, Gibbs (as cited by Nielsen, 1964) suggested that crystal
growth is governed by a special case of the principle stating that an isolated droplet
of fluid is most stable when its surface free energy is at a minimum. He stated that
the total free energy of a crystal in equilibrium with its surroundings at constant
temperature and pressure would be a minimum for a given volume. Hence, if a
crystal were allowed to grow in a supersaturated solution, it would do so in such a
manner as to ensure that the crystal had a minimum total surface free energy. This
would result in each crystal type having a characteristic “equilibrium” shape for a

given volume.

Gibbs acknowledged that his simple analogy had limitations since a liquid droplet is
very different from a crystalline product, simply in the way that its atoms or molecules

are arranged.

In 1901 Wulff proved that the equilibrium shape of a crystal is related to the free
energies of its faces. Since a face’s free energy determines its growth rate and each
face could have a different free energy, a multi-facetted crystal often has a range of

growth rates on its different faces.

An ideal crystal is defined as one that maintains its characteristic geometric pattern
with growth. An “invariant” crystal like this is shown in Figure 2-1a. Notice that, in
order to keep its shape, the three equal A faces need to grow at an equal linear rate,
the smaller B faces must grow faster and the C face must grow fastest of all.
However crystals do not always maintain geometric similarity as they grow. Figure 2-
1b shows an “overlapping” crystal where the smaller, faster-growing faces disappear

completely.
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(a) (b)

Figure 2-1: Velocities of crystal growth: a) invariant crystal, b) overlapping
(Mullin, 1993)

Although the surface energy theories still attract attention they are not generally
accepted as they have little quantitative evidence to support them. Their main
downfall is that they fail to explain the well-known effects of supersaturation and

solution movement on the crystal growth rate.

2.1.2. Adsorption layer theories

Volmer and Weber (1926) were the first {o propose a crystal growth mechanism
based on the existence of an absorbed layer of solute atoms or molecules on a
crystal face. Their thermodynamically based theory states that units of crystallising
substance do not immediately integrate into the lattice as they arrive at the crystal
surface. In fact, they merely lose one degree of freedom and form a loosely adsorbed
layer at the interface and are free to move over the crystal surface.

Integration of the atoms, ions or molecules into the lattice will occur where the
attractive forces are greatest. Under ideal conditions this process will continue in a
step-wise manner until the whole plane face is completed (Figure 2-2a and 2-2b).
Another layer is initiated by a two-dimensional nucleation site, or “monolayer island

nucleus” as Volmer and Weber named it, and crystal growth proceeds (Figure 2-2c).
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(b)

(a)

()

Figure 2-2: A mode of crystal growth without dislocations: a) movement towards the

desired site, b) a completed layer, ¢} a monolayer island nucleus (Nielsen, 1964)

Figure 2-3: Kossels model of a growing crystal surface showing flat surfaces (A),
steps (B), kinks (C), surface-adsorbed growth units (D) and surface vacancies (E)
Kossel (1934).

Figure 2-3 depicts the Kossel model of a growing crystal face (Kossel, 1934). He saw
an apparently flat crystal face as being made up of moving layers, or steps, of
monoatomic height. Each step could contain one or more kinks. The surface also has
loosely adsorbed growth units and vacancies. Growth units can be atoms, molecules
or ions. Inclusion of growth units happens most easily at the kinks that move along
the step until the face is completed. New steps generally are formed by surface
nucleation at the corners. Kossel's theory however, failed to explain how crystals

grow rapidly at low supersturations far below those needed for surface nucleation.
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Frank (1949) postulated that few crystals ever grow ideally in the layer-by-layer
fashion described by Kossel's theory without imperfections occurring in the pattern.
He stated that most crystals develop dislocations that promote growth by forming
steps on the crystal's faces. The best recognised of these dislocations is the screw
dislocation (Figure 2-4) which is self-propagating and thus negates the necessity for
surface nucleation. Once formed on the surface, the spiral could conceivably
continue growing perpetually. Often quite complex spirals can develop when several
spirals grow together. Walton (1967) has shown excellent photographic examples of

crystal growth by the “screw mechanism”.

Figure 2-4: The development of a growth spiral starting from a screw dislocation
(Mullin, 1993)

Nielsen (1964) and Ohara and Reid (1973) have been foremost in developing the last
group of adsorbtion layer theories that will be presented in this section. These
theories deal with the spread of monolayers. Many theorists that have done similar
work have dubbed their models with different names such as the “nuclei upon nuclei”
model, the “two-dimensional nucleation” model or the “polynuclear growth” model but

here the term “birth and spread” will be used.

The birth and spread model describes the formation of two-dimensional nuclei on the
crystal surface, which grow into islands as they spread laterally across the surface.
Two variations occur: i} where the island covers the whole surface before another
island is formed on top of it (the mononuciear model) or ii) where islands are allowed
to nucleate all over the surface, including on top of incomplete layers still growing

laterally. The second model, depicted in Figure 2-5, is more realistic.
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Figure 2-5: Crystal growth by birth and spread (van Rosmalen, 1997)
2.1.3. Kinematic theory
This theory hypothesises that the two key processes involved in layer growth are
i) the generation of steps on the crystal face and ii) the movement of layers across
the face. Frank (1949) developed his kinematic theory after considering the
movement of unevenly spaced macrosteps. All previous theories had assumed that
steps were eveniy spaced across the surface of the crystal. He described his theory

as follows.

The step velocity, u, depends on the proximity of the other steps because all steps

are competing for units to incorporate into the crystal lattice. This gives,

u=gqln [Lt7] (2-1)

where q is the step flux {the number of steps passing a point at a given time) and n is
the density (the number of steps per unit length in a given region). The distance

between steps () is thus inversely proportional to the step density:

A=n" [L] (2-2)
The slope of the crystal surface, p, with reference to the flat ledges is given by
p=tanf = hn [-] (2-3)
and the face growth rate, v, perpendicular to the reference surface given by
(2-4)

v =hq = hnu Lt

where h is the step height.
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Figure 2-6: Steps on a crystal face (Frank, 1949)

Following this approach it can be seen that, as the steps move further apart (6—0),
the diffusion fields interfere less and less with each other and the velocity of each
step, u, will be a maximum. The opposite has reverse effect; as the steps move
closer together, the slope increases and u decreases to a minimum at hn=1 (i.e.
where 0=45°). It can thus be seen that as the slope, 0, increases, the face growth
velocity, v (=utand), increases to a maximum and then decreases to zero again. The

shape of this v(p) curve is an important characteristic of the growth process.

2.1.4. The diffusion-reaction theories

Noyes and Whitney (1896) began the thinkmg towards the diffusion-reaction theory
when they incorrectly considered that the deposition of solid on the face of a growing
crystal was essentially a diffusional process. They also falsely believed that
crystallisation was the reverse of dissolution and that the rates of both processes
were dictated by the concentration difference between the solid surface and the buik
of the solution. They proposed that Equation 2-5 described crystallisation and

dissolution kinetics.

M Ae—ct (2-5)
dt ‘

where m mass of solid deposited [kal
t time [s]
A surface area of the crystal [m?]
c solute concentration in the supersaturated solution  [kgm™]
c* equilibrium saturation concentration [kgm™]
K coefficient of mass transfer [ms™]

Nernst (1904) assumed that there would be a thin stagnant film of liquid covering the
surface of the crystal. He proposed that, in order for the crystal to grow, molecules
would have to diffuse through this stagnant layer and so modified Equation 2-5 to the

form:
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dm _ D yie—c®) (2-6)

dt —‘_5_

where D is the coefficient of diffusion of the solute and & is the length of the diffusion

path.

The thickness of the stagnant film, 5, depends on the turbulence at the crystal
surface-solution interface. Stagnant layers of up to 150 um have been measured for
stationary crystals but these values drop down to a few micrometers in vigorously
agitated systems. This would imply that almost infinite growth rates were possible in
turbulent systems. Thus it is clear that diffusion alone is not sufficient in describing
crystallising systems. Furthermore, crystallisation is not the reverse of dissolution.
Under the same conditions of temperature and concentration a substance tends to

dissolve faster than it crystallises (Mullin, 1993).

Considerable modification of the diffusion theory began with the important discovery
that the concentration of solutions at the surface of the growing crystal were not
saturated but supersaturated. Mullin (1993) cites Berthoud (1912) and later Valeton
(1924) as suggesting that there must be two processes governing crystal growth: first
a diffusion process where molecules are transported from the bulk to the crystal
surface; and then a type of first-order reaction where they integrate themselves into
the crystal lattice. These two stages can be represented separately due to the

different driving forces.

dm

—=k,Alc~c;) (diffusion) (2-7)
!
and
dm . ) .8
— = k, A(c, —c*) (reaction) (2-8)
[

where ky is the coefficient of mass transfer by diffusion, k. is the mass transfer
coefficient by reaction and ¢; is the solute concentration in the solution at the crystal-
solution interface. Figure 2-7 represents this idea diagrammatically. The two driving
forces are seldom of equal magnitude however, and the concentration drop across

the stagnant film is not necessarily linear.
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Figure 2-7: Concentration driving forces in crystallisation from solution

The difficulty in measuring interfacial concentrations makes using Equations 2-7 and

2-8 impractical. Using an overall concentration driving force (c-¢*) eliminates this

problem and a more general equation can be written:

dam
i = K;A(c —c*)®

(2-9)

where Kg is an overall crystal growth coefficient. The exponent g is referred to as the

order of the overall crystal growth process. When g=1 and the surface reaction

(Equation 2-8) is first order, it is possible to eliminate ¢; from Equations 2-7 and 2-8 to

give:
@z__ A(c—c*)
da 1k, +1/k,

This implies that:

K, = kdk’,
k,+k,

which can also be written as:

1 I 1

K, k, k

r

(2-10)

(2-11)

(2-12)
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Equation 2-12 shows that, for cases where there is extremely fast reaction (when k;
is large), Ks =~ ky. Thus the crystallisation process is controlled by the diffusion step.
In the same way, if the diffusional resistance is low (i.e. kq is large), then Kg = k; and

s0 the process is controlied by surface integration (or reaction).

However, this is a simplification. Although the diffusional step is considered to be
linearly dependent cn concentration, the validity of assuming that the reaction step is
first-order is questionable. For many inorganic salt crystals growing in aqueous
solutions, the overall growth rate order is in the range of 1 to 2. This leads to a

solution where the relationships between K¢, k, and ky remain complex.

The crystal growth process is undoubtedly more complex than the simple two-step
process explained above. Mullin (1993) suggested that the processes for an
electrolyte crystallising from an agueous solution might be as follows:

Bulk diffusion of hydrated ions through the diffusion boundary layer

Bulk diffusion of hydrated ions through the adsorption layer

Surface diffusion of hydrated or dehydrated ions

Partial or total dehydration of ions

Integration of ions into the lattice

Counter diffusion of released water through the adsorption layer

S R

Counter-diffusion of the released water through the boundary layer

Although diffusion-reaction theory fails to describe the surface integration step in
crystallisation, it can be ignored in systems where diffusion is the limiting step e.g.
most ionic salts, of which KNO; is an example.
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2.2. Potassium nitrate crystallisation

2.2.1. General properties of potassium nitrate

Potassium nitrate, KNOs, is an inorganic salt that was first produced by the Chinese
in the 10" century for the manufacture of black gunpowder. They leached soil in
which the nitrogen from urine had combined with mineral potassium. By the 1800s
potassium nitrate was a strategic military chemical and was still produced in India by
the traditional Chinese method. The only source of naturally occurring potassium

nitrate is in the caliche deposits in Chile and even these are not very rich.

Today potassium nitrate is produced commercially by the reaction of potassium
chloride and nitric acid shown by Equation 2-13. The process is operated at elevated
temperatures and yields chlorine gas as a co-product.

3 KCI + 4HNO; — 3 KNO; +Cl; +NOCI + 2H,0 (2-13)

The main uses of potassium nitrate include fertilisers, pyrotechnics, steel making,
foodstuff preservation and a heat transfer agent. Production of potassium
compounds (almost solely derived from potassium chloride) amounted to 22 million
metric tons in 1993, which was down from 32 million tons in 1988. (Kirk-Othmer,
1996)

Selected physical and thermodynamic properties of potassium nitrate are listed in
Table 2-1.
Table 2-1: Physical and thermodynamic properties of KNO;
(CRC Handbook of Chemistry and Physics, 1997)

Molecular mass 101.1 g/mol|
Melting point 334°C
Boiling point L 400°%
Density (298K) i 2.109 glcm3
'Specific heat capacity, Cpo | 96.4 J/mol/K
Standard heat of formation, AH’ | -494.6 kJ/mol
Standard heat of fusion, AHys 101 kd/mol
Standard heat of solution, AH ., 34.89 kJ/mol
Standard entropy, S° 11331 ImoliK
Standard Gibbs free energy, AG% -394.9 kJ/mol
Refractive index @ 593 nm (Ullman, 1984)
. n(e)=1.3350
o R _n(B)=1.5056
. nh(n=15064




Literature Review

2.2.2. Potassium nitrate crystal morphology

Potassium nitrate exhibits a more complicated crystallographic form than other
common ionic crystals (such as NaCl or CsCl) with up to 8 different faces in a growth
form. Each face grows at a different rate and has a different morphology (Rolfs et al.,
1997). At room temperature, the salt crystallises in ‘the orthorhombic-dipyramidal
form (Weber, 1999) and the space group is Pmcn (Nimmo and Lucas, 1976).

Groth (1908) states that potassium nitrate exhibits the following eight crystal faces in
the growth form: {100}, {010}, {001}, {110}, {011}, {021}, {012} and {111}. There are
slight discrepancies between researchers in the unit cell dimensions but Weber
(1999) gives them as a=5.414, b=9.164 and ¢=6.431.

Various theoretical equilibrium forms of KNO; are presented in literature (Heijnen,
1986, Rolfs et al., 1997; van der Voort, 1991; Weber, 1999). Little agreement is found
between them since some use more complicated surface tension predictive studies
(Honigman (1958) and Lacmann (1968, 1974)) while others use more predictive
studies based on the molecular structure of similar compounds (Heijnen, 1986).

Figure 2-8 shows the theoretical growth form described by Hejjnen, which he
deduced from that of aragonite (CaCO;) which is isostructural with KNO,. Figure 2-8
also highlights a common trend in literature, which is a discrepancy between the
calculated and observed habits of a potassium nitrate crystal (Rolfs et al., 1997; van
der Voort, 1991). Van der Voort {1991) argues that this can be predicted if the
interaction of the solvent with the crystal is taken into account.

{oon) o)

) {con) S
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| (110} }(o;o; 1oy | | (o10)
- !
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|
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Figure 2-8: a) The crystal habit of KNO; grown from an aqueous solution and

(b) the theoretical growth form of aragonite (b) (Heijnen, 1986).
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2.2.3. The Solubility of potassium nitrate

Figure 2-9 shows a compilation of the solubility data of potassium nitrate in water
presented by Gmelin (1938), Linke (1965), Mullin (1993) and Rolf et al. (1997).
Solubility is highly dependent on temperature. It increases nearly two thousand

percent over the range of 0 °C to 100 °C.

350 ,
g 30 — 7& ’ -
T 250 {— 0 ¥ 1 [ o Gmelin(1938)
° -
S 200 o & o Linke (1965)
k=) &,3 Mullin (1993)
2 1501~ % Rolfs et al (1997)
§ 100 —— - = ———— — Correlation
& s0 Kl

Y\ - n

Lo

O ? T T
0 50 100

Temperature (°C)

Figure 2-9: The solubility of potassium nitrate according to literature

The raw literature data presented in Figure 2-9 can be found in Appendix 1. The four
literature sources present similar but slightly varied data. Linke’s data is the most
different from the others with a notable outlier at 10°C, probably a typographical

error. Generally the data is more alike at temperatures below 75°C.

A quadratic equation was fitted to the complete set of data yielding Equation 2-14

S =13.8152+0.519287 +0.017997T* (2-14)
where S: Solubility of KNO3; (g KNO3s/ 100 g H,0)

T Temperature (°C)
The average relative error of the correlation is + 0.88 % (see Appendix 5 for a

definition of average relative error).
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2.2.4. The growth rate of potassium nitrate

Rolfs, Lacmann and Kipp (1997) have carried out work on the face specific growth
rates of potassium nitrate in pure aqueous solution. The relative supersaturation was
varied between 0.3% and 1.8%, with the solution being saturated at 15 °C. The
growth rate was lowest for the {010} face and highest for the {001} face. The {001}
face was also the smallest and most difficult to observe. An overview of their results
is depicted in Figure 2-10. Their conclusion was that each face exhibited its own
characteristic growth rate. They also determined the exponent n and the growth rate
constant (k;) from Equation 2-15. From the values that they observed for the
exponent n in the growth law, they concluded that the crystallisation of potassium
nitrate is mostly incorporation limited. They stated that their measured surface growth
rates were high in comparison to other systems, with a maximum deviation factor of
about 2.

v=k,o" (2-15)
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Figure 2-10: Results of the face specific determination of the mean crystal growth
rate. Flow rate: 16 cm/s, saturation temperature: 15°C (Rolfs et al., 1997)

Herden and Lacmann (1997) measured the specific growth rate of the {111} face on
single crystals. The kinetic growth coefficient (k) is calculated to be 24 pm/s from the
linear fit (n = 1) of their growth rate versus supersaturation data, for the {111} face of
an untreated KNO; crystal. This is negligibly different (1% larger) to the kinetic growth
coefficient reported by Rolfs et al. (1997).




Literature Review

Other literature values reported for the growth of potassium nitrate in water tend to
vary. Mullin (1993) reported the potassium nitrate growth rates shown in Table 2-2.
This shows the large influence of temperature on the growth rates. The growth rates
that he reports fall well below what would be expected at that level of supersaturation
by both Rolfs et al. (1997) and Herden and Lacmann (1997). Rolfs et al. (1997) state
that differences in literature values are due to the variations in temperature under
which the crystals were grown, quality of the crystals, the method of growth rate
determination, variations in hydrodynamic conditions and the preparation of the seed

crystals used.

Table 2-2: The mean linear growth rate for potassium nitrate crystals in the
approximate size range 0.5 to 1Tmm growing in the presence of other crystals
(Mullin, 1993).

T(EC) (%) v(ms)
20 5 45
40 5 150
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2.2.5. Growth rate dispersion

Growth rate dispersion (GRD) is the name given to the phenomenon where crystals
of the same size, growing under the same, constant environmental conditions (such
as supersaturation, temperature and hydrodynamics) grow at different rates. The
dispersion of growth rates is a topic of great interest at present. The reason for this

phenomenon still remains disputed (Butler et al., 1999).

Several publications have investigated GRD. Bunn first hypothesised the
phenomenon in 1949 and White and Wright (1971) were the first to report
experimental evidence. There are now two models that have been developed to
describe it: the constant crystal growth (CCG) model and the random fluctuation (RF)
model. The CCG model describes each crystal separately with a unique, but constant
growth rate dependent on the number, sign and size of the screw dislocations
(Burton et al., 1951). The RF model states that the growth rate of individual crystals
fluctuate randomly around an average linear growth rate with a Guassian probability
distribution (Randolph and White, 1977).

Many authors have observed growth rate dispersion in KNO; crystals (Treivus and
Novikova (1978), Herden (1994, 1995), Herden and Lacmann (1997), Rolfs et al.
(1997)). Single crystal growth experiments (Herden and Rolfs et al.) report mixed
results on the model describing GRD. Rolf et al. (1997) found that the {111} face
seemed to have CCG while the {010} face indicated RF behaviour with a standard
deviation of + 30%. This margin of error is consistent with results obtained by Helt
and Larson (1977). Rolfs et al. (1997) conclude that the RF model seems to be most
valid for KNO; crystal growth despite the fact that CCG is also observed.

Herden and Lacmann {1997) measured the difference in the {111} face growth rate of
potassium nitrate crystals that had been artificially treated (by scratching or
roughening etc) and those that had not been treated. Interestingly they report a wide
range of growth rates for any one of the number of levels of supersaturation
observed. They state that the growth behaviour of the {111} face for a relative
supersaturation < 0.001 can be described by the constant crystal growth model while,
for a relative supersaturation > 0.001, the random fluctuation model is more suitable.
The disagreement over the correct model, even by one author, illustrates the

complexity and poor understanding of this phenomenon.
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2.2.6. The effect of impurities on the growth rate of potassium nitrate

Any substance other than the material being crystallised can be considered as an
impurity. Impurities within a system can have a significant effect on the growth of a
crystal. Some can suppress growth completely, others can enhance growth. The
presence of specific impurities can even change the crystal habit by being highly
selective and acting on only certain crystal faces. Particular impurities can have an
effect on growth when present at low concentrations while others require large

amounts to be present before having any effect.

There are a number of ways in which impurities can affect the growth rate. They can
change the structure of the solution or the equilibrium solubility. They may aiter the
conditions at the crystal surface — solution interface and thereby affect the integration
of growth units into the crystal lattice. It also happens that they may build into the
crystal lattice, particularly where there is some degree of lattice similarity, and

decrease crystal purity (Mullin, 1993)

Marc (1912) carried out the first work dealing with the influence of impurities on
potassium nitrate crystallisation. He examined the effect that Patent-blue had on the
nucleation behaviour. Later, further work was carried out by Whetstone (1949,
1955a, 1955b) who found several additives that changed the crystal habit and some
that increased the twinning tendency of crystals with increasing concentrations. He
also derived the first theoretical model for the potassium nitrate adsorption process
(Whetstone, 1957).

More recent work has been carried out by Teot (1971, 1973) (as cited by Kipp et al.,
1997) and Barta et al. (1986) on the effect of impurities on potassium nitrate crystal
morphology; by Shimizu and Kubota (1986) on their effect on nucleation and by
Franke et al. (1981) on the effect on the overall growth rate. Franke states that there
was no marked effect on either the growth rate or the imperfection of the crystals

when reagents of different purity were used.
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2.2.7. The choice of potassium nitrate
The motivation for this work came from the need to broaden the dynamic model for
an industrial crystalliser that had been developed at the Technical University of Delft,

Netherlands. In order to further the model, the choice of model compound (previously

ammonium sulphate) needed to be changed.

Potassium nitrate was chosen as an intermediate step with the aim of moving finally
to an organic compound. The reason for the choice of potassium nitrate was that it
was significantly different from ammonium sulphate in many ways but was still a
common inorganic salt. They differed most significantly in their solubility in water (see

section 2.2.3) and in their brittleness (Mullin, 1993).

The solubility of KNO; is greatly dependent on temperature. This is particularly clear
when it is compared with the solubilities of other common ionic salts such as KCl,
(NH4),SO, or NaCl (see Figure 2-11). The great increase in the solubility of KNO,

with temperature makes this system particularly suitable for cooling crystallisation.
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Figure 2-11: Comparative solubilities of a few cormmon ionic salts

The brittleness of a crystal plays a large role in the degree of secondary nucleation
that occurs due to attrition. The fact that potassium nitrate is much more brittle than
ammonium sulphate means that there would be a much greater amount of self
generated surface area for growth resulting from the attrition of the crystals in the
suspension. This would affect the equilibrium sizes in the crystalliser and the role that

nucleation would play in the development of the product crystal size distribution.
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It was also important that the chosen model compound was cheap since large
quantities would be used over the duration of the project. This was particularly
relevant with a compound of high solubility since a greater mass of the substance
would be required to reach saturation. Since potassium nitrate is a fairly widely used

salt it was both cheap and easily accessible.

Other factors that influenced the choice were that potassium nitrate was of interest to
one of the project sponsors, that the viscosity of the saturated solution was not too

high, that it did not degrade over time and that it was prone to neither agglomeration

nor scaling.
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2.3. Growth rate measurement

A wide variety of experimental techniques for measuring crystal growth rates exist.
Single crystal growth techniques are used for more fundamental studies of growth
mechanisms as they can focus on single crystal faces. When the determination of
overall mass transfer rates or the observation of size-dependent growth or growth
rate dispersion is important, crystal population measurements are more useful.

Population measurements are of great benefit to those designing crystallisers.

2.3.1. Crystal growth rate expressions

Unfortunately there is no simple or generally accepted method for the description of
the growth rate of a crystal due to its complex dependence on temperature,
supersaturation, size, habit, system turbulence, individual structure etc. For carefully
defined conditions crystal growth rates can be expressed either in terms of mass
deposition rate Rg (kgm™>s™), a mean linear velocity v (ms™) or an overall linear

growth rate G (ms™). These quantities are related as follows (Mullin, 1993),

., 1 dn 3« 3aa  dL  6ba dr 6« -
R.,=K, Aci =— —=—pG=—"p —=—p —=—"pV (2-16)
A dt p ye) e p a  p
where L is some characteristic size of the crystal, r is the radius of a sphere of
equivalent volume, and p. is the crystal density. o and [ are the volume and surface

shape factors respectively defined by m = apcL® and A = BL” where m and A are the

particle mass and area. 6o/} = 1 for spheres and cubes and 0.816 for octahedra.

2.3.2. Methods for determining growth rate
In crystalliser design the main concern is how crystals grow in the presence of other
crystals. It is therefore both more useful and convenient to measure the overall

crystal growth rate than it is to measure individual face growth rates.

The aim of this work was to provide information for the modelling of industrial
crystallisers. Therefore all experiments considered the populations of crystals and the

overall growth rate was of primary concern.

The following is a discussion of two possible methods for the determination of the

overall growth rate, G, from population experiments,
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2.3.2.1. Moment modelling

The roots of moment modelling are found in the Population Balance Equation, or

PBE.

First introduced by Randolph (1962), the PBE describes the evolution of the crystal
size distribution (CSD) and how the various kinetic processes that occur in the
crystalliser affect this evolution. Thus, when a prediction of the CSD of the solid
phase in a crystalliser is required, it is necessary to examine and solve the PBE.

The general form of the PBE is given below:

LV ) AGLLD) ) i

ot oL
m ‘)3
+ Z ¢\‘,I/1.j ([)”’/M (L7 [) - ¢1*‘uul¥k ({)hm/r,/( ('LI [)n(‘l’ﬁ f) (2”1 7)
=l o]
where
n particle number density #m m’
L particle length m
t time S
\Y; crystalliser volume m®
G, linear size dependent growth rate ms”’
B birth rate m3m’'s™
D death rate m°m’s™
by volumetric flow rates (in and out) ms™
h classification function
m, p # of streams entering and leaving the system

Two boundary conditions are required to solve the PBE as it is a partial differential
equation dependent on both time and length. The two boundary conditions are:

By(t)

n(O, t) = E;_m and ;?(LO)
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where n(L,0) is the initial distribution and n(0, t) describes the nucleation rate which is
the birth of new crystals at size zero (van Rosmalen et al., 1997). The birth term in

the first boundary condition, B, is related to B in the following way:

By() = [B(L,r)dL (2-18)
0

The 2-I draft tube, baffled (DTB) crystalliser that was used for the investigation of the
growth kinetics of potassium nitrate was operated in batch mode. For batch

crystallisation the PBE can be simplified by assuming that:

i) nucleation is only reflected by a boundary condition at L=0 (the first boundary
condition shown above),

i) there is size-independent growth,

iii) there is no aggregation, and

iv) there is no breakage.

Each of these assumptions makes the approach less realistic. The first assumption is
reasonable in that all of the experiments that were modelled in this way were seeded
experiments and seeding occurred before any primary nucleation took place. The
assumption that secondary nucleation was insignificant is justified by the low
supersaturation levels and absence of a significant tail in the particle size
distributions. Examining crystal samples under a scanning electron microscope
(SEM) showed no aggregation and thereby validated the third assumption. The fourth
assumption, however, is known to be a simplification because some breakage must
occur when there is agitation with an impeller. However, in this small-scale case
scenario, it is limited. The most significant assumption is that growth is size

independent.

These assumptions result in the simplified PBE shown below:
on(L, 1V (1)

)
S P e VG, () 2-19
5 (1) o (2-19)

Batch operation is at unsteady state and so the solution of the simplified PBE shown
above involves solution of a partial differential equation. Analytical solutions for this
type of problem rarely exist. It is possible, however, to transform the PBE into
moment form. This allows a numerical solution of the partial differential equation that

describes the dynamic behaviour of the crystalliser.
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The Moment equations

The moments of a distribution are generally defined as:
m, = [n(L)L'dL (2-20)
iU

where n is the particle number density (#m™°m’) and L is the particle length (m).
These moments can be related to lumped properties of the entire crystal population
as shown in Table 2-3 (van Rosmalen et al., 1997).

Table 2-3: The moments of a size distribution

mo | Total number of particles per unit crystalliser volume m

my Total length of particles per unit crystalliser volume m-m”
m; | Related to the total area of particles per unit crystalliser volume m°m”
ms | Related to the total volume of particles per unit crystalliser volume | m°m™

The moment transformation of Equation 2-19 gives

d(Vm,) . ; ;
s JGm V + BV (2-21)
where [, is the size of the nuclei, which in this case is zero. Now it is possible to solve
the PBE (previously a partial differential equation) using only four ordinary differential
equations — the zeroth (j=0) to third (j=3) moments (van Rosmalen et al., 1997).

These are given below:

i(g;’_) By (2-22)
i%ﬁ_) _Gmy (2-23)
EZ_%?L) = 2Gm V (2-24)
E"_(g?_) =3Gm,V (2-25)

Equations 2-23, 2-24 and 2-25 show that the crystal growth rate, G, can be
determined if any two consecutive moments are known. This is the basis for moment

modelling.

The third moment is related to the mass of crystals in the slurry, which is easily

calculated from the crystal content of the slurry.
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Brown and Felton (1985) have shown that it is possible to use the obscuration signal
and the corresponding crystal size distribution (AV(x,1)) from a laser diffraction
instrument (such as a Malvern Mastersizer) to calculate the mass of solids in the

slurry — Equation 2-26 and 2-27.

) m[ .@}

M ()=pV.— - (2-26)
32 AV (x, ”)57,
and
obscl(t)=1- —Iw (2-27)
‘{0
where
M+ total mass of solids in the crystalliser kg
Pe density of the crystals kgm™
A volume of crystalliser m°
AV volume percent
/ path length m
d; mean crystal size of size class i m
I(t) intensity of refracted beam Wm*?
Io intensity of incident beam Wm?
obsc(t) obscuration signal [-]

Putting Equations 2-26 and 2-27 together, taking out / from the summation and
dividing by the density of the crystals (p.) and the volume of the crystalliser (V.) gives
a expression for the absolute value of the particle concentration, C,, in m® crystals

per m® slurry:

2-28
) (2-28)

C, has the same units as my but is in fact the absolute value, m;as. Generally
moments are normalised with respect to m;. Hence the general moment expression

can be written as Equation 2-29,
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Qj-rz(x)x Ldlx
x 100 (2-29)

pamm

0
j‘n(x Y de
0

The normalised third moment, m; .m, Will therefore will always be equal to 100.

Malvern data is reported in terms of volume percent where V, is the volume percent

of crystals in size class It

V;(z)_——{ ) 00 (2-30)

Z i t)x,”

where

N(i) # of particles in class i #m?

So the normalised third and second moments can be expressed as follows:

Jn(x)x3 dx B
N
M, o (1) = ————x100 = 2N, ) (l,) %100 = 37,(¢) (2-31)

n{x)x dx

and

n(x b dx

mz,nw'm (f) =3

S x100= 2M lxlOO
Jn(x)dex PRUAY
3

(i,¢ m(z) 1« Ve
ZZN” % m({)“z ; (2-32)

IH xHI ( Z)

For modelling of the absolute growth rate at a given time, the absolute moments hold
more interest. As has been shown, the absolute m; can be calculated from the Brown
and Felton correlation (Brown and Feiton, 1985). Equation 2-33 shows a quick

method to calculate the absolute second moment, m; s
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Knowing the absolute second and third moments, the crystal growth rate is easily
computed using the fourth ordinary differential equation (Equation 2-25) to solve the
batch PBE. Equation 2-25 in this constant volume case simplifies to
9" 3Gm, (2-34)
dt }

The growth rate, G, can then be expressed as

Am, . "
Gy = o, L e
At 3m2~c,‘h‘\‘ (f)

2.3.2.2. Lognormal curve fitting

The lognormal curve fitting method is a simple graphical technique used to predict

the growth of the median sized crystals (Butler, 1998). It relies on the raw data

measured by the Malvern Mastersizer. The procedure is given below:

i} The Malvern records showing an obscuration of less than 10% or more than
30% were ignored due to unreliable light scattering;

ii) The volume fractions for crystal sizes below 30um were ignored (because
they appeared to contain errors) and the remaining volume fractions were
renormalised;

iii) The Malvern automatically measured every 30 seconds, so there is often an
excess of data. One measurement was selected at every 10um increase in
the median size reported by the Malvern.

iv) The volume density crystal size distributions for each of these selected
measurements were imported into the curve fitting program, Table Curve 1.0,

and fitted with a lognormal curve (Equation 2-36)

y=ae of(me] (2-36)
where a is the height of the curve, b is the median crystal size and ¢ is the
spread (equal to 2:In(std.dev)) which is proportional to the standard deviation
of the curve. Figure 2-12 shows an example of this fitting method with results
from Experiment 1. The fit gave the following parameters:

~ a=0570
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b=146.7
c =0.456
") The growth rate can be determined from the median sizes by Equation 2-37
Gol=L (2-37)

’2 - ’1
where L;is the median at t;
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Figure 2-12: An example of a lognormal curve fitted to a set of Malvern data
measured during Experiment 1

The lognormal curve fitting method however, is not perfect. By fitting lognormal
curves and recording only the time of the measurement and the median size of the fit
there is an intrinsic assumption made. The median sized crystals at the beginning of
the experiment are assumed to be the same median sized crystals at the middle and
end of the experiment, thus assuming size independent growth. This assumption
needs to be validated by using a size dependent growth-determining model.

Another assumption that this method makes is that the distribution is always
lognormal. Within this there is an intrinsic assumption that no nucleation occurs after
seeding which could create a second peak in the distribution. This is a reasonable
assumption as supersaturation levels were kept low and no significant tail was
observed in any of the particle size distributions.
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Chapter Three

Supersaturation measurement

The supersaturation of the crystallising solution is the most significant of all the
variables affecting the crystal growth rate. In-line measurement of this variable is
therefore of great value. The relative supersaturation (o) of a system is defined by
Equation 3-1 which shows that it involves both the equilibrium concentration (¢*) and

the real concentration (c).

c—c*

o= (3-1)

C*
The equilibrium concentration, otherwise known as solubility, is dependent on the
temperature of the solution. It can be determined by measuring the solution

temperature once the relationship between solubility and temperature is known.

The measurement of the solution concentration can be made by either direct or
indirect methods. Direct measurement involves either gravimetric or chemical
analysis of the solution while indirect measurement relies on the measurement of a
physical property of the solution that is highly dependent on the solution
concentration. Frequently chosen examples of such properties include viscosity,

refractive index, electrical conductivity and density.

This chapter deals with the methods used in this work to determine the relative
supersaturation. It focuses on the calibration of the density meter used to measure
the solution concentration and the development of a new solubility curve for

potassium nitrate.
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3.1. The concentration measuring device

A device used to determine the concentration of a solution was developed at the
Laboratory for Process Equipment (Neumann, 1998). It is in essence a temperature
controlied density meter. The density of a sample of crystal free mother liquor is
measured at a fixed temperature. This temperature is always slightly higher than that
of the crystalliser (usually at 60 °C) to avoid the possibility of blockages forming
within the device. A water bath maintains the required temperature. The
measurement is achieved by comparing the sample of mother liquor with a reference

sample stored within the density meter.

A relation must therefore be found for the solution concentration as a function of
temperature and density to make the density measurements meaningful. The method

and results of this calibration procedure is discussed below.

3.1.1. The calibration method

It is vital that the calibration is made over the applicable range of concentrations. This
range is dictated by the solubility of the solution at and around the temperatures that
the 1100-litre DTB crystalliser and 2-litre crystalliser are operated. Different
concentration ranges were used for the two potassium nitrate types (Industick and
Haifa).

The concentration range used for the Industick calibration was between 35.1 wt %
and 50.5 wt %. This was calculated from the solubilities at 35 °C and 55 °C plus 5%
broadening at each extreme. Ten solutions of varying concentrations over this range

were made up as shown in Table 3-1.

As with the solubility measurements, the calibration curve developed for Haifa
potassium nitrate had a smaller range than the Industick calibration curve. This was
possible because the precise operating temperature range of the density meter and
the actual concentration range within the crystalliser were now known. Table 3-1
shows the four Haifa solutions ranging from 39 wt % to 49 wit %.

Table 3-1: The concentration standards used for the Industick and Haifa

calibrations
Sample number 1 12 3 4 5 B 7 8 9 10
Industick conc (wt%) | 351 | 375 394 412429 444|450 | 474 | 487 | 505
Haifa conc (wt%) 39.4 42.9 458 48.8
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The method of making up the solutions was as follows:

A one kilogram sample of potassium nitrate salt was put in the oven at 60°C for half
an hour to dry and then allowed to cool to room temperature in a dessicator. A known
mass of the dry salt together with a known mass of distilled water was then placed
into a pre-weighed conical flask. The exact concentration of the solution was then

known.

Temperature fluctuations of the density cell occur and, because density is so closely
related to temperature, the effect on the measured value is significant. To quantify
this effect the densities of the ten concentrations were measured at three different
temperatures: 55 °C, 60 °C, and 65 °C for Industick KNO; and 57.5 °C, 60 °C and
62.5 °C for the Haifa KNO;.

The density meter was set at the desired temperature and allowed to stabilise for two
hours before measurements were begun. The flasks were placed in a temperature-
controlled bath set at the same temperature and shaken until all of the crystals
dissolved. Three density readings of each solution were recorded. The process was

repeated for each temperature.

3.1.2. The calibration results

The results from the calibration process gave density measurements for several
known concentrations of potassium nitrate solution at three different temperatures.
This allowed for the development of an equation expressing concentration as a

function of both temperature and density, ie. C=F (p, T).

The measured data for the potassium nitrate produced by both Industick GmbH and
Haifa Chemicals can be found in Appendix 2 (Tables 2, 3 and 4). From this data,
correlations (shown as Equation 3-2 and Equation 3-3) were developed to describe
the C-T-p relationships for Industick potassium nitrate and the Haifa potassium nitrate
respectively. Pastifit, the fitting package, is a non-linear regression package based on
the Levenberg-Marguardt algorithm (Verheijen, 1989),

C =-98.9+99.9p>" _10007 % —0.828p 72" (3-2)

548<T<648
0.98<p=<1.36

average relative error in C = 0.11% over the entire temperature range
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and average relative error in C = 0.094% at 60 °C (temperature most
frequently used)

C = —80181.647 — 698.05 p"*** +174200.27 %3 _ 94472 5 p 7 124x107 -54555x107

(3-3)
57.3<T<62.3

0.98 <p <135

average relative error in C = 0.12% over the entire range (see Appendix 5)

where: C: concentration (weight %)
p: density (kg/l)
T: temperature (°C)

It was expected that the error for Equation 3-3 would be smaller than that for
Equation 3-2 because of the narrower experimental range. It can be seen that this is
not the case. This can be attributed to the variation in the purity of the potassium
nitrate samples (see Appendix 3). These C-p-T relationships can also be shown as
surfaces. Figure 3-1 shows the surface for the Industick plane.

06— ', ",
@ 04— ‘ % /
fsou/ ' | Py 7 ZE
W AN

temperature (°C) ’ density (kg/l)

Figure 3-1: The concentration-temperature-density relationship for Industick
potassium nitrate depicted as a surface in space

3-4
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3.2. The solubility of potassium nitrate

Past experience has shown that the source of the solute affects its purity, which in
turn often significantly affects the solubility. This section deals with the determination
of solubility curves for both of the potassium nitrate products used in this work;
Industick GmbH and Haifa Chemicals.

3.2.1. The Method

The method used to generate the solubility curves was similar for both types of
potassium nitrate. The procedure for the development of the Industick GmbH KNO;
solubility curve is detailed below. The differences for the Haifa Chemicals KNO;

measurements are noted afterwards.

Two sets of solubility measurements were carried out using Industick potassium
nitrate. The method for the first set of measurements was as follows:

A potassium nitrate-water solution with excess potassium nitrate was made up in a
two-litre, temperature controlled vessel. An excess of potassium nitrate was to
ensure that ample solids remained at 80 °C. The slurry was then stirred continuously,
heated to 60 °C and aliowed to stabilise. The solution’s temperature set point was
programmed for a step decrease of 5 °C every hour. The solution was given enough
time, at each temperature interval, to reach equilibrium. Density was measured
continuously. In this way the density of a saturated solution was measured at 5 °C
intervals between 60 °C and 30 °C. The process was then repeated with an

increasing temperature profile between 30 °C and 60 °C.

The second set of measurements with Industick potassium nitrate was carried out in
an identical manner with the exception of the initial solution's preparation. The
second solution was prepared in the laboratory to be saturated (according to
literature) at 70 °C; the solution was then superheated to 80 °C and filtered through
3.0 um filter paper. When filtered, a brown foamy impurity was removed. The density
of this filtered solution was measured, at different temperatures, using the method
described above. This was performed so that the effect of macroscopic impurities

(> 3um) on the solubility could be established.

The solubility measurements for Haifa Chemicals potassium nitrate were limited to a

filtered cooling run with a temperature range between 52 °C and 48 °C. This

3-5
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adjustment increased the accuracy of the solubility curve by constraining the area of
interest to only what is used in the cooling crystallisation experiments.

3.2.2. The Results

The correlation developed for the density meter made it possible to find the solubility
curve for the KNO3-H,O system. Each equilibrium density measurement (with the
associated cell temperature) could be related to the corresponding equilibrium
concentration.

Figure 3-2 shows the general shape of the solubility curve. It compares the measured
cooling and heating solubility data for Industick potassium nitrate with that presented
in literature. Notice that the difference in solubilities seems particularly slight on this
scale. However small the differences may seem, when dealing with the low
supersaturations involved in cooling crystallisation experiments (in the order of 0.2%)
these slight variations can have significant consequences. Figure 3-3 shows these
variations more clearly as it plots the difference between the solubility measured
experimentally and that calculated using the correlation of solubilities reported in the
literature, Equation 2-14.

35

50 _" - s - ”‘_/u e ”' S

45 T 1 | o unfitered
o
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terature
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equilibrium concentration (wt%)

25 35 45 55
temperature (C)

Figure 3-2: The cooling solubility of Industick potassium nitrate
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Figure 3-3: The difference between the solubility of potassium nitrate found in
literature and that found by experiment

The solubility of the filtered Industick solution, measured on a heating profile at 35 °C
is significantly different to all the other points. It appears to be an outlier rather than a
true solubility. Perhaps insufficient potassium nitrate remained for the solubility
concentration to be quickly attained. All further analysis will ignore this point.

Figure 3-3 shows no significant difference in the solubility of potassium nitrate
whether it is determined by heating or cooling the system. This adds validity to the
measured solubility curve showing that enough time was given between
measurements for the system to reach equilibrium.

The macroscopic impurities in the potassium nitrate sample do not significantly affect
the solubility of the salt. Therefore the solubility used for calculation of the
supersaturation of the crystallising system will be reliable whether the solution has
been filtered or not. This has particular relevance in the 1100 litre experiments where
good filtration is difficult.

A significant difference in the solubility of potassium nitrate produced by Industick
GmbH and Haifa Chemicals is shown in Figure 3-3. The potassium nitrate produced
by Industick contained an anti-caking agent and is reported as being 99.5% pure
while the Haifa salt had no anti-caking agent and was reported as being 99.8% pure.
This difference in purity (and hence the presence of more soluble impurities) in the
Industick salt could be the cause of the difference in the solubilities shown in
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Figure 3-3. For more detailed information on the purity of the two salts see Appendix

3, Tables 1 and 2.

Figure 3-3 also shows that the temperature range over which the solubility -
measurements for Haifa Chemicals KNO; were taken was much narrower. This was
done once the exact temperature range for the experiments was known. The

narrower range makes the solubility prediction more focussed and reliable.

All experimentally determined solubilities lie significantly above those presented in
literature (except the outlier at 55 °C) and the difference is greater at lower
temperatures. This observation, along with the solubility difference between the two
potassium nitrate sources, verifies the importance of conducting these experiments.
Without an accurate solubility curve it is very difficult to conduct meaningful growth
rate experiments. The use of the literature data would have led to incorrect reporting
of the growth rate. The experimentally determined solubility-temperature

relationships must be used for the potassium nitrate growth rate experiments,

The quadratic equations shown in Table 3-2 (Table Curve Windows v 1.0) were fitted

to the collected experimental data.

Table 3-2: Solubility curves for potassium nitrate

KNO; source Equation a.re | rfit Eqn
Industick filt cooling $=-2.82*10°T%+0.95T+5.765 0.30% | 0999 | 3-4
Industick unfilt cooling = S$=-9.378*10°T?+1.5653T-8.365 0.52% |0.998 | 3-5
Haifa filt cooling S$=-5.66*10°T%+1.223T-0.598 0.01% |0.999 | 3-6

The units of the equations:

S solubility wt %
T temperature °C
are. average relative error % (see Appendix 5)

For the two litre experiments both the Industick filtered and Haifa filtered equations
were used depending on the source used in the experiment being run. All
experiments on the 1100 litre scale were with Haifa salt and so Equation 3-6 was

used.
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Chapter Four
The 2-litre Growth Cell Experiments

4.1. Experimental Equipment

The jacketed, batch, two-litre draft tube baffled (DTB) cooling crystalliser system
used to carry out these experiments is shown in Figure 4-1. A Lauda UKS 1000
water bath with linked computer facilitated the cooling of the crystalliser contents at a
user defined rate. Crystal growth was monitored using on-line particle sizing, density

and temperature measurements.

o
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Figure 4-1: The jacketed, batch, two-litre cooling crystalliser used for this

work

The on-line particle sizing was achieved with a Malvern Mastersizer, using laser
defraction, by continuous circulation of the slurry through its measurement cell. A
Watson-Marlow peristaltic pump maintained this circulation. Size distributions, at set
time intervals, were later calculated from the stored optical scattering data. The on-

line concentration measurements were performed using a temperature controlled
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Anton Paar mPDS 2000 density meter. A cbrriputer controlled the circulation and
injection of the filtered solution (5 um filters) and stored the measured data for later
analysis. The temperature of the solution was measured with a F250 MK 1l precision

thermometer.

4.2. Experimental procedure

During the course of this investigation numerous experiments were carried out to

investigate the growth behaviour of KNOj crystals in an aqueous solution. Four

successful seeded experiments are reported here.

4.2.1. General procedure

3] An aqueous potassium nitrate solution was prepared to be 0.5%
supersaturated at 50°C and then heated by 10 °C;

ii) The solution was filtered through a 3 um filter;

iff) It was then cooled to the desired temperature (approximately 50°C) and
allowed to stabilise in the growth cell;

iv) 1.133 - 1.359 g of potassium nitrate seeds (75-106 um) were added. The
seeds were obtained by taking a 500g sample from the raw crystal mass
supplied by Industick or Haifa and sieving for 30 minutes. The time of the
seed addition was designated as time zero.

) A temperature ramp of - 0.025 °C/min was applied for 40 min;

vi) Where possible, it was allowed to stabilise for about 20 min and a second

temperature ramp was applied.

4.2.2. Experimental details
Experiments 1 and 2 are duplicates while Experiments 3 and 4 each highlight the
effect of a particular variable. Major variables were the source of KNO; and the type

of water used. Table 4-1 shows these variations.

Table 4-1: A summary of the four potassium nitrate growth experiments

| Experiment # | Seeded | Type of water purity of KNO;
1 yes demineralised 99.8%
2 yes demineralised 99.8%
3 yes demineralised 99.5% - due to anti-caking agent
4 yes tap water 99.8%




The 2-litre growth cell experiments

See Appendix 3 for a description of the composition of the two KNO; types and
Appendix 4 for a list of the impurities found in both tap and demineralised water.

Other small variations between experiments were found in the initial concentration of
the solution, the amount of seeds used and the temperature profile used. These are
reported in Appendix 2. For all experiments the impeller speed was set at 600 rpm -
an empirically determined rate: the minimum to just keep the growing crystals in
‘suspension. The crystal attrition rate increases with increasing impeller speed. It is
particularly important therefore when measuring growth rate that the minimum speed

is used.

4.3. Results

Numerous experiments were carried out during this investigation into the growth
behaviour of potassium nitrate crystals in an aqueous solution. Due primarily to
abundant nucleation in the unseeded runs and trouble with the on-line logging of
data, only the four successful seeded experiments will be reported here.

Each experiment produces vast quantities of raw data and a number of steps are
required to transform each raw data set (temperatures, densities and crystal size
distributions) into the final growth vs supersaturation plots. A full, step by step
ilustration of how this transformation is achieved is given below in section 4.3.1 using
the data set collected for Experiment 1. Only the final growth rate versus
supersaturation plots for each of Experiments 2 to 4 will be shown thereafter.

4.3.1. Worked Example: Experiment 1

As has been described in section 4.1 the two-litre crystalliser system has two in-line
measuring instruments. The first is a Malvern Mastersizer that reports the crystal size
distribution (CSD) and obscuration and the second is the density meter, which is
used to measure the concentration of the solution. Both instruments take

measurements at discrete time intervais.

4.3.1.1. The Malvern Mastersizer

The forward light scattering Malvern Mastersizer records three sets of data that were
of particular interest: the crystal size distribution (CSD), the obscuration of the laser
light and the median crystal size (calculated from the CSD). A measurement was

taken every thirty seconds. Due to the long time periods of some experiments, this
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instrument generates vast quantities of information. A manual selection of the total
number of data sets were made after the experiment ended. The selection process
aimed at even spacing of the CSDs. Figure 4-2 shows the reduced set of normalised
CSD data extracted from the Malvern for Experiment 1.

normalised volume fraction

crystal size (um)

Figure 4-2: The raw crystal size distribution from the Malvern Mastersizer for
Experiment 1. The legend represents the time after seeding in minutes.

Figure 4-3 shows the percentage obscuration of the light signal together with the
median crystal size as calculated by the Malvern. The obscuration is a measure of
the amount of light that is scattered by the crystals as the laser beam passes through
the crystal slurry. This is thus naturally a function of the crystal content of the slurry.
Brown and Felton (1985) have shown that it is possible to calculate the mass of
crystals in the slurry if the CSD and the obscuration are known.
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Figure 4-3: The median crystal size and the obscuration of the laser signal during
Experiment 1

Measurements between 5 and 30% for the obscuration are generally accepted
(Boxman, 1992). Above and below these values there are too many or too few
crystals for an accurate CSD measurement. Combining the CSD and the
obscuration, using the methods set out in the modelling theory (section 2.3.2.1),
allows for the determination of the moments for each CSD and thus the prediction of
the growth rate.

Figure 4-4 shows the results of the moment modelling of the crystal growth. Notice
the large amounts of noise in the raw growth function. This is due to the numerical
integration procedure, which is inherently sensitive to the noise on the experimental
data (Jager, 1990). It was found that the majority of the noise in the growth function
was due to the noise in the third moment. Smoothing of the third moments (using a
moving average of 5) results in a much smoother growth function as shown by the
‘smoothed’ curve.
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Figure 4-4: The crystal growth rate determined by moment modelling for

4.3.1.2. The Density Meter

The second measurement instrument, the MPS 2000 density meter, measures two

Experiment 1.

pieces of raw data: the density of the crystalliser solution and the temperature of the

density meter measurement cell. These two sets of data are logged at 3-minute

intervals. They are presented together in Figure 4-5. The combination of this raw

data with the calibration curve described by Equation 3-2 or 3-3 (depending on the

source of the potassium nitrate being used) gives the concentration of the crystalliser

solution. The corresponding concentration profile For Experiment 1 is given in

Figure 4-6.
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Figure 4-5: The raw data from the density meter for Experiment 1
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Figure 4-6: The concentration of the crystalliser solution during Experiment 1

The third piece of information logged independently by the density meter computer is
the temperature of the crystalliser as measured by the high precision temperature
probe. The equilibrium potassium nitrate concentration is calculated using this
temperature and the solubility curve described by the appropriate equation from
Table 3-2. The logged crystalliser temperature data, the equilibrium concentration
and the solution concentration for Experiment 1 are shown in Figure 4-7.
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Figure 4-7: The actual and equilibrium crystalliser concentrations shown together
with the temperature profile for Experiment 1
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The difference between the actual crystalliser concentration and the equilibrium
concentration is the absolute supersaturation of the KNO; solution in the crystalliser.
The supersaturation is a maximum at the beginning of the experiment and decreases
to zero as the temperature stabilises at the end of the experiment. Figure 4-8 shows
the relative supersaturation with time. Notice how it decreases to zero from 33
minutes after seeding onwards as the temperature stabilises.
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Figure 4-8: The relative supersaturation of the crystalliser solution for Experiment 1

As described earlier, a generic solubility curve was found for potassium nitrate in
demineralised water. It was found that the solubility varied slightly from experiment to
experiment. Making sure that the supersaturation reduced to zero as the temperature
stabilised was a useful method to check that the solubility curve was accurate.

Combining Figure 4-4 and Figure 4-8 gives the desired growth rate versus
supersaturation plot from which the value of the growth constant (k;) and growth
parameter (n) can be determined. Only this growth rate versus supersaturation plot

will be shown and discussed for each of the experiments in the following sections of
this chapter.

4.3.2. Experiment 1

Figure 4-9 shows the growth rate data obtained by moment modelling (see section

2.3.2.1) for Experiment 1, a seeded experiment run with demineralised water and
KNO; (Haifa Chemicals).
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Figure 4-9: The KNO; crystal growth rate for Experiment 1 expressed as a function

of supersaturation

Notice that the initial two points (marked 1 and 2) show growth rates over double and

triple the average growth rate. This phenomenon is common in seeding experiments.

Seed crystals are often broken or imperfect structures (see Figure 4-10). The high

initial growth rate is due to the seed crystals first repairing their own crystal lattices

before further “normal” growth occurs (Mersmann, 1995 and Herden et al, 1997).

Figure 4-10: A scanning electron microscope photograph of the KNO; seed crystals

used in experiments 1,2 and 4 (Haifa Chemicals). The magnification is 200 times.

This dissertation is interested solely in the growth of “structurally complete” crystais.

In this context “structurally complete” means crystals that are predominantly

4-9
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undamaged i.e. in their natural shape. Since these first two points do not form part of
this type of growth they are considered outliers.

There are relatively few points at the higher supersaturations while at the low
supersaturations there is a cluster of points. This is due to the way in which the
experiment naturally proceeds.

The experiment is set up to start with a high supersaturation. As soon as the seeds
are added they begin their rapid growth and so consume this supersaturation quickly.
The linear cooling ramp produces a constant supply of supersaturation but because
the crystals are growing steadily there is an increasingly greater surface area on
which further growth can take place. Supply of supersaturation therefore is short of
the demand and as a result the supersaturation decreases over time to close to zero.
The majority of the experiment thus takes place while the supersaturation is at the
lower end of the scale.

Figure 4-11 shows how the experimental data can be fitted to the general growth rate
equation (Equation 4-1).

G=k o @1
g
A line of best fit (’=0.926) gave the following growth parameters:
Kg =5.0107 +4.10°® [ms™]
n =1.04 + 4.107 [
175 1 - :
& data ® ;
150 | 4
- ——best fit of Eqn 4-2
E R best fit of Eqn 4-1
F = - —
4,'.5 75 |
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S
o 25
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0 0.05 0.1 0.15 02 025 03 0.35
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Figure 4-11: Shows the fit of Equation 4-1 to the experimental data by linear
regression (Table Curve). It also shows the fit of the simplified diffusion limited form
of the equation, Equation 4-2
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Crystal growth from a solution is generally classed as either mass diffusion limited or
surface integration limited. By fitting the general growth equation to the data and
checking the value of the growth parameter, n, the distinction between these limiting
steps can easily be determined. If the growth rate is directly proportional to the
supersaturation (i.e. n=1) then the growth is mass diffusion limited. If the growth rate
is proportional to the square of the supersaturation (n=2) then the growth is surface
integration limited (van Rosmalen, 1997). Rolfs et al. (1997) goes further, stating that,
if n<2, spiral growth can be expected while when n>2 growth occurs via two-

dimensional nuclei.

Figure 4-11 shows that growth is directly proportional to the supersaturation within
the calculated error (n = 1.04 4.10). Growth of potassium nitrate crystals from an

aqueous solution at 50 °C is thus mass diffusion limited.

When the data is refitted using a first order growth rate versus supersaturation
relationship, Equation 4-2, the result is the almost indistinguishable second trend
shown in Figure 4-11 with a new kg value of 4.8:107+ 0.17 ms™ (*=0.925).

G=ko (4-2)

This second fit will be used as a “base case” fit to compare with the other
experimental results. The other experiments will also be fitted with the simplified
diffusion limited equation, Equation 4-2, which fits the data well.

4.4.3. Experiment 2

Experiment 2 was run as a duplicate of Experiment 1 to check the reproducibility of
the experimentally determined growth rate. Figure 4-12 shows the data for
Experiment 2 fitted with the diffusion limited trend.
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Figure 4-12: The KNQO; crystal growth rate for Experiment 2 expressed as a function
of supersaturation

Once again the initial two points (labelled 1 and 2) have a much higher growth rate.
Again these first two points were identified as outliers due to the repair of the seed
crystal lattices. The fitted trend confirms the results of Experiment. Again the mass
diffusion limited growth assumption appears to be justified. The best fit of Equation 4-
2 to the data from Experiment 2 gives a kq value of 5.5-107 + 0.3-107 ms™ (*=0.624).
Some of the scatter of the points (particularly around zero supersaturation) can be
attributed to the noisy moment functions (Jager, 1990).

Figure 4-13 shows a comparison of the trend found for Experiment 1 with that found
for Experiment 2. Notice that the slope (k; value) of Experiment 2 is slightly greater
than that of Experiment 1. This can be attributed to the unexpectedly high growth rate
attributed to five of the points lying in the range of 0.1 — 0.2 % supersaturation.
Excluding these points the k, value becomes 4.9-107 + 0.2.107 ms™. Within the
calculated error bound these growth rates are the same.
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Figure 4-13: A comparison of the results of Experiment 1 with those of Experiment 2
presented with the data from Experiment 2.

4.4.4. Experiment 3

Experiment 3 was run to quantify the changes that the source of the KNO; salt would
have on the crystal growth rate from solution. The KNO; produced by Industick
GmbH, although having similar purity specifications, has different impurities to the
same salt produced by Haifa Chemicals. The most notable difference between the
two is that the Industick salt contains an anti-caking agent (0.3-0.6% [w/w]
sulphobutanaphtol), while the Haifa chemicals salt does not. A list of impurities for
both of the salts can be found in Appendix 3.

Experiment 3 was run with Industick KNO; to compare with Experiments 1 and 2
which were run with Haifa KNO;. Figure 4-14 shows the growth rate results.

Again high growth rates correspond to the first few measured values. If this is
attributed to seed repair then the longer period may be due to the low
supersaturation at the time of seeding. This could cause the repair process to take
longer, almost up until the time for the supersaturation to reach its maximum level
(o = 0.15%). The long period could also be due to the different nature of the seeds
used. The seeds prepared from the Industick KNO; could require more time to repair
themselves than those prepared from the Haifa Chemicals KNOj. This seems likely if
a comparison is made between Figure 4-15, showing the Industick seeds, and
Figure 4-10, which shows the Haifa seeds. The Industick seeds are rougher and
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more irregular in shape. They are also not as well classified as the Haifa seeds

(small crystals can also be seen).
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Figure 4-14: The KNO; crystal growth rate for Experiment 3 expressed as a function

of supersaturation (n=1)

The seven outliers (labelled points 1-7) were ignored when fitting the linear trend

shown in Figure 4-14. The results from Experiment 3 gave a kq value of 51107

0.2-107 ms™ (r*=0.925). This is similar to that found in Experiment 1. Figure 4-16

compares the trend of Experiment 1 with the data and trend for Experiment 3.

/

Figure 4-15: A SEM photograph of the KNO; seeds used in Experiment 3 (produced

by Industick GmbH). The magnification is 200 times.
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Figure 4-16: A comparison of the data and trend for Experiment 3 with the trend for
Experiment 1

This is a particularly interesting discovery. Despite the increased impurities and the
presence of anti-caking agent in the Industick KNOj, it shows no significant
difference in growth rate when compared with the purer Haifa Chemicals KNOs.
Franke et al (1981) came to the same conclusion in their studies stating that “the use
of reagents of different purity had no marked effect on the growth rate and
imperfection of crystals”.

Taking an average of the overall growth constants found in Experiments 1, 2 and 3
gives a kq value of 4.9-107 + 1.10°® ms™ for the growth of potassium nitrate crystals

from demineralised water at 50 °C.

4.4.5. Experiment 4

Experiment 4 was run to examine the effect that impurities in the water used would
have on the growth rate. Experiments 1 to 3 were run with demineralised water from
the laboratory. Experiment 4 made use of municipal tap water. The effect was
substantial.

Figure 4-17 shows the growth rate data collected from Experiment 4. Five
unexplainable outliers (one is slightly obscured) can be seen at very low
supersaturation, these fast growing points appeared at the end of the experiment.
Notice also that this is the only experiment that does not show significantly faster
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growth at the beginning. This could be due to the fact that the growth rate is already
high. The growth rate at 6=0.3% is as high in Experiment 4 as it is for seed
reparation in Experiment 1.

350 —— ——

data
300 { ;best fit of Eqn 4-2 /.
250 H—— ] caif
200 - /

. /
150 | gy
100 - ¢

o /,

growth rate, G (nml/s)

-50

01 0.15 02 0.25 03

o
o
o -
3

relative supersaturation, ¢ (%)

Figure 4-17: The KNQj crystal growth rate for Experiment 4 expressed as a function
of supersaturation

Ignoring the five outliers, a linear trend has been fitted to the remaining points giving
a kg value of 1.01-10° + 0.04.10° ms™ (*=0.916). This is nearly double the k, value
found for the other experiments using demineralised water. Figure 4-18 shows the
phenomonen clearly.
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Figure 4-18: A comparison of the data and trend for Experiment 4 with the trend for
Experiment 1




The 2-litre growth cell experiments

Figure 4-18 seems to indicate that one or more of the impurities in the tap water aids
the growth rate of potassium nitrate. This could be because the particular impurities
either aid the diffusion of molecules through the boundary layer or alter the
characteristics of the adsorbtion layer at the crystal-surface interface and influence
the integration of growth units (Mullin, 1993). Since the growth is known to be
diffusion limited it seems more likely that the increased growth rate is due to the

impurities promoting the diffusion process.

The particular impurity in the municipal water that is affecting the growth so

substantially is unknown.

Figure 4-19 shows a SEM photograph of a sample of potassium nitrate crystals taken
immediately after the cooling ramp of Experiment 4. Figure 4-20 shows a close-up of
a single crystal grown during the same experiment but sampled during the cooling

ramp.

Comparing Figure 4-20 with Figure 4-10 shows the extent to which the seed crystals
have been damaged. It gives an idea of how much repair must occur before regular

growth can take place.
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Figure 4-19: A SEM photograph of a Figure 4-20: A SEM photograph of a
sample of KNOj; crystals taken after KNO; crystal withdrawn during the
the cooling ramp of Experiment 4. The cooling ramp of Experiment 4. The
magnification is 50 times. magnification is 200 times.

4.4.6. The influence of the method of determining growth rate
Figure 4-21 shows the strong influence that the method of determining crystal growth

exerts on the results. The data from Experiment 1 was transformed into the growth

4-17
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rate vs supersaturation form using the method of plotting log normal curve fits to
selected crystal size distributions (CSD) from the Malvern Mastersizer. Using the
median sizes from the lognormal plots and the time between CSD measurements the
overall mean growth rate was calculated.
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Figure 4-21: The influence of the method used to determine growth rates shown with
the data from Experiment 1

Log normal fitting gives a growth rate that is double that found by the moment
method. It is known that log normal fitting does tend to be biased towards a higher
median size when the CSD is not perfectly log normal in shape. It is also prone to
report only the fast growers, particularly when growth rate dispersion is present. For
these reasons it is expected that the log normal fitting method would give a kg value
that was higher than that found by the moment method.

The moment method is based heavily on the increase of the crystal mass. It assumes
that the Malvern obscuration signal is a reliable measure of this mass increase. The
moment method also assumes that all crystals grow at the same rate and in so doing
neglects to model growth rate dispersion.

The difference in the predicted kg values is thus due to inaccuracies in both growth-
predicting methods.

4.4.7. Comparison with literature
The literature values reported for the growth of potassium nitrate in water tend to

vary. Rolfs states that differences in literature values are primarily due to the
variations in hydrodynamic conditions and in the preparation of the seed crystals
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used. Perhaps more important than those however, are the differences in
crystallisation temperature and method of crystallisation (either single or bulk crystal

experiments).

Literature reports the growth rate of crystals in a vast number of forms. Older studies
seem to focus on overall growth rates while more recent work has concentrated on
face specific growth rates. For both types of growth the values can be reported at
constant or changing supersaturation levels and at a range of temperatures. In order

to meaningfully compare data these differences need to be reconciled.

Figure 4-22 shows the literature values reported by Rolfs et al (1997) and Herden
and Lacmann (1997) with the growth data from Experiment 1. Both authors report
specific face growth rates in their papers. Face specific growth is a measurement of
the radial growth rate while the overall growth rate is a based on the increasing
diameter of the crystals. Assuming ideal spherical crystals the overall growth rate
should be equal to twice the face specific growth rate. In order to compare the
literature values with the overall growth rate measured in Experiment 1 the reported
growth constants (k;) were doubled. Only the fastest and slowest growing faces
observed by Rolfs are shown. Herden and Lacmann only measure the growth of the
{111} face (known by Rolfs et al to be a slower growing face) and so this is reported.

The agreement between the literature and measured values is good. The results
from Experiment 1 lie in-between the fastest and slowest growing faces reported by
Rolfs et al and are very similar to those reported by Herden and Lacmann. Even the
two fastest growing points lie within the boundaries of Rolfs et al's work. This could
suggest that during the initial repair of the seed crystals the fastest growing {001}
face dominated the overall growth rate. The temperatures at which these
measurements were carried out were different: Experiment 1 was at 50 °C,-Rolfs et

al's work was at 15 °C and Herden and Lacmann’s work was at 25 °C.
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Figure 4-22: A comparison of the growth rates found in literature with those
measured during Experiment 1. Literature: Rolfs et al (1997) and Herden and
Lacmann (1997).

Rolfs et al (1997) states that the face specific growth rates for potassium nitrate that
he reports, for experiments carried out at 15 °C, are high. This seems justified when
compared with Experiments 1 to 4 (carried out at 50 °C) as growth rate is expected to
increase with temperature.

Rolfs et al (1997) also concludes that growth of potassium nitrate is integration
limited. This is different to the diffusion limited growth mechanism found in
Experiments 1 to 4. This discrepancy could be explained by the different
hydrodynamic conditions. The speed and direction of flow in the single crystal
experiments (Rolfs et al, 1997; Herden and Lacmann, 1997) could have reduced the
diffusion layer to a degree not found in bulk crystallisation. The different growth
mechanisms could cause the difference in growth rates discussed in the previous
paragraph.

4.4.8. Error analysis

Calculation of the error associated with the growth rate measurements was not
performed. The growth rate is directly determined from the crystal size distributions
and obscuration signal measured by the laser light scattering Malvern Mastersizer X.
The error associated with these measurements is undefined as they are absolute
values. To quantify the error the same crystals should be measured a number of
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times over to determine the reproducibility of the measurement. To determine the
accuracy of the actual device it would be necessary to measure the same sample
through two different sizing instruments. Because growth rate measurements are
based on the difference between size distributions it is not so important that the

instrument measures the absolute size accurately.

The caleulation of the error associated with the relative supersaturation
~ measurements which combines the errors associated with the solubility curve,
temperature measurement device, density meter and concentration calibration

curves is shown in Appendix 5. It is found to be 1.92.10°
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Chapter 5
The 1100 litre DTB crystalliser experiments

The second experimental set-up used in this study was Uniak’s 1100 litre draft tube
baffled (DTB) crystalliser. As mentioned before, the aim of the 2 litre growth cell
experiments was to provide the necessary familiarity with the growth behaviour of
potassium nitrate so that it could be properly implemented and modelied on the

large-scale.

5.1. The history of the crystalliser

The main body of the 1100 litre crystalliser was designed and built at the beginning of
the Uniak project. After the Uniak-2 project the crystalliser underwent a renovation
during the summer of 1996. During this revision several changes were made to the
original 970 litre DTB crystalliser. The most important changes were:

The internal heat exchanger was removed

An uncoated marine impeller was installed

All main pumps were replaced or revised and placed vertically

All piping and tubing was redesigned and reinstailed

ok WD

A new Honeywell process computer system was installed

The construction material used was mostly the high quality stainless sieel 316. The
direct consequence of removing the internal heat exchanger was a change in the
crystalliser volume from 970 to 1100 litres (Hartog, 1998). '

5.2. Description of the crystalliser

The complete crystalliser set-up can be split into two broad categories: i) the

crystallise}' itself and i) the ancillary vessels.
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5.2.1. The crystalliser

The crystalliser body (see Figures 5-1 and 5-2) is constructed from stainless steel. It
has a volume of about 1100 litres and an internal diameter of 0.7 m. The crystalliser
is equipped with a draft tube. Just inside the bottom of this draft tube is a marine type
impeller with a diameter of 484 mm. The impeller pumps the suspension in the
crystalliser up through the draft tube. The suspension flows back down between the

draft tube and the outer hull.

The crystalliser has a non-agitated annular zone that facilitates settiing. A fines pump
(located on the ground floor) is used to remove a stream of particles from the top of
this zone. The fines stream then passes through an external plate and frame heat
exchanger where it is heated from 50 °C to between 60 °C and 70 °C. This serves as
a classifying mechanism. The degree of classification depends on the flow rate of
the fines removal system, the heat input from the heat exchanger, the solids
concentration in the crystalliser, the physical properties of the crystals and the
residence time of the crystals in the fines loop. The residence time is manipulated by

using or bypassing the dissolution vessel installed in the return line to the crystalliser.
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Figure 5-1: A simplified diagram of the Figure 5-2: A cross sectional top view
1100 litre DTB crystalliser of the crystalliser showing the internal
(Neumann, 1998) dimensions (Neumann, 1998)
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The heat from the heat exchanger is not only used to dissolve the fines but also to
provide the energy necessary for the evaporation of the solvent. This evaporation at
50 °C and about 100 mbar provides the supersaturation, which is the driving force for
crystallisation. The low pressure in the crystalliser is maintained by a water-cooled
vacuum pump. The vapour is condensed in two condensers located at the top of the

crystalliser. The condensate is pumped back to the primary feed vessel (see section

5.2.2).

Product is removed from the bottom of the crystalliser between the draft tube and the
skirt baffle. This stream passes through a number of particle sizing instruments. The
Opus uses ultrasound to measure particle size in highly concentrated slurries. The
other instruments, the Malvern and Helos (laser light scattering devices) and a CCD
camera require slurries with low solids concentrations. To achieve this a portion of
the product stream is intermittently mixed with a saturated solution at 50 °C, named
the dilution stream, when sizing is required. Depending on whether the crystaliiser is
operating in batch or continuous mode the remaining portion of the undiluted product
stream is either returned to the crystalliser after measurement of the crystal size
distribution or pumped to the primary feed vessel. The mixed product/dilution stream
- is always pumped to the primary feed vessel. Feed enters the crystalliser at a rate
equal to the combined removal flowrates of the product and condensate streams to

maintain a fixed volume.

Apart from the sizing instrumentation there are various measurement devices placed
in line to record pressure, temperature, flowrates and solution density. Inline density
meters are present in the fines loop, product loop and the dilution system. A more
accurate offline density measurement can also be taken using the density meter

component of the concentration-measuring device.

5.2.2. The auxiliary vessels

The feed is prepared in two vessels. The primary vessel operates at 50 °C. It has two
distinct zones. The outer zone contains an agitated slurry into which the dilution
stream, condensate and additional raw materials are added. Solution passes from
this zone into the central conical, settling zone. Crystal free liquor is drawn via an
overflow line from the central zone of the primary feed vessel to the secondary feed

vessel. The secondary vessel operates at about 53 °C. This elevated temperature
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ensures a crystal free solution. The secondary feed vessel provides a saturated,

crystal free solution for the feed and dilution streams.

Another vessel provides storage of the crystalliser contents between experiments. A
hot water vessel, kept at 90 °C, provides heating liquid for the heat exchanger. There
is also a luke-warm water vessel (50 °C), which supplies rinse water in case

blockages develop in the pipes.

5.3. The results and discussion

Three successful experiments were run on the 1100 litre crystalliser. Only one set of
experimental data is presented here as the publishing rights of the other two sets of
data belong to a colleague. The raw results of one of these experiments are
presented below in Figures 5-3 and 5-5.

The crystalliser was run in continuous mode at 50 °C and 100 mbar. The fines were
removed from the annular zone at 2 I/min and this stream was heated at a rate of
85 Wm™. This energy input was sufficient to dissolve the small crystals in the stream
and maintain the desired level of evaporation in the crystalliser. The feed to the
crystalliser was a saturated, crystal free potassium nitrate solution and the product
flow was 0.25 I/s. The impeller speed was set to 270 rpm and increased to 320 rpm
five hours after crystals were first detected by the Helos. All conditions were set to
mimic an ammonium sulphate ,expeciment run previously. This allowed comparability

between experiments.

550

j
|
1
— 1
£ 500 !
‘;f R A 'ﬁf. "" ~o” '\J" ':\‘\“N?\:s .,
E 450 . R rd . E w.-o,;-‘. -
E : P : : ’ -
g o~ ¢ !
S 400 |, :
: t
Rus '
] i
£ 350 :
)
t
1
300 |
0:00 1:00 2:00 3.00 4:00 5:00 6.00 7:00

time (h}

Figure 5-3: The median crystal size in the 1100 litre DTB crystalliser as measured by
the Helos laser light scattering device
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Time zero is defined as being the time that the first crystals were observed by the
Helos. It has no real experimental significance since it is definitely not the time that
crystals first appear in the crystalliser as crystals are not born at 400 um. The label is
made for convenience. The premature ending of the experiment was due to

excessive foaming in the boiling zone after about six and a half hours.

The median crystal sizes measured by the Helos are presented in Figure 5-3. Notice
the smW increase in the mean crystal size over the first three hours and then the
gradual flattening that occurs between three and five hours. Figure 5-4 shows the
median crystal sizes for a typical ammonium sulphate experiment on the 1100 litre
crystalliser. Comparing Figures 5-3 and 5-4 shows how differently the two salts
behave. Potassium nitrate reaches an equilibrium size in four hours while the crystal
size distribution in the ammonium sulphate experiment is still unstable after twenty

hours.

The oscillating median crystal size (with a regular period of oscillation — here about
seven hours) was consistently found in all the ammonium sulphate experiments on
both the 1100 litre and 22 litre scale. This is because there is not enough surface
area being continuously generated from attrition to sustain the consumption of the
supersaturation being created by evaporation. The peak of the oscillation
corresponds to a time when the supersaturation is highest because the surface area
available for growth is at a minimum. It is at this time that spontaneous nucleatibn
occurs generating a burst of nuclei and lowering the supersaturation. The drop in the
median size takes a little while because the nuclei need to grow slightly before they

make up a significant mass percentage of the total crystal distribution measured.

A probable reason for the potassium nitrate experiments not showing this trend is the
characteristically brittle nature of the salt. This means that enough surface area for
growth is provided by attrition to prevent the build up of supersaturation and thus limit

spontaneous nucleation.

Potassium nitrate also seems to establish a much smaller equilibrium crystal size of +
480 um compared with + 800 um crystals in the ammonium sulphate experiment.
This could also be attributed to the brittleness of the potassium nitrate crystals and
hence the greater degree of attrition.




The 1100 litre DTB crystalliser experiments

1100

)
-~
Q
[}
O

900
800
700
600
500 -+
400 -

300 ;
0 10 20

time (hours)

median size (microns

Figure 5-4: The results of a typical ammonium sulphate experiment in the 1100 litre
DTB crystalliser showing the development of the median size with time
- (Bermingham, 1988)

Figure 5-3 also shows the effect that the increase in impeller speed after five hours
had on the median crystal size. The decreasing crystal size is expected, as
potassium nitrate is known to be extremely brittle and thus susceptible to attrition.
Breakage will obviously increase as the number and magnitude of particie-impeller,
particle-wall and particle-particle collisicns increase. it is speculated that a new

equilibrium crystal size would have been attained if the experiment had continued.

The median crystal size may also decrease with the increased impeller speed due to
the greater crystal suspension. Since the product removal is at the bottom of the
crystalliser it would be sensitive to changes in the crystal suspension if there was a
non-uniform solids distribution. Even mixing within industrial crystallisers is known to
be difficult (Sha and Palosaari, 2000). If this were the case then the numbers of
larger crystals in the measured product would decrease when the impeller speed
increased. A step change is not observed in Figure 5-3 so the effect of the crystal

suspension is an unlikely reason for the decreasing median size.

Figure 5-5 shows the supersaturation and temperature measurements within the
crystalliser. The supersaturation was noisy during this experiment and so it was
smoothed using a moving average of 5. This smoothed line is superimposed on the

figure.




The 1100 litre DTB crystalliser experiments

At time zero the supersaturation reaches a maximum. As discussed earlier, primary
nucleation probably occurs a little before time zero. This is consistent with the
supersaturation trend, as the level of supersaturation would continue to increase until
there was sufficient surface area for growth to start using it up. Figure 5-3 suggests
that this critical surface area is reached when the crystals reach a median size of
400 pm.

The supersaturation remains consistently low, almost zero, while the crystals grow
then from about two and a half hours onwards, when the median size is stabilising
(see Figure 5-3), the supersaturation starts to climb to about 0.3%. The
supersaturation then drops back to almost zero at 5 hours with the change in impeller
speed. This could be due to the increase in the surface area available for growth and
the roughening of that surface area. Both of these factors could lead to a more rapid
use of the available supersaturation. It could also be due to better mixing throughout
the crystalliser causing a more even distribution of the crystal surface area. This
leads to greater use of the available supersaturation in the upper part of the
crystalliser where supersaturation is generated by evaporation and the probe is
situated.

& g
3 B
5 2
; ]
= 2
2 I =
E | _ g
» 3 f——r- rel. supersaturation L 49 ©
o -35 — e average 2
4 | ] temperature crystaliser - ,q ¢ E
i i . =
45 g 1 J\
5 ) ‘ —— e 148
1 0 1 2 3 4 5 6 7

experiment time (h)

Figure 5-5: The relative supersaturation and temperature within the 1100 litre DTB
crystalliser

From the results gained from the 1100 litre potassium nitrate experiments it can be
seen that further experiments on this scale will provide useful information. This new

5-7
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data is particularly beneficial because it is shows a behaviour that is very different
from the ammonium sulphate crystallisation behaviour. This difference will help in the

generalisation of the current Uniak models.
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Chapter Six

Conclusions

Accurate density-concentration-temperature and equilibrium concentration (solubility)
correlations for potassium nitrate were established using two sources of potassium

nitrate. The equilibrium solubility curve varied significantly for the different sources.

Potassium nitrate batch growth rate experiments at 50 °C in a 2 litre draft tube baffled
crystalliser had on-line measurement of the crystal size distribution, the solution
density and the solution temperature. The crystal growth rate could be caiculated
from the crystal size distributions and the supersaturation calculated using the

density-concentration-temperature and solubility correlations for potassium nitrate.

The potassium nitrate experimental resuits showed that:

1) Crystal growth from an aqueous solution at 50 °C is diffusion limited.

2) Growth rate results are reproducible.

3) The source of potassium nitrate does not significantly -affect the growth rate
constant when the appropriate solubility curve is used. This implies that impurities
in the Industick salt, especially anti-caking agent, have a negligible effect on the
growth rate.

4) The source of the water seriously alters the growth rate constant. Crystals grown
in tap water grow twice as fast as those grown in demineralised water. The
impurities in the tap water may adsorb onto the surface of the growing crystals.

5) The overall crystal growth rate constant (kg) for the potassium nitrate — water
system at 50 °C is:

49107 £ 0.1-10" ms™ for demineralised water, and
1.01-10° + 0.04-10° ms™ for tap water.
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6) All growth rates measured lie between the fastest and slowest face specific
growth rates reported in literature.

7) The two growth rate determination methods report very different results. Both the
moment and log-normal fitting methods neglect the possibility of size dependent
growth.

Large-scale crystallisation of potassium nitrate using the 1100 litre DTB crystalliser at

50 °C proved successful. It showed that:

1) A new, second model material could be successfully introduced to the crystalliser
for the first time in 13 years.

2) In-line measurement of the potassium nitrate supersaturation is possible.

3) Impeller speed has a significant effect on the particle size, as a result of the
brittleness of potassium nitrate crystals.

4) Potassium nitrate crystallisation behaviour is different to that of ammonium

sulphate in that there is no oscillation in the median size.
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Chapter Seven

Recommendations

Some suggestions for further work are given below.

Collect the mass of crystals at the end of all future two litre growth cell experiments. If
this mass is known it is then possible to check the accuracy of the value for the third
moment calculated using the Brown & Felton method.

Run a number of experiments at a constant growth rate by keeping the
supersaturation constant. This would require modification of the programme that
controls the temperature of the water bath.

Improve the method of taking crystal samples during and after the experiments. The
steep potassium nitrate solubility curve meant that many samples were ruined due to

cooling on the filter paper. Attempt warming the filter before use.

Investigate the effect that the type of nucleation has on the growth rate and growth
behaviour of the potassium nitrate crystals since it is theorised that the type of nuclei
(in terms of differing internal energies and structural defects) play a large role in the

growth of the crystal.

Investigate growth of undamaged seeds. No initial fast growth due to crystal repair
would be anticipated in an undamaged, seeded growth experiment. If none was seen
this would suggest that seed reparation does occur in seeded experiments where

damaged seeds are used.

Incorporate growth rate dispersion theory into the growth rate calculations. Both

moment modelling and log-normal curve fitting ignore GRD and cannot be used to
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calculate the growth of the crystals accurately where it occurs. Growth rate
dispersion in potassium nitrate crystals should be looked into in more detail. This

would aid growth rate modelling and thus achieve a more precise measurement of

the overall growth rate.

Continue the investigation of potassium nitrate crystallisation on the 1100 litre scale.
For a full comparison with the ammonium suiphate experiments the effect of each of
the major variables (impeller speed, heat input, residence time and fines flow rate) on
the product quality needs to be examined. Samples of the potassium nitrate crystals
should be taken from the crystalliser at various times throughout the experiment.
Crystal analysis by scanning electron microscopy and comparison with similar
pictures of ammonium sulphate under identical conditions would illustrate the relative

brittleness of the two crystal structures.

Investigate another material with very different properties e.g. an organic material in
the 1100 litre crystalliser.

Simulate the results using the gPROMS model based on ammonium sulphate
experiments. This would provide useful information on where the model needs to be

generalised in order for it to be applicable a range of materials.
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Table 1: The solubility of potassium nitrate according to literature

Temp Solubility Temp Solubility
°C) {g KNO4/100g H0) =C) {g KNO4/100g H,0)
Linke (1965) [Mullins (1993) |Gmelin (1938) Linke (1965) [Mullins (1993)|Gmelin (1938)

0 13.25 13.3 13.25 35 53.87
0 13.26 35.21 54.72
) 13.3 40 63.93 63.9 63.88
0 13.31 40 63.93
0.4 13.43 40 64.47
4 16 40 1 64.12
9.1 20.13 44 5 73.25
9.92 20.8 44 75 74.5
10 31.58 20.9 50 85.1 85.36
12.63 23.36 50 85.7
14.9 25.78 5513 97.42
16.3 27.23 59.16 107.63
18 28.03 80 109.21 110 109.86
20 31.58 31.6 31.49 60.05 111.18
20 31.58 62.5 116.5
20 32.05 68 132.77
211 32.93 70 136.97
21.5 33.52 75 153
23.82 36.64 76 156.61
25 37.93 37.57 80 168.82 169 169.04
25 37.72 87.5 195.8
25 38.16 a0 203.03
25 38.38 5166 210.2
25 38.46 98 237.6
30 45.56 458 4556 100 244.83 247 2448
30 45.77 100 246.03
30.2 46.2 1117 297.2
30.8 47 52 114 311.64
35 53.28

Correlation:

m = 13.767+0.5588v+0.0178v* (Rolfs et al., 1997)

where m is the weight of soluted KNO; per 100g of water, and v is the
temperature in °C.
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Table 2: Density measurements of Industick potassium nitrate solutions

Concentration Solubility Temp Density
(g KNO,/100g H,0) =C) (kg/l)
54.81°C 59.85 °C 54.82 °C
0.000 - 0.98723 0.98461 0.98213
53.815 34.9 - 1.22787 -
54.054 35.0 - 1.22889 -
54.054 35.0 1.23333 1.22848 1.22582
60.128 38.3 - 1.24944 -
59.8949 38.2 1.25416 1.24884 1.24636
65.125 40.9 - 1.26607 -
65.020 40.8 - 1.26578 -
65.012 40.8 1.27140 1.26550 1.26333
70.008 43.3 - 1.28182 -
70.021 43.3 1.28640 - 1.27846
74.847 45.8 - 1.29661 -
75.012 45.7 - 1.29746 -
74.965 45.6 1.30273 1.28659 1.29435
79.979 47.9 - 1.31166 -
79.734 47.8 1.31623 1.31077 1.30792
84.962 50.1 - 1.32657 -
84.996 50.1 1.33300 1.32580 1.32426
90.021 52.2 - 1.33747 -
90.034 52.2 - 1.33931 -
90.110 52.3 - 1.33894 1.33708
95.574 54.5 - 1.35451 -
94.988 54.3 - 1.35293 1.35055
102.457 57.2 - - -
101.654 56.9 - - -
102.079 571 - - 1.36792
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Table 3: Raw data for the Haifa Chemical — Demineralised water concentration

calibration curve .

Temperature: 57.5C

Temperature: 60C

Temperature: 62.5C

Conc

Density

Box Temp

Conc

Density

Box Temp

Conc

Density

Box Temp

(wt frac)

(kg/l)

(€)

(wt frac)

(kg/h)

(C)

(wt frac)

(kg/)

(C)

0.393895

1.269577

57.34963

0.393985

1.266347

59.85252

0.393985

1.265103

62.32684

0.393985

1.269217

57.35891

0.393995

1.266559

59.85302

0.393995

1.265148

62.32707

0.3939985

1.269255

57.35875

0.393995

1.266597

59.85498

0.393995

| 1.265179

62.32693

0.393885

1.269289

57.35676

0.393995

1.266631

59.85585

0.393995

1.265195

62.32688

0.393995

1.269313

57.35756

0.393995

1.266656

59.85308

0.393995

1.265213

62.32691

0.383995

1.269332

57.35869

0.393995

1.266665

59.85494

0.393995

1.265227

62.32697

0.429306

1.302001

57.35917

0.429306

1.296327

59.85257

0.429306

1.295463

62.32685

0.429306

1.302019

57.34129

0.429306

1.296356

59.85423

0.429306

1.295381

62.32694

0.429306

1.302084

57.35901

0.429306

1.296418

59.85379

0.429306

1295432

62.32702

0.4293086

1.302122

57.35914

0.429306

1.296476

59.86941

0.429308

1.295484

62.32702

0.429306

1.302176

57.35794

0.429306

1.296529

59.86824

0.429306

1.29554

62.32702

0.429306

1.302219

57.3589

0.429306

1.296571

59.85343

0.429306

1.295593

62.32693

0.458075

1.327115

57.35861

0.458075

1.324965

59.85878

0.458075

1.323234

62.3268

0.458075

1.327137

57.3466

0.458075

1.324891

59.8526

0.458075

1.323259

62.32675

0.458075

1.327176

57.35888

0.458075

1.324924

59.86325

0.458075

1.32328

62.32718

0.458075

1.327215

57.35909

0.458075

1.324934

59.86781

0.458075

1.323293

62.32707

0.458075

1.327235

57.35868

0.458075

1.324948

59.87002

0.458075

1.323307

62.32707

0.458075

1.327261

57.35819

0.458075

1.324961

58.86471

0.458075

1.323317

62.32703

0.458075

1.327281

57.35548

0.458075

1.32497

59.85616

0.458075

1.323333

62.32705

0.48793

1.356406

57.35895

0.48783

1.353782

59.86563

0.48793

1.352614

62.32703

0.48793

1.356462

57.35683

0.48793

1.353779

59.86893

0.48793

1.352365

62.32693

0.48793

1.356521

57.3444

0.48793

1.353823

59.86485

0.48793

1.352413

62.32697

0.48793

1.356586

57.35835

0.48793

1.353863

59.87048

0.48793

1.352461

62.3271

0.48793

1.356639

57 35863

0.48793

1.353899

50.87032

0.48793

+ 1.352501

62.32685

$.48793

1.356703

57.35361

0.48793

1.353943

59.86902

0.48793

1352539

62.327
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Table 4: Raw data for the Haifa Chemicals — tap water concentration calibration curve

Temperature: 57.5C

Temperature: 80C

Temperature: 62.5C

Conc

Density

Box Temp

Conc

Density

Box Temp

Conc

Density

Box Temp

(Wt%)

(kg/h)

(©)

(Wi%)

(kg/h)

(©)

{(wt%)

(kg/)

(©)

0.445667

1.316615

57.35901

0.445667

1.313466

59.85218

0.445667

1.311973

62.32586

0.445667

1.316653

57.34287

0.445667

1.313489

5985208

0.445667

1.31188

62.32688

0.445667

1.31669

57.34813

0.445667

1.313574

59.85217

0.445667

1.311807

62.32686

0.445667

1.31671

57.35022

0.445667

1.31382

59.85217

0.445667

1311919,

62.32683

0.445667

1.316741

57.34107

0.445667

1.313653

59.85219

0.445667

1.311935

62.32682

0.445667

1.316762

57.35864

0.445667

1.313621

59.85217

0.445667

1.311963

62.32668

0.455324

1.324383

57.35835

0.455324

1.322593

59.85232

0.455324

1.320654

62.32691

0.455324

1.324412

57.35857

0.455324

1.322197

59.85253

0.455324

1.320671

62.32694

0.455324

1.324452

57.35902

0.455324

1.322246

59.85238

0.455324

1.320597

62.32699

0.4565324

1.32447

57.34206

0.455324

1.322273

59.85232

0.455324

1.320619

62.32695

0.455324

1.324489

57.34185

0.455324

1.322287

59.85235

0.455324

1.320634

62.32703

0.455324

1.324502

57.35405

0.455324

1.322291

59.85234

0.455324

1.320649

62.32696

0.470173

1.338693

57.3548

0.470173

1.336939

59.85232

0.470173

1.33562

62.32694

0.470173

1.338713

57.35473

0.470173

1.336927

59.8523

0.470173

1.335543

62.32694

0.470173

1.338772

57.34172

0.470173

1.336968

59.85228

0.470173

1.335594

62.32696

0.470173

1.338814

57.35908

0470173

1.337005

59.85233

0.470173

1.335591

62.32697

0.470173

1.338838

57.35918

0.470173

1.337033

59.85241

0.470173

1.335614

62.32687

0.470173

1.33886

57.35778

0.470173

1.337053

59.85225

0.470173

1.335619

62.32697

0.48768

1.37182

50.85247

0.48768

1.369958

62.32695

0.48768

1.371515

598525

0.48768

1.369423

62.32706

0.48768

1.371563

59.85247

0.48768

1.369431

62.32688

0.48768

1.371593

59.85287

0.48768

1.369445)|

62.32699

0.48788

1.371613

59.85248

0.48768

1.369463

62.32697

0.48768

1.37161¢

59.8547

0.48768

1.368477

62.32699
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Table 5: Results of the face specific determination of the mean crystal growth

Flow rate: 16 cm/s, saturation temperature: 15 °C rate (Rolfs et al., 1997).

Face Measurements k (nm/s) n

{110} 19 65800+13500 1.494+0.04
{111} 14 23800+4700 1.25+0.04
{010} 13 135003200 1.15£0.05
{021} 10 103800£28900 1.52+0.06
{011} 3 41800+£6200 1.35+0.03
{100} 2 34500+4500 1.28+0.03
{001} 3 195200+£36100 1.60+0.03
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Appendix 3 gives the important experimental details of each of the four experiments run.

Experiment 1
Source of KNOj:

Type of water used:

initial concentration:

Mass of seeds added:

Temperature profile:

Experiment 2
Source of KNO;:

Type of water used:
initial concentration:

Mass of seeds added:

Temperature profile:

Experiment 3
Source of KNO;:

Type of water used:

Initial concentration:

Mass of seeds added:

Temperature profile:

Experiment 4
Source of KNOs:

Type of water used:
initial concentration:

Mass of seeds added:

Temperature profile:

Haifa Chemicals
Demineralised

484 wt %

1.3585g

50.1 - 49.1 °C in 2400s

Haifa Chemicals
Demineralised

46.4wt %

1.3590g

50.3 - 49.3 °C in 2400s

Industick GmbH
Demineralised

463 wt %

1.1330g

49.2 - 49.0 °C in 900s

Haifa Chemicals
Municipal tap

464 wt %

1.360g

50.1 - 49.2 °C in 2300s

Appendix 2
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Appendix 3
The impurities found in the KNO; produced
by Haifa Chemicals and Industick GmbH




Table 1: The impurities found in KNO3 produced by Haifa Chemicals and used in

Experiment 1, 2 and 4

Analysis Typical | Specification
KNO,3 % 99.8 99.7
H,O % 0.05 0.2 max
pH 8.5 6.0-8.5
Na ppm 150 300 max
Ca ppm 1 8 max
Mg ppm 4 8 max
Fe ppm 2 10 max
Cl ppm 150 300 max
Nitrites ppm 1 5 max
Insolubles ppm 150 350 max

Table 2: The impurities found in the KNO3 produced by Industick GmbH and

used in Experiment 3

Analysis Typical
KNO; % 99.5 min
N % 13.7 max
H,O % 0.2 max
sulphobetanaphtol % 0.3-0.6
NaCl ppm 600
Insolubles ppm 200
Fe ppm 10

Appendix 3
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The impurities found in the tap water
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Conc (ppm) 0 Sample 1!
a Sgﬁjplegi

Impurities

Figure 1: A bar graph of the major metal impurities found in the tap water at the
Laboratory for Process Equipment, Delft Sample 1 was taken directly after opening the
tap in the morning and Sample 2 was taken after running the water for 10 minutes

| __Element |
{ppm) {ppm}
Ag 0.20 008
Ba 0.15 0.04
Bi 0.27 017
Co Q.15 0.05
Cr .10 0.01
Ga 0.14 ¢
Mg 8.37 8.39
Mn Q.10 0.00
Ca 56.62 57 .45
Fe 0.17 0.09
B 0.45 0.15
In 0.54 0.38
Cd 0.18 0.02
Zn 0.48 0.08
Ca1l 55.55 56.18
Cu 0.47 0.08
Ni 0.18 0.01
Cd1 0.19 0.01
Pb 0.19 0.04
K 541 530
Li 0.18 0.01
Na 31.98 32.08
Sr 0.32 0.16
Tl 0.23 0.09
Al 0.23 0.55

Table 1: A full list of the metal impurities found in the tap water at the Laboratory for
Process Equipment, Delft. Sample 1 was taken directly after opening the tap in the
morning and Sample 2 was taken after running the water for 10 minutes. 0.4 ppm should
be regarded as the detection limit.
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Equilibrium solubility curve

The error in the values determined by equilibrium solubility curve, is found as follows:
Equation:

c*=-5.6589707*10°T*+1.2229757T-0.59845073

Known,
The average absolute error in the c* calibration = 0.002 wt%
Absolute error in the temperature measurement = 0.012 °c

Therefore

—_—
2

V@CP\ bl - 2 2
e. =] S e} =/(1.2229757 - 0.0056589707T)* *0.012
¢ aor

=4/127x107* =1.13x107*

Concentration measurements

The error in the concentration measurements made with the density meter and the
calibration curve is found as follows:

Equation:

C =-80181.6467 — 698.052413 p" " 4+174200.17197 -7+
—-94472 4562p-7,|2451x10“T—5.455469xm*3

Known,
The average absloute error in the ¢ calibration = 0.054 wt% (@c = 45wt%)
Absolute error in te temperature measurement = 0.012 °C
Absolute error in the density measurement = 1.10 g/cm?®

Therefore (evaluated at 50 °C and 1.3105 g/cm®)

(ocY , (oY 5
e, = ‘— ep+1—;e?,
\dp \oT

_ \/(_ 346.79 p~0 032016 +673'069/04.omrzzst-sass&;wxm* )x 0.00001 +
(__ 4575'0877—1,02026337 + 5154‘08,0—7‘]24:&!0_“T—1A05455460 I)X 00122
=V1115%107 +6.52x107 =8.74x 107

These errors are combined in the calculation of the relative supersaturation as follows:

Equation
c—c’

()' -
o
Known
The errorinc = 1.13.107%
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The errorin ¢ = 8.74-107

Therefore
2 - \2 X 2
e, :\/(60\ e’ +f?-fj e’ = ( 1,,}*7.64><10"-’ +{f;];*1.27><10*“
ac \ oc ‘ ¢ ¢
=1.92x107°

Average growth rate
The error in the average growth rate for potassium nitrate in demineralised water was

calculated as follows:

kg +ky,+ kg

fig 4

gavg 2
3

ok, Y, (oK, Y ok, |
By e[.(- +{ _ | ek‘ + Suavg 8,; )
dk, || ok, ) o ok, )

AN

ot

ekmy = \f

Definition of average relative error (a.r.e.)
The average relative error has been used as a gauge of the accuracy of correlations
fitted to raw data. it is calculated as follows:

n , -
Z:‘:l (I/z',;z;‘z!fueu‘ - I/LucmuI )

average _relative _error = T
Ziif’;ii‘i‘,’_
n
Where Vactual experimentally determined data value
Vpredicted data value predicted by the correlation




Appendix 6

Appendix 6
Raw particle size distribution and density
data for Experiments 1-4




Appendix 6

Appendix 6.1
Experiment 1




Source

Recordna Runno

M170659 SAMData Seq

Time/Date

6/17/99 222
6/17499 2:23
6/17/99 2:23
8/17/99 2:24
6/17/99 2:24
817199225
6117198 2°25
6/17/99 2 26
6/17/99 2:26
6/17/99 227
6/17/99 2.27
6/17/992.28
617499229
6/17/99 2.29
6/17/99 2 30
6/17/99 2.30
6/17/992.31
617/992 31
617/992 32
617199 2.32
6/17/99 2.33
6/17/99 2.33
617/99 234
6/17/99 2:34
6/17/99 2:35
617199 2:35
617139 236
6/17/99 2:36
6/17/99 2:37
6117499 2:37
617/99 2.38
6/17/99 2:38
6/17/59 2.39
6/17/99 2:39
8/17/99 2:40
6/17/89 2.40
617109 2741
6/17/99 2:41
817/99 2:42
6/17/99 2:42
8/17/98 2.43
6/17/99 2°44
6117199 2.44
6/17/99 2.45
6/17/99 2.45
6/17/99 2:46
6/17/99 2.46
6/17/99 2:47
617199 2.47
6/17/99 2.48
6/17/99 2.48
6/17/99 2.49
6/17/99 2:49
6/17/99 2 50
6/17/99 2:50
6/17/99 2:51
6/17/99 2'51
6/17/89 252
6/17/99 2 52
6/17/99 253
6/17/89 2.53
6/17/98 2.54
6/17/98 2:54
6117/98 2.55
6/17/99 2.55
6/17/99 2:56
17198 2:57
817199258
6/17/99 2'58
817199 2:58
6117/98 2'59
6/17/99 2:59
6/17/99 300
8/17/98 3.00
6/17/99 3.01
6/17/99 3 0t
6/17/98 302
6/17/98 302

d10

63
445

275
383
806
687
858
3907
B38
722
406
837
641
529
591
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97
876

94 8
987
1012
1034
1059
1071
1097
1125
1132
1149
1149
115
115.8
1168
177
173
16.4
n77
176
1176
1185
175
18.4
1194
1214
12186
1224
1223
1228
1232
124 4
1262
126 9
126.8
127.8
129
1293
1306
1312
1317
1323
134
1345
130.5
1345
1356
1363
1389
1346
1403
140
1404
142.7
141.9
1385
1369
1423

d50

285.5
3798
5168
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1296
1237
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1709
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1921
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2048
206.2
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2095
2088
2104
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2123
213
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2132
2131
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2162
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2181
219.4
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2202
2217
2228
2254
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2269
2275
2287
2311
2316
2322
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236
236.8
2377
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2372
2398
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2427
2432
246.1
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2466
2452
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568 3
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5837
856
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576 3
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2843
1M1

152
585.7
2872
2201
2357
246.8
2626
2724
2777
2853
2892
2958
3013
3058
3108
3134
3195
3234
3281
3322
3337
3336
33386
3367

337
3363
3355
3357
3386
3373
3387
3385

339
3412
3451
3449
3438
346.5
3437
3505
3499
3552
3511
358.8
357.7

360
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2.05
21
207
20
212
213
222
225
214
219
226
223
23t
226
239
241
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2014
4.49
27N
2838
347
723
343
59z
873
2888
17.18
322
837
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417
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337
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242
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15.67
1608
16 41
1625
18.39
1652
BT
1695
1713
1704
1732
1771
1772
16.94
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Time Density Box Temp Cry Temp Status Time Density  Box Temp Cry Temp Statu§ )
14-02:52 0.053958 5985474  56.629 Loading  cell :45{6522 11;3:«;2 222;2:5 i::g? Loading  cel
14:02:58 0.953958 59.85474  56.527 14:56:58 1.327 59, a1
14:03:10 113508 59.85091  56.367 14:57.40 1.329211 59.8343 .

57 49145
03 42 56208 145722 1327205 5983442 .
::ﬁgg;g 1132153%3 gg‘g::?agg " 56.134 Stabilising:0.0405% 145728 1326463 50.83408  49.111 Stabilising:0.0558%

o . 5 ilising:0.0507% 145740 1375446 59.83985  49.104 Stabilising:0.0354%
12323;{2} :g;z’;g ggigﬁgg sgiggl 322;1?23005@ 14:57-52 1324938 59.34088 49.1 Stabilsing0.0165%
140358 1332037 5085243 55788 145768 1324772 5884479 49,102 Stabilising0.0125%
140410 1332647 5085178 56659 145810 1324554 5084779  49.11 Stabilising 0.0067%
140472 1332303 59852 56537 Done 146522 102443 59.85088 49107 Stabilising'00039%
140428 1332207 69.85198 55453 145628 1324384 50.85238  49.107 Stabilising'0.0035%
140440 133212 5985186 55365 145840 1324325 50.85219  49.118 Stabilising 0.001%
140452 133207 5084887 55258 145852 1324289 50.85222  49.118 Stabilising.0.0012%
140458 1332053 5985243 55182 145858 1324279 5086218  ¢9.114 Stabilising 0.0008%

EAG 1 85234 55.103 14:59.10 .324264 53.85243  49.116 Measuring
eoa hpeecr “eatnd  sases 145922 1324252 $9.85171 49118
140528 1.332022 59.85188  54.94 14:59:28 1324252 59.85204  49.115
14:05:40 1.331993 59.85181 54.86 Start measurement 14:59:40 1.324244 59.85157 49,126 Start measuremernt
14:0552 1.332023 59.85186  54.804 Loading  cell 14:59:52 1.324314 5685128 49,133 Loading  cell
14.05:58 1.332576 5985197  54.764 14:58:58 1.327637 59.85039  49.126
14:06:10 1332484 59.85136 54688 150010 1.329223 58.8409¢ 49113
14:06:22 1334043 53.85232 54618 150022 1.327182 5383397  49.108
140628 1333527 5985183  54.585 Stabilising.0.0387% 15:00:28 1326435 59.83403 49103 Stavilising:0.0562%
14:05:40 1332836 59.85218  54.528 Stabilising0 0229% 15.00:40 1325468 59.83383  40.085 Siabilising:0.0313%
14.06:52 1.332486 50.85248  54.468 Measurng 15.00:52 1.324927 59.83367  48.089 Swabilising:0.0176%
14:06:58 1.332372 59.85186  54.438 15:00:58 1.324755 59.83388  49.092 Stabilising:0.0130%
14:07:10 1332206 59.85168  54.388 15:01:10 1.324505 59.8339  49.101 Stabilising:0.0075%
14:07:22 1.332133 59.85223  54.343 Done 15.01:22 1.324376 59.83381 491 Stabifising:0.0043%
14:07:28 1.332094 50.85222 54323 15:01:28 1324335 53.83411 49.1 Stabilising:0.0031%
14:07:40 1332061  59.852  54.291 15:01:40 1.324277 59.83458  49.111 Stabilising:0.0017%
14:07:52 1.332034 50.85238 84.26 15:01:52 1324237 5983435 49111 Stabilising:0.0014%
14:07:58 1.332029 5085218  54.242 15:01:58 1.324229 59.83428  49.106 Stabilising:0.0006%
140810 1332022 5885208  54.208 15:02:10 1324212 59.83695  49.111 Measuring
14:08:22 1332022 59.85214 54182 15:02:22 1.324203 59.83447 49111
14:08:28 1.332017 5985161 54165 15.02:28  1.3242 59.83507 49.11
14.08:40 133202 59.85213 54,122 Start measurement 15:02:40 1.324791 59.83518 49.119 Start measurement
14:08:52 1332007 59.85223  S4.062 Loading  cell 15.02:52 132418 58.83385  49.126 Loading ced
14.08:58 1.333189 59.85208  54.021 15:02:58 1.327037 59.83424 49119
14:09:10  1.3355 59.85114  53.925 15:0310 132917 50.83394 40109
140922 133417 5985197  53.818 15:03:22 1.327087 58.83396  49.105
14:09:28 1.333574 50.85128  53.763 Stabilising:0.0446% 15:03:28 1.326349 59.83397  49.101 Stabitising:0.0556%
14:09:40 1332896 59.85143  53.643 Stabilising:0.0220% 15:03:40 1.325406 59.83802  48.095 Stabilising:0.0299%
14:00:52 1.332525 59.84971  53.332 Measuring 1503:52 1324869 50.84242  49.092 Stabilising:0.0176%
! 14:09:88 1332417 59.85225 53473 15.03:58 1324697 59.84432  49.085 Stabilising:0 0130%
14:40:10 1332249 5985177 53353 15:04:10 1.304469 5084408 49104 Stabilising:0.0075%
: 1440:22 1332154 59.85123  53.225 Done 15:04:22 1324335 53.84959  49.105 Stabilising:0.0050%
141028 1.332121 59.85213 53162 15:04:28 132428 598524  49.109 Stabilising:0.0042%
14:10:40 1332084 5985196  53.038 15:04:40 1.324223 59.85194 49 123 Stabilising:0.0022%
14:10:52 1.332068 59.85134 52916 15:04:52 132419 50.85216  49.127 Stabilising:0.0018%
1410'58 1.332059 59.85184 52849 15:04:58 1324181 59.85208 49136 Measuring
14:11:10 1.332048 59.85209  52.72¢ 15:05:10 1324158 59.85232  49.134
14:11:22 1.332038 59.85227  52.5%4 15.05:22 1.324158 53.85238 4914
14:11:28 1.332053 59.85161 52,545 15:05:28 1324152 5885227 43.14 Done
; 141140 1.332039 59.85191 52.42% Start measuramant 150540 1.324%43 5985208 49.153 Start measurement
! 14:11.52 1.332126 5985166 52281 Loading  cell 15:05:52 1324125 59.85255  49.163 Loading cell
1 14:11:58 1334894 59.85186 52244 15:05:58 1.32713 58.85216  48.157
: 141210 1.336108 59.84992 52113 15:06:10  1.32925 59.8523 48149
1412222 1.334463 59.84744  51.991 15:06:22 1.327301 59.85243  49.148
] 14:12:28 1.333866 59.84652  51.932 Stabilising0.0447% 15:06:28 1.326557 5985205 49146 Stabilising:0.0580%
; 14:12:40 1333074 59.85208  51.614 Stabilising:0.0251% 150640  1.32557 52.85234  49.138 Stabilising:0.0280%
; 14:12:52 1.332639 59.84837  51.584 Msasuring 150652 1325056 S59.85213  49.136 Stabilising:0.0183%
; 14:12:58 1.332489 59.85188 51655 15:06:58 1324884 598524 49.14 Stabilising:0.0130%
141310 1.332285 5985194  51.583 15.07:10 1324668 S8.85219  49.147 Stabilising'0.0067%
141322 1332194 5985126  51.474 Done 15:07:22  1.32454 5985223  49.144 Stabilising:0.0042%
14:13:28 1.332151 59.85184  51.427 15:07:28 1324486 53.85173  49.144 Stabilising:0.0033%
) 14:13:40 1.332105 58.85037  51.349 15:07:40 1324445 59.85186  49.154 Stabilising:0.0017%
! 14:13:52 1.332078 52.85204  51.278 15:07:52 1324411 59.85198  49.151 Stabilising:0.0011%
: 14:13:58 1332062 59.85177 51237 15:07:58 1.324399 50.8518Z 49146 Stabilising'0.0008%
14:14:10 1332051 59.85238  51.182 150810 1.32438 53.85246 49,149 Measuring
14:14:22 1332051 59.8523  51.087 15:08:22 1.324360 5985035  49.151
14:14:28 1.332047 59.85087 5106 15:08:28 1324369 59.85243 49151
141440 1.332038 5885137 51.005 Start measurement 15:08:40 1.324368 59.85254 49181 Start measuramernt
14:14'52 1.332048 5985187 50.85 Loading  cell 15:08:52 1324434 59.85238 4817 Loading  cell
14:14:58 1.334688 592.85222  50.808 15:08:58 1327651 59.85182  49.164
141510 1.336379 5985184 50824 15.09:10 1328959 59.85193  40.154
14,1522 1334865 5984941  50.754 15:08:22 1327231 5985187 49152
141528 133393 5985197 50724 Stabilising:0.0550% 15:08:28 1326548 598521 49.15 Stabilising0.0514%
141540 1333109 59.84731 50859 Stabilising 0.0322% 15:09:40 1.325655 58.85223 49143 Stabilising.0.0288%
; 141552 1.332662 5984718 50589 Stabilising:0 0148% 15:09:52 132514 59.8523Z  49.143 Stabilising:0.0167%
3 141558 1,3325%1 598515  50.559 Stabilising:0.0113% 15:09:58 1324845 388524  49.149 Stabilising:0.0147%
: 14:16:10 1332314 5985236 50.516 Stabilising:0.0063% 15:10:10  1.32473 59.85198 49.16 Stabilising:0.0069%
: 14:16:22 1.332192 5885232 50467 Stabilising:0.0050% 15:10:22 1.324608  59.852  49.161 Stabilising:0.0037%
14:16:28 1.332168 59.85191  50.444 Measuring 15:10:28 1324563  59.8521  49.162 Stabilising.0.0035%
14:16:40 1.332105 5985227  50.403 15:10:40 1.324509 598525 49175 Stabilising 0.0017%
14:18:52 1.332079 5985198 50373 1510052 1.324473 50.85234 49 177 Stabilising.0.0014%
14:16:58 1332083 59.8521§  50.351 Done 15:10:58 1324459 5385208 49174 Stabifising:0.0011%
14:17:10 1.332061 59.85249 50.32 15:11:10 1.324448  59.8523  49.177 Measuring
: 14:17:22- 1.332055 59.8524 50293 1511:22 132444 5985227  49.178
> 14:17:28 1.332049 5985236 50.277 161128 1.324433 59.85246  49.177
14:17:40 1.332051 5985232 50.261 Start megsurement 15:11:40 1.324431 59.85236 439187 Start measurement
14:17°52 1332028 59.85245 5025 Loading  cell 15:11.52 1324434  59.8525  49.194 Loading  celt

14:17:58 1.334494  §9.85624 50234 15:11:58 1326382 53.85234 49,187
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14:20:28
14:20:40
14.20:52
14:20:58
142110
142122
14:21:28
14:21:40
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14:21:58
14:22:10
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14.22:82
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14:31:58
14:32:10
14:32:22
14:32:28
14:32:40
14:32:52
14:32:58
143210
14:33:22
14:33.28

1.335023
1,334214
1.33379%
1.333107
1332672
1.332631
1332326
1.332203
1.332168
1.332121
1.332085
1,332077
1.332074

1.33207
1.332052
1.332059
1.331907
1.334568
1.335987
1.334226
1.333568
1.332686
1.332172
1.332009
1.331814
1.331691
1.331654
1.331608
1.331872

1.33156
1.331553
1.331539
1.331638

133153
1.331528
1.333535
1.334875
1.332704
1.332067
1.331202
1.330734
1.330572
1.330367
1.330245
1.330204
1.330146

1.33012
1.330112
1.330098

1.33009
1.330089

1.33008
1.330108
1.332687

1.33368
1.331734

1,33103
1.330109
1.329558
1.329395
1.329191
1.329073
1.328027
1.328975
1.328933
1328923
1.328907
1.328802
1.328898
1.328902
1.328885
1.331388
1.332772
1330784
1.330072
1.329153
1.328655
1328492
1.328269
1.328138
1.328091
1.328047

1328018

1.32798
1.327985
1.32788
1.32796
1327976
1.32797
1.330918
1.332343
1.33043
1.32871

59.85259
59.85229
59.85246
§9.85234

5885236 -

59.85249
59.85216
59.85281
58.85488
59.85269
59.85343
59.85565

598521
59.85251
5985255

59.8527
59.85227
59.85225
59.85265
5985255
59.85266
59.85222
59.85204
59.85249
59.85277
59 85229
59.85251
52.85261
59.85258
59.85306
59.85306
59.85262
59.852388
58.85274
55.85223
59.86222

59,8524
5885214
52.85232
5885204
59.85219
59.85228
59.85202
59.85166
59.85198
50.85234
52.85216
59.85169
59.85219
5985181
59.85205
59.85223
§9.85044
59.84814
59.84181
59.83403

59.8341
59.83403
59.83403
59.83446
59.83814
5983437

59.8343
59.83871
59.83526

598372
59.84004
59.83777
59.83608
5984241
59.84515
59.84447
59.83426
59.83386
59.83482
59.83405
59.83386
59.83474
59.83682
5983468
§9.83587
59.83843
5984813
59.85017
59.85216
£9.85222
59.85219
58.8521¢9
5985208
59.85148
59.85218
5985238
59.85204

50.201
50.178
50181 Stabpilising:0.0314%
50.129 Stabilising:0.0240%
50.102 Stabilising:0.0143%
50.087 Stabilising0.0106%
50.089 Stabilising:0.0081%
50.068 Stabilising:0.0043%
50,081 Stabilising:0.0026%
50,061 Stabilising:0.0012%
50.083 Stabitising:0.0008%
50.042 Measuring
50.023
50.028
50.026 Done
50.034 Start
50.046 Loading cell
50 041
50.03
50.023
50.018 Stabilising:0.0495%
50.005 Stabilising:0.0283%
49.995 Stabilising:0.0178%
49 996 Stabilising:0.0122%
50 Stabilising:0.0065%
49,994 Stabilising 0.003%%
49.989 Stabilising:0.0028%
49.994 Stabilising:0.0019%
49988 Stabilising:0.0008%
43581 Measuring
49.977
43972
49666 Done
49.966 Start
48.967 Loading call
49,956
48835
49 919
48.908 Stabilising:0.0478%
49.889 Stabilising:0.0284%
49.875 Stabilising:C §151%
43 871 Stabilising:0.0115%
49872 Stabilising0.0065%
48 857 Stabilising:0.0040%
49.853 Stabilising:0.0031%
48 8535 Stabilising:0.0018%
49,846 Stabilising:0.0011%
49.837 Measurng
49.829
45819
49.811 Done
49 807 Start
49 806 Losding cell
49792
49769
49,753
49743 Stabilising:0.0528%
49.724 Stabilising:0.0297%
49.708 Stabilising:0.0192%
49.706 Stabilising:0.0123%
49.706 Stabilising:0.0063%
49.696 Stabilising:0.0038%
49.695 Stabilising:0.0035%
48.703 Stabilising'0.0015%
43 701 Stabilising:0.0013%
438.695 Stabilising:0.0008%
49.692 Measur:ng
49.689
49.686
49.691 Start
49,697 Loading cell
49.689
49.672
49 863
49.658 Stabiltsing:0.0515%
49.644 Stabilising:0.0287%
49636 Stabilising:0.0153%
42637 Stabilising:0.0123%
48 841 Stabilising0.0072%
|
|
|
1

49,638 Stabilising:0.0047%
49836 Stabilising 0.0035%
49.645 Stabilising:0.0016%
439644 Siabilising:0.0011%
48837 Siabilising.0.0021%
49837 Measuring
49634

49632

43838 Stant
48845 Loading  call
49633

49624

49518

49.614 Stabilising:0.0541%

measurement

measurement

measurement

measuremant

megsurement

151210
15:12:22
151228
15:12:40
15:12:52
15:12:58
1513110
151322
15,13:28
15:13:40
15:13:52
1511358
151410
15.14:22
15:14:28
15:14:40
15:14:582
15:14:58
15:18:10
15:15:22
161528
1515:40
15:15:52
151558
151610
15:16:22
1516:28
15:16.40
165:16:52
15:16:58
16:17:10
16:17:22
15:17-28
15:17:40
15:17:52
15:17:58
181810
151822
15:18:28
15:18:40
16:18:62
15:18:58
151910
15:19:22
151928
18:19:40
16:19:52
15:19,58
16:20:10
15:20:22
15:20:28
18:20:40
15:20:52
15:20:58
152110
15:21.22
15.21.28
15:21:40
152152
152158
1522110
15:22:22
15:22:28
15:22:40
15:22:52
15:22:58
152310
16:23:22
15:23:28
15:23:40
15:23:52
15:23:58
15:24:10
15:24:22
15:24:28
15:24:40
15:24:52
15:24:58
152510
15,2522

. 152528

152540
15:25:52
15:25:58
1526110
15:26:22
16:26:28
15:26:40
15.26:52
15:26:58
152710
15:27:22
15:27:28

1.329437
1.327488
1.326734
1.325822
1.326299
1325136
1.3249%
1.324769
1.324734
1.324871
1.32464
1324628
1.3248613
1.324603
1.324597
1324886
1.324593
1.327426
1325488
1327548
1.326825
1.328788
1.325294
1.328131
1324812
1.324761
1.324748
1.32469
1.324654
1.324639
1.324625
1.324617
1.324812
1.324612
13246323
1.327707
1320508
1.327544
1.326825
1,325894
1.325342
1.32518
1.324983
1.324842
1324797
1.324744
1.324707
1324695
1.324877
1224873
1324871
1.324682
1324888
1.32741
1.329528
1.327571
1.326863
1.325945
1.325432
1325265
1325042
1.324808
1.324866
1.324813
1.324781
1.324787
1.324748
1.324741
1.324744
1.32473
1.324735
1.327616
1.329649
1.327742
1.326811
1.326018
1.325518
1.325352
1325137
13250114
1.324873
1324818
1.324884
1.324874
1.324854
1.32285
1.324852
1.324848
1324853
1327984
1.329944
1.327995
1.32727

53.85209
58.85202
59.85226
58.85234
5885218
59.85234

59.8524
£9.85219
59.85204
59.85218
59.85243
59.85208
59.85222
52856243
59.85261
59.85227
5985218
59.85243
58.85241
5985197
59.85218
59.85223
59 85216
59.85261
59.85214
6985228
5985222
59.85229
59.85246
59.85198

59.8523
59.85236
59.85249
59.85257
59.85218
59.85243
59.85243
59.85186
59.85254
4385232
59.85218
59.85281
59.85223
59.85187
55.85238
58.85241
59.85232
59.85197
5385227

59.8524
55.85236
5985204
55.85258
59.85218

50,8524
5985218
59.85205
59.85225
58.85243
59.85218
59.85254
59.85238
$8.85248
52 85241
59.85227
5985222
59.85245
5885204
5985241
59.85241
59.85202
59.85209
5985222

598525

59.8523
59.85198

59.8524
59.85218
59.85232
53.85218
52.85194
5885225

59.8524
5985223
59.85229
598513
£9.85223
5985218
59.85222
5985218
55.85197
5985194
5985208

48177
49.172
49.169 Stabilising:0.0545%
49,162 Stabilising: 0.0289%
49,159 Stabilising 0.0168%
49,164 Stabilising:0.0123%
49,174 Stabiising:0.0070%
49,172 Stabulising:0.0040%
49,172 Stabilising 0.0026%
49,184 Stabilising:0.0023%
49,183 Stabilising:0.0012%
49,178 Stabilising0.0008%
49 179 Measuring
4518
49.178
49187 Start
48,186 Loading  cell
49,188
48179
48174
48,171 Stabiising:0.0543%
49 162 Stabitising:0 0304%
48.18 Stabilising:0.0164%
49,164 Stabilising:0.0123%
48175 Stabilising:0.0072%
48,174 Stabilising:0.0039%
49.176 Stabilising:0.0032%
45,188 Stabilising:0.0013%
49,189 Stabilising:0.0011%
49185
48,187 Measuring
49 186
49.184
49.195 Start
489.203 Loading celt
49,197
49187
49184
48.182 Stabilising:0.0541%
48,171 Stabilising:0.0305%
48.168 Stabilising:0.0194%
49,172 Stabilising:0.0122%
49,181 Stabilising:0.0070%
49,181 Stabilising:0.0040%
49,181 Stabilising:0.0034%
49,194 Stabilising:0.0017%
49,196 Staoilising:0.0011%
49 192 Stabilising:0.000%%
48,198 Measuring
49197
49.196
48.206 Start
49.215 Loading cell
48.208
49.198
48.193
48.19 Stabilising:0.0533%
49.18 Stabilising:0.0298%
48.179 Stabilising:0.0185%
48.185 Stabilising:0.0126%
49.196 Stabilising:0.0076%
438.196 Stabilising 0.0038%
49.196 Stabilising:0.0032%
48.21 Stabilising:0.0022%
49,208 Stabilising:0.0010%
49,206 Measuring
49.209
49.211
49.21 Done
49221 Start
49233 Loading call
49,229
49221
49.22
49218 Stabilising:0.0625%
49212 Stabilising:0.0289%
48214 Stabilising:0.0161%
49.219 Stabilising:0.0124%
48.23 Stabilising:0.0069%
49.23 Stabilising:0.0042%
49.232 Stabilising:0.0029%
49.247 Stabilising:0.0017%
49,249 Stabilising:0.0008%
49.245 Measuring
49.248
49,2583
49.252 Done
49.264 Stant
48.274 Loading cell
49,271
4928
49,255
48,254 Stabilising:0.0545%

magsurement

measurement

measurement

measurement

measurement
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14:42:22
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14:47:28
14:47:40
14:47:52
14:47:58
14:48:1C
14:48:22
14:48:28
14:48:40
14:48:52
14:48:58

1.328795
1.328247
1.328088
1.327877

132776
1327714
1.327659
1.327623
1,327609

1.82758
1.327577
1.327566
1.327573
1.327872
1.327794
1.331697
1.330083
1.329394
1.328503
1.328014

1.32788

1.32765
1.327514
1.327474
1.327418
1.327381
1,327366
1.327346
1.327333

1.32733
1.327323
1.327328
1.328355
1.331778
1.329859
1329138
1.328146
1.327643

1.32749
1.327274
1.327159
1.327108

1.32705
1.327012
1.327002
1.326987
1.326985
1.328979
1.326976
1.327032
1.329891
1.331348

1.32826
1.32883¢
1.327712
1.327178
1.326984
1.326772
1.326649
1.326606
1.326538
1.326616
1.326505
1.326493

132648
1.326477
1.326469
1.326477
1.320278

1.33088
1328784
1.328081
1.327157
1.328639
1.326466

132625
1326121
1.326074
1.326012
1.325981

1,32697
1.325982
1.325947

1.32584
1.325932
1.325923
1.328768

1.33033
1.328348
1.327635
1.326806
1.328104
1.325936

59.85202
58.85202
§8.85243

59.8525

59,8526

59,85232
5985259
59.85213
59.85241
59.85234
59.86243
59.85259
59.85219
59.85189
5985218
5988125
59.85225
59.85225
5885219
59.85218
59.85246
58.85205
5985198
59.85222
59.85236
59.85209
59.85229
59.85243

59.8524

598621
59 858225
59.85262
59.85257
59.88227
5985208
59.85238
59.85285
59.85222
59.85204
59.85222
59.85243
59.85197
59.85223
59.85241
§8.85205
5086227
59.85243
59885208
59.85202
59.85197
59.85141
5985214
59.85055
59.85073
59.85184
$8.85204
59.85243
59.85202
59.85204
59.85132
52.85216
59.85178
5984998
59.84942
59.84866
59.84749
59.84872
59.84457
59.84692
59.83399
58.83496
59.83381

59.8344
59.83664
59.84033
59.84756
59.85209
5985236
50.85209
58.85139
59.85204
59.85213
59.86213
£9.85223
59.85222
59.85243

59.8512
58.84773

59,8435
59.84362
58.84817
5985125
59.85126

48 602 Stabilising.0.0289%
48 584 Stabilising0.0161%
438 597 Stapilising:0.0120%
49 602 Stabilising:0.0068%
49.599 Stabilising:0.0041%
49.599 Stabilising:0.0027%
48,809 Stabilising:0.0018%
48.608 Stabilising:0.0011%
49602
49 603 Measuring
49.599
49 598
49.598 Start
49.802 Loading ceil
49,594
49.577
49 569
49.865 Stabilising:0 0525%
48 553 Stabrising:0 0287%
49,545 Stabilising.0.0155%
49.547 Stabilising:0.0123%
49,553 Stabilising:0.0062%
49.549 Stabilising:0.0042%
49.547 Stabilising:0.0030%
49.555 Stabilising:0.0020%
49.552 Stabilising:0.0008%
49,546 Measuring
49.543

49,54
49537 Done
49 544 Start
49 848 Loading cell
48.539
49,523
49.513
48,507 Stabilising.C.0541%
49493 Stabilising.0.0288%
49,481 Stabilising.C.01683%
49,482 Stabilising:0.0120%
48.486 Stabilising0.0076%
43479 Stabilising 0.0032%
49478 Stabilising 0.0038%
438.484 Stabilising 0.0016%
49.479 Stabilising:0.0013%
49.474 Stabilising.0,0008%
49 471 Measuring
48,485
49.481
48 482 Start
46 485 Loading  cell
45 456
48 436
48.425
45 419 Stabilising.0.0542%
485 404 Stabilising:0.0300%
49.398 Stabilising:0.0172%
49.399 Stabilising:0.0146%
49.404 Stabilising:0.0089%
49,398 Stabitising.0.0035%
49.397 Stabtlising:0.0032%
49.404 Stabilising:0.0020%

49.4 Stabilising0.0008%
49.394 Measuring
49.291
49.385

49.38 Done
43,382 Start
49.385 Loading cell
48.378
49,357
49.344
49.339 Stabilising:0.0529%
49.323 Stabilising:0.0299%
49.316 Stabilising:0.0167%
49.317 Stabilising:0.0130%
49.322 Stabilising:0.0066%
49.317 Stabilising:0.0041%
48,315 Stabilising.0.0035%
49,324 Stabilising:0.0022%
49.318 Stabilising:0.0006%
49.312 Measuring
49.309
49.306

493 Done
49.304 Start
49.307 Leading  cell
49.298

4928

4827
49284 Stabilising C.0538%
48.25 Stabilising.0.0366%
48,243 Stabilising 0.0180%
42244 Slabilising:0.0127%

maasurement

measuremeant

measurement

measurament

measurement

15:27:40
15:27:52
15.27.58
15:28:10
15:28:22
15:28:28
15:28:40
15:28:52
15:28:58
15:29:10
15:29:22
15:29:28
15:29:40
15:26:52
15:29:58
153010
15:30:22
15:30:28
15:30°40
15:30:52
15:30:58
15:31:10
15:31-22
15.31:28
15:31:40
15:31.52
15:3138
15:32:1C
15:32:22
15:32:28
16:32:40
15:32:52
15:32:38
183310
15:33.22
18:33:28
15:33:40
15:33:52
15:33:58
18:34:10
15:34:22
15:34:28
15:34:40
15:34:52
15:34:58
18:35:10
15:35:22
15:35:28
15:35:40
18:35:52
15:35:58
15:36:10
15:36:22
15:36:28
15:38:40
15:36:52
15:36:58
15:37:10
15:37:22
18:37:28
15:37:40
15:37:52
15:37:58
15:38:10
15:38:22
15.28:28
16:38:40
15:38:52
15:38:58
16:39:10
15:39:22
1539:28
15:39:46
15:39.52
15:39:58
15:40:1¢
15:40:22
15:40:28
15:40:40
16:40:52
15:40:58
15:41:10
15:41.22
15:41:28
15:41.4C
15.41.52
15:41:58
15:42:10
15:42:22
15:42:28
15:42:40
15:42:52
15:42:58

1.326322
1.325761
1.325595
1325383
1.328254
1.325214
1.325154
1.325124
1.325112
1.325092
1,325085
1.325081
1.325074
1.325076
1.327089
1.329727
1328138
1.327442
1326568

1.32608
1.325923
1.325692

1.32554
1.325492

1.32543
+.3258397
1.325384
1.325368
1325383
1.325351
1.325345
1.325333
1.325584
1330578
1.328634
1.327788
1.326887
1.3268378
1.326208
1.325981
1.325873
1.325828

1.32877
1.325738

1.32572
1.325704
1.325708
1.325698
1325685
1.325715
1.328742
1.330281
1.328541
1327818
1.326897
1.326336
1.326185
1.326966
1.325838
1.325796
1.325745
1.325707
1.325693
1.325676
1.325665
1.325666
1.325657
1.325648
1328385
1.330599
1.328636
1,327997
1,327102
1.326598
1.326434
1326218
1.326084
1.326047
1.325989
1.325958
1.325881
1.325836
1.325828
1.325921
1.326815
1.325823
1.328877
1.331032
1329142
1328428

1.32745
1.326854
1.326788

59.85213
59.85216
59.85087
59.85238
59.85216
59.85188
59.85162
59.85189
59.85227
§8.85214
59 85232
§9.85238
59.85238
59.85241
59.85223
59.85223
59 85227
59.85205
59.85205
5985202
§9.85219
5985238
5G.85218
59.85241
59.8524
59.85212
59.852
59.85268
59.8524
5985246
53.85222
5985218
59.85214
53.85218
58.85182
5985255
59.85188
58.85213
52.85177
53.84836
52.85013
58.8475
59.84443
59.8358
59.83406
59.83444
59.83394
59.83428
59.83408
59.83458
592.83396
59.8339
59.83411
59.83621
59.83587
59.8385
59.84656
59.85218
59.85245
59.85223
59.85205
59.85227
59.85232
59 85204
59.85214
59.85209
59.85216
59.85249
59.85241
59,8524
58.85243
59.85251
598523
59.85223
59.85262
59.85238
59.85219
56.85246
59.85284
59.85214
59.85228
59.8527
56.85241
59.85248
59.8521
59 882687
5985238
59.85222
5885227
59.85218
59.85254
58.85205
55.85238

49,246 Stabilising:0.0310%
49.247 Stabilising.0.0195%
49.252 Stabilising:0.0125%
49.264 Stabilising:0.0072%
49,267 Stabifising:0.0043%
49,268 Stabilising:0.0030%
49285 Stabiising:0.0020%
49,288 Stabilising 0.0013%
49.287 Measuring
49.292
49,295
49.296 Done
49.306 Starl
49.318 Loading cell
49.314
49.306
48.305
49.303 Stabilising:0.0524%
49298 Stabiltsing:0.0270%
43,298 Stabiiising.0.0187%
49,306 Stabilising 0 0126%
49.318 Stabilising:0.0072%
49,321 Stabilising0.0045%
49.323 Stabilising:0.0036%
49.338 Stabilising.0.0020%
48341 Stabilising:0.0008%
49.339 Measuring
49.343
49.348
49.345 Done
48.357 Start
49.368 Loading cell
49.363
49.353
49.351
49.348 Stabilising:0.0638%
49.341 Stabilising.0.0286%
48,338 Stabilising:0.0164%
48341 Stabilising:0.0128%
438,348 Stabilising:0.0072%
49.344 Stabilising:0.0038%
49.345 Stabilising:0.0034%
49.353 Stabilising 0.0021%
48352 Stabilising:0.0005%
49.347 Measuring
49.348
49.345
438.344 Done
49.351 Start
49.361 Loading cell
49.356
48.346
43.345
49.342 Stabilising:0.0544%
49.335 Stabilising:0.0292%
49,337 Stabilising:2.0159%
49.344 Stabilising:0.0114%
49.356 Stabilising.0.0077%
49.358 Stabilising:0.0044%
49.36 Stabilising:0.0032%
49.374 Stabilising:0.0018%
49.377 Stabilising:0.0011%
49373
49.378 Measuring
49.381
43.381
49.394 Start
49.407 Loading cell
49.403
49397
49.398
49.396 Stabilising:0.0518%
49.392 Stabilising:0.0289%
49.386 Stabifising:0.0160%
49.402 Stabilising:0.0124%
49.414 Stabilising:0.0065%
49.414 Stabilising:0.0035%
49.416 Stabilising:0.0028%
48.43 Stabilising:0.0018%
48.433 Stabilising.0.0011%
48.431 Stabilising:0.0005%
49435 Meaasuring
49.439
48.439
49.449 Start
48.461 Loading cell
49.455
43,447
49 444
49.441 Stabilising:0.0538%
49.433 Stabilising:0.0281%
49.434 Stabilising:0.0158%
48.438 Stabilising:2.0120%

measuremarnt

measurament

measuremsnt

measurament

measurement



144910
14:48:22
14:48:28
14:49:40
14:48:52
14:46:58
14:50:10
14:50:22
14:50:28
14:50:40
14:50:52
14:50:58
14:5110
14:51:22
14:51:28
14:51:40
14:51:52
14:51:58
14:62:10
14:52:22
14:52:28
14:52:40
14:52:52
14:52:58
14:53:10
14:63:22
14:53:28
14:53:40
14:53.52
14:53:58
14:54:10
14:54:22
14:54:28
14:54:40
14:54:52
14.54:58
14:55:10
14:55:22
14:65.28
14:85:40
14:55:52
14:55.58
14:56:10
14:56:22
14:56.28
14:56:40

1.325721

1.32859
1.325562
1.325492
1.325458
1.325449

1.32543
1.325426

1.32542
1.325415
1.325421
1.328503
1.329888
1.327858
1.327127
1.3261682
1.325627

1.32545
1.325207
1326082
1325038
1.324974
1.324937
1.324929
1.324M5
1.324906
1.324904
1.324901
1.324898
1327842
1.328517
1.327392
1.326678
1.325727
1.325202
1.325031
1.324803

1.32467
1.324618
1.324563
1.324532
1.324522

1.32451
1.324503
1.324485
1.324479

59.85197
53.85234
52.85048
59.85202

58.85225.

53 85024

59.8512
59.84881
5984618
59.83874
59.83406
59.83401

59.8342
59.83348
5883417
59.83406
58.83417
59 83399
59.83473
58.83455
53.83612
59.83419
59 83451
59.83437
59.83956
59.84048
59.84235

59.8423

59,8419
58.84614
55.83369

59.8339
59.83414

59.8342
58.63478
59.83438
59.83457
£5.83462
53.83426
59.83414
58.83385
58.83406
59.83403
59.83394

59.8341
59.83424

49,248 Slabilising.0.0071%
49,242 $tabilising:0.0042%
48,241 Stabilising 0.0028%
48248 Stabilising. 0.0020%
49.243 Stabilising 0.0013%
49.238 Stabuising:0 0007%
49232 Measuring
49,228

49,223

49225 Start

48 227 Loading celt
48,218

43201

49.191

49 186 Stabilising:0.0548%
49.172 Stabilising:0.0313%
49 165 Stabilising:0.0176%
49.166 Stapilising0.0133%
48 172 Stabilising:0.0071%
49 157 Stabilising:0.0038%
439,167 Stabilising:0.0033%
49,173 Stabilising:0.0019%
48 171 Stabilising0.0011%
491686 Stabilising:0.0066%
43,164 Measuring
49.162

49,159

49.185 Start
49,173 Loading  cell
48.1685

481581

45143

43,138 Suabilising:0.0537%
49.129 Stapilising:0.0310%
49.123 Stabilising:0.0172%
49,125 Stabilising:0.0129%
48.131 Stabilising:0.0076%
49128 Stabilising:0.0047%
48128 Stabilising:0.0041%
49.138 $tabilising:0.0018%
48,135 Stabilising:0.0013%
49,129 Stabilising.0.0008%
45.127 Measuring
49,126

48124

48.131 Start

measurement

measursmant

measurement

15:43:10
15:43:22
15.43:28
15:43:40
15:432:52
15:43:58
154410
15:44:22
154428
15:44:40
15:44:52
15:44:58
154510
154521
15:45:28
154540
15:48:52
15:45.58
154610
154622
1545 28
15:46:39
15:48:52
15:46:58
15:47:09
15:47:22
15:47-27
15:47:40
15:47:51
164757
154810
15:48:21
154827
15:48:40
15:48:51
15:48:57
15:48:09
15:49:21
15:49:28
15.48:39
15:49:51
15:48:57
16:50:09
18:50:21
15:50:27
15:50:39

1.326581
1.326458
1.326414
1.3263585
1.3268325
1.326313
1326304
1.326291
1.326287
1.326279

1.32637

1.32955
1.331128
1.329208
1328508
1.327608
1327083
1.326882
1.326681
1.326564
1.326523
1.326471
1326432
1.326419
1.326404
1.326353
1.326391
1.326389
1.325383
1329173
1.331138

1.32916
1.328464
1327587
1.327078
1326613
1.326701
1326873
1328521
1.326459
1.326434
1.326427
1.326412
1.326402
1.326402
1.326393

59.85214
53.85266
5985225
59.85222
59.85234
59.85234
5985259
5885255
5985257
59.85245
59.85228
59.85241
53.85182
52.85184
$9.85225
59.85194
59.85236
59.85225

598621
5885262
£8.85202
59.85227
$59.85282
5985229

58.8525
59.85223

59.8523
59.85372
59 85251
59.85188
59.85173
5385234
59.86229
59.85223
53.85257
59.8525%
£5.85249
5685218
58852589
59.85249

59.8524
59.85238
59.85238
5885227
59.85295

59.8523

49,448 Stabilising.0.0070%

49.447 Stabiiising:0.0040%
49,447 Stabilising:0.0033%
49.459 Siabilising0.0017%

49,461 Stabilising:0.0010%

43.457 Measuring

49455

49.457

49.455 Done

49.463 Start

49471 Loading cell
49,465

49.452

49.446

49.442 Stabilising.0.0528%
49.432 Stabilising.0.0292%
48.433 Siabilising.0.0163%

48.437 Siabilising 0,0144%

48,447 Stabilising: 0.0070%
49 445 Stabilising:0.0044%
49 446 Stabilising 0.0031%
49,458 Stabilising:0.0015%
49 459 Stabilising:0.0014%
439.455 Stabilising.0.0010%

49.456 Maasuring
49.457

49 455

49,484 Slart

48.471 Loading  calt

49 464

49.451

49,443

49.438 Stabilising:0.0523%
49.425 Stabilising'0.0280%
49,421 Stabilising'0.0164%
49.423 Stabilising:0.0123%
48.43 Stabilising:0.0071%
49.427 Stabiiising:0.0044%
49.427 Stabilising:0.0039%
49,438 Stabifising:0.0020%
49 436 Siabiiising:.0.0012%

43.432 Stabilising:0.0005%

45.432 Measuring

49,429

49.428

49.435 Start

measurgment

measurement

measurament



Appendix 6

Appendix 6.2
Experiment 2
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192 6116299 2. 26PM
193 6/16/99 226FW
184 §16/99 T27PM
195 6/16/99 2:20PM
196 GI1699 2Z8PM
197 S16/99 226PM
198 6/1609 2.20PM
199 8/18/99 230PM
A0 BABLS 230PM
207 6/16/99 2:31P}
200 81899 31PN
203 81883 232PM
204 BNBMES 2:32PM
205 &/16/98 20PM
208 811580 23IPM
AT HIBVG 234PM
W8 81699 2T34PM
09 £116/96 235PM
210 81888 2:35PM
711 811888 2:36PM
212 816799 235PM
213 S/18/99 2ITPM
214 G698 2.37PM
215 6116199 2:38PM
25 1899 ZISPM
217 1699 2I9PM
218 @/18/98 239PM
218 /1699 2:40PM
220 G169 240PM
221 GNGB9 24PN
222 61BMOY 242PN
L3 GGG 242PM
224 BNESDY 2,43PM
228 GNEMY 243PM
248 B89 2.44FM
217 GNEYY 244RM
228 G/1GM0 2:45PM
225 BH6/99 245PM
230 6116/29 2:46PM
231 GHEDY 2:46PM
T32 GHE/Y 2:4TPM
233 G698 2:47PM
234 G/16/99 2:48PM
235 8/16/99 2,48PM
236 B/16/99 2.49PM
23T GNBO8 243PM
238 8/18/99 2:50PM
A9 61899 TOPK
240 BNEOY 25PM
241 BHE9G 251PM
242 G1509 252
243 G163 TS2PM
244 BB TI3PM
43 616199 2:53PM
246 SI16/33 2:54PM
247 8165 254PM
248 H16/0 233FM
249 811599 2 86PN
280 1599 256PM
251 /1698 25PN
282 Sh1GE 2ETPM
283 S1596 2:88M
264 SIEOB 2580
256 SG95 290PK
256 BrE99 250PM
287 SNBH8 IWPM
258 811898 300PM
258 G693 T0VPM
260 61898 3:01PM
281 1684 00PN
262 SRS IVIPM
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263 §16/99 JNIPK
264 G16/99 IGIPM
265 616799 JD4PM
268 616293 3.04PM
207 811688 J0SPM
268 B/16/99 J05PM
29 61686 J08PM
0 B3 T06PM
27 AHBA5 30TPM
272 SHEOS 3ATPM
273 615298 308PM
274 6HE08 300PM
275 61599 309PM
278 BB L10PM
277 6M6/99 310PM
278 6116195 111PM
279 S1689 311K
200 611699 11IPM
WY SHBNG ITEM
w7 RS 313PM
253 11609 313PM
284 S48 214PM
85 S/1699 314PM
286 &IE99 T1GPM
287 1629 315PM
285 61699 1 16PM
289 BHGMY F16PM
230 SMEMS 3ITPM
291 61639 37PN
292 619 318PM
293 61899 318PM
204 G16/99 3118PM
295 GHE/9S 3:18PM
296 61699 3.20PM
47 G698 320PM
268 61693 1 21PM
299 81859 3 21PM
300 81669 322PM
301 BAE98 J2IPM
202 G609 3.20PM
303 S6/99 3124PM
304 616/ 3:24PM
305 61699 J25PM
306 6/16/09 3.2BPM
307 61698 J.28PM
303 61688 3:28PM
309 G689 37PM
10 816209 T27AM
311 61800 328PM
312 @16/98 228PM
F1F E1EDE 3200M
314 SNEE0 326PM
315 §/18/89 3:30PM
316 G699 10PM
FUY BER 331PM
318 81600 12PN
319 61689 3PN
320 61659 33PN
321 81659 3.33PM
322 G695 I3IPM
323 B116/88 3.34PM
324 6416798 3:35PM
226 611608 3:35PM
328 811559 3.367M
J&7 669 3I6PM
328 81699 JITPM
328 GHADY 33TPM
330 §1699 JIBPM
331 /1699 338PM
332 6/18199 30PN
333 611699 3:40PM
334 61899 341PM
335 516096 3.41PM
336 §/16%08 T42PM
A3 616/8 3:47PM
338 61699 143PM
339 815/99 343PM
340 516099 3 44PM
341 G168 345PM
342 B/1699 345PM
343 81699 3.48PM
342 GAGY 3 45PN
345 BM16/94 34TPM
346 GI1GTR J4TPM
347 611698 3:48PM
348 6/18/98 3:48PM
345 8116190 3:49PM
360 616/98 3:43PM
381 41809 3:50PK
352 6/45/998 3:50PM
353 81600 3:51PM
384 5HBA 351PM
355 61699 3:52PM
358 6/15/99 352PM
357 £/16/89 3:53PM
358 6/18/99 3 53PM
359 S/16M8 3 84PM
360 61699 3 H4PM
361 G168 I ESPM
362 G/1ETY TEIPM
383 8/16/90 3BEPM
384 B/18/89 356FM
365 61699 35TPM
366 &/18/05 35TPM
387 @1809 3:58PM
388 81899 3 58PM
389 B16/90 3:50PM
370 BABI99 400PM
37t B/1699 400PM
372 BIEI98 €01PR
373 GNERE 40P
374 LD L0PM
375 @18/89 402PM
376 811898 403PM
377 S115/8G 403PM
378 BIGI98 4P
379 S1/98 4.04FM
380 811598 L.05PM
J4t SNEOB4USPM
382 61608 406PM
363 61699 4 06PM
384 BB A OTPM
385 G608 4.07P0
356 1698 4.09PM
387 SIERG 40EPM
388 WABSS $05PM
385 SHE/98 4 UOPM
359G E1EST L10PM
3691 SI1809 £10PM
382 81899 £11PM

1581

167 4
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172.7
1748
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1754
ki ras
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1705
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14.7
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087
a7
o2-13

085
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242
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27
221
216
215

218
127
2c8
183
183
208
189

13

53

503
502
484

46
458
465
463

341

17.89
1785
1705
1683
1687
1685
185
1543
1582
1574
1542
15.41
5.2
1521
1451
14.53
14.19
14.28
1421
138
1326
133
1328
13.09
13.38
1288
1273
1245
1239
1381
128
1259
121
1208
1258
124
1245
1132
2.2
1208
1205
12.02
1218
12,18
12.22
1205
1227
1223
1214
1204
12,09
1191
1241
1221
12.33
1186
1219
1188
1148
1235
1203
11.67
121
123
12.4
12,36
1208
1384
121

1185
1174
1208
17 39
122
237
1258

1305

1685

1653
16 3%
1B
698
1458
hL-Je

21‘46

283

2257

2ese

2254
W37
22.39
273
2271
22351
2246
2266
22t
22.59
25
2282
22.27
228
287
22538
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PR

peyrs
279

pz2]
.48

343

1874

1888
87
1932
1951
1837
1938
1964
15.68
1988

98
1973
199
1995

paps]
1986
1982
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1197
23
1272

1273
1298
121
1308
1366
1382
36
1388
1217
i
14,58
1473
804
1495
18
1538
1567
w7
1583

1579
1651
1631
16 64
16 59
167
1637
164
183
188
1643
1862
1659
170
18483
183
18.98
gz
843
1535
83
189
168
WiT

7o
1§84
1708
1568
168
8.7
¥7.23
1882
1721
17.45
1696

1729
1701
887
1678
18.72
1702
1728
18.95
1699
17.33
1734
1708
1683
16.83
16 83
1§53
8z
1619
1§77
153
150
1473
1449
1433
1418
13.84
1336
1322
1327
1291
1275
1302
n
1252
1233
12198
1158
122
1483
1184
15458
1178
1148
114
1"
1196
w2
202
1208

189
1228

128

123
1253
1758
204
1309
1327
1307
1327
1326
1362
13.68
1308
3N
1339
1368
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Time
14:21:00
1421:12
142124
14:21:30
14:21:42
14:21:54
14:22:00
14:22:12
14:22:24
14:22:30
14:22:42
14:22:54
14:23.:00
14:2312
14:23:24
142330
14:23:42
14:23:54
14:24:00
14:24:12
14:24:24
14:24:30
14:24:42
14:24:54
14:25.00
14:25:12
14:25:24
14:25:30
14:25:42
14:25:54
14:26:00
14:26:12
14:26:24
14:28:30
14:26:42
14:28:54
14:27:00
14:27:12
14:127:24
1427:30
14:27:42
14:27:54
14:28:00
14:28:12
14:28:24
14:28:30
14:28:42
14:28:54
14:29:.00
14:29:12
14:29:24
14:26:30
14:29:42
14:29:54
14:30:00
14:30:12
14:30:24
14:30:30
14:30:42
14:30:54
14,3100
143112
14:31:24
14:31.30
14:31.42
14:31:54
14:32:00
14:32:12
14:32:24
14:32:30
14:32:42
14:32:54
14:33.00
14:33:12
14:33:24
14:33:30
14:33:42
14:33:54
14:34:00
143412
14:34:24
14:34'30
14:34.42
14:34:54
14:35:.00
14:35:12
14:35:24
14:35:3C
14:35:42
14:35:54
14:36:00
14:3612

Density
1.332517
1.332507
1.332504
1.332506
1.334993

1.33663
1.335876
1.334399

1,33358
1.333317
1.332977
1.332768
1.332711
1.332631
1.332579
1332564
1332882
1.332529
1.332531

1.33252
1.332817
1.332509
1.334986
1.336742
1.335854
1.334443
13335857
1.333308

1,33297
1.332787
1.332721
1.332634
1.332878
1.332564
1.332542
1.332533
1.332527
1.332523
1.332514

1.33252

1.3346
1.336455
1.335573
1,334118
1.333329
1.333074
1.332739
1.332544
1.332471
1.332392
1.332339
1.332328
1.332301
1.332303
1.332293
1.332284
1.332274
1332273
1333822
1.335962
1.335254
1.333764
1.332949
1.332653
1.332321
1.332137
1.332077
1.332002
1.331948
1.331931
1.3231908
1.331897
1.331888
1.331884
1.331878
1.331883
1332377
1.335672

1.33469
1.333234
1.332434

1.33218
1.331852
1.331655
1.331593
1.331498
1.331452
1.331429
1.331409
1.331401
1.3313%4
1.331386

fox Temp Cry Temp Status

59.87051
59.87071
68.87067

§9.87085

58.87067
59.87037

58.8708
59.87105
59.87089
59.87083
58.87119
£9.87067
59.87037
63.87076

539.8708
59.87065
59.87035
58.87053
59.87049
5987105
£9.67078
59.87057
£9.87078

59.8704
58.87031
59.87085
59.87062

59.8706
£8.87098
59.87082
58.87146
5987086
5987074
58.87133
58.87082
59.87121%
59.87058
59.87132
59.87051
56.87089
59.87074
£9.87083
59.87098
59.87062
59.87069
59.87068
5987054
£9.87082
59 87045

£9.8706
5887074
5987045
59.87112
59.87112
58.87051
59.87316
59.87203
59.87228
59.87085
59.87078
§9.87048
58.87053
59.87073

£9.8708
59.87048
52.87082
58587048
59.87109
59.87054
59.87078
52.87031
58.87123
58.87171
58.87048
59.87329
5987178
59.87074
59.87039
59.87101

§9.8708
59.87049
52.87051
5287067
5987096

58.8711
59.87067
59.87118

59.8709
59.87153
59.87042
59.87049
59 87085

50.363
50.345
50.344
50.348
50.334
50.316

50.31

Cone

Start
Leading

measurement
cell

50.299 Stabilising:0.0465%

50.279
80.273
50275
50.284
50.281
50.276
50.283

5028
50.283
50.287
50.287
50.279
50285
50.293
50.287
50273
50.271
50.261
50.2489
50.244
50.248
5§0.249
50.248

50.28
50.266
50.271
50.269
50.274
50,276
50.268
50.277
50.282
50.275
502682
50.258

Measuring

Done

Start
Loading

Stabilising:

Measuring

Done

Start
Loading

measurement
cell

0.0477%

measurement
cefl

50,247 Stabilising:0.0463%

50.234
50.229
50.231
5024
50.236
50.22%
50237
50.238
50.231
50.231
50.229
50.217
50.22
50.225
50.214
50.2
50194
50184
50.168
50.181
50.165
50.175
50.17
50163
50174
50.174
50188
50.169
50.169
50.159
50.163
50.167
50,158
50.142
50138

Measuring

Dane

Start
Loading

measuremant
celt

Stabilising:0.0474%

Measuring

Done

Start
Loading

measurament
cell

50.128 Stabiiising:0.0461%

50113
£0.108

Measuring

Done

Time

15:12:41

15:12:53
15:12:59
151311

15:13:23
151328
15:13:41
15:13:53
151359
151411

15:14:23
15:14:28
15:14:41
15:14:53
15:14:59
151511
151523
1515628
15:15.4%
15:15:53
15:15:58
151611
15:16:23
151629
15:18:41
15:16.53
18:18:59
1851711
15:17:23
15:17:28
18:17:81
15:17:53
16:17:58
181811
151823
151829
1518:41

15:18:83
15:18:53
15:19:11

15:19:23
15.18:28
151941

151853
15:19:59
15.20:11

15:20:23
15:20:28
15:20:41

15:20:53
15:20:59
15:21:11

1521.23
15:21:29
15:21:41

16:21:53
15:21:52
18:22:11

15:22:28
15:22:2%
15:22:41

15:22:53
15.22:59
152311

16:23:23
15:23:29
152341

152353
15:23:59
15:24:11

15:24:23
15:24:29
15.24:41

182452
15.24:58
152811

152523
152528
15:25:41

15:25:53
152558
15:26:11

15:26:23
15:26:28
152641

16:26:53
15:26.5¢
15:27:11

15:27:23
15:27:28
15:27:41

15:27:83

Density

1.32833
1.330233
1.329275
1.327725
1.326881
1.326604
1.328242
1.326022
1.325865
1.325869
1.325818
1.328801
1.328777
1.325782
1.325752
1.325747
1.325745

1.32575
1.328263
1.330146
1.329275
1.327602
1.326771
1.326498
1.326145
1.325845
1.328885
1.325796
1.325738

1.32872
1.325688
1.325679
1.328676
1.325664
1.325657
1.325658
1.328468
1320143
1.329211
1.327636
1.326764

1.32649
1.326098
1.325898
1.325831
1.325748
1.325699
1.325674
1325653
1.328637
1.325636
1.325631
1.325622
1.325622
1.328181
1.330148
1.329178
1.327609
1.326742
1.326466
1.326108
1.326887
1.325828
1.325734
1.328678
1.3256839

1.32564
1.325623

1.32561
1.325616
1.325614
1.325608
1.3283584
1330142
1.329249
1.327633
1.326706
1.326427

132608
1325873
1.325803
1.325725
1.325659
1.325648
1.325613
1.325619
1.325607
1.325593

132858
1.325685
1.328509
1.330032

59.87037
59.87042
59.87069
59.87065
59.87063
59.87074
59.87074

598709
53.87067
53.87081
5987078
59.87062
59.87073
59.87074
59.87076
5987086
53.87042
58.87051
5987072
59.87078
59.87092
59.87029

59.8706

59,8708
58.87074
59.87062

59.8708
59.87038
53.87184
58.87092
59.87112
59.87081
58.87092

55.8708
59.87074
59.87049
59.87067

59.8708
59.87083
59.87083
59.87062
59.87101
59.87085
59.87078
5287078
59.87123
59.87078
53.87098
59.87121
59.87074
59.87086
5387083
5987157
59.87067

59.8708
58.87044
59.87063
59.87037
59.87051
59.87083
5987071
53.870%6

50,8708
$9.87042
59.87076
5987074
59.87078
59.87088
5987083
5§9.87088

59.8708
53.87051
59.87078
59.87062
59.87038
58.87051
53.87117

$9.8708
59.87088
59.87069
59.87053
59.87083
59.87067
59.87082
59.87088
59 87031
59.8703¢
59.87042
59.87082
53.87089
59.87065
59.87049

8ox Temp Cry Temp Status

49,336 Loading  cel
49,324
49.322
49.316 Stabilising:0.0493%
49 308 Measuring
483
43.308
48.315 Done
49.315
49.311
49,323
49.325
49318
49.328
49.325
49.318
49.327
49,333 Start measurement
49.326 loading csll
49.315
49.313
48.305 Stabifising:0.0670%
49,285 Measuring
49,293
49.3
43.31 Done
43.308
49,304
49.317
49.22
49313
49.319
48.321
49.314
49.323
49.33 Start measurement
49.322 Loading  call
49.311
49.31
49.306 Stabilising:0.0504%
48,293 Measuring
49,281
49.285
49.311 Done
49.31
48,305
49318
48.32
44,313
49.319
49.321
49.312
49.321
49.329 Start medsurement
49.319 Loading call
49.308
49.307
49.3 Stabilising:0.0501%
49.29 Measuring
49.286
49205
49.306 Done
49.308
49.3
49.313
48.318
49308
49314
49.314
498.308
49,317
49324 Start measurement
49.317 Loading cell
45,306
49.304
48.3 Stabilising:0.0516%
48.29 Measuring
49,287
49.296
49.308 Done
48,305
42.302
48.315
43318
48.312
43.318
49.32
49.314
49.322
49.33 Start measurement
49,322 Loading cell
49.312



14:36:24  1.33138 5887118 50.1 ) 16:27:59 1.3292 £9.87042 49.311

14:36:30 1.331384 50.87096  S50.105 Start measurement 152811 1.327635 5987085  48.306 Stabalisi\ng:&&%é‘%
14:36:47 1.333852 89.87124 50.091 Loading cell 15:28:23 1.32678 59.871 49.295 Measuring
143556 1335238 5087085  50.076 45:28:29 1326488 58.87051 49292
153700 1334338 5987071  50.07 15:28:41 1.326099 59.87048 49.3
14:37:12 1.332839 588704  50.058 Stabilising 0.0475% 15:28:53 1325894 59.87042  49.311 Dore
14:37°24 1.332013 5987067  50.042 Measuring 15:28:53 1325832 59.87078 49309
14:37-30 1331746 59.87083 50039 15:29:11 1325742 59.87086 49,304
14:37:42 1331375 59871  50.009 1529:23 1325698 59.87078  49.3185
14:37:54 1.331186 59.87137  50.048 Done 15:29:29 1325674 5987076  49.318
: 14:38:00 1.331131 5987057  50.046 152941 1323642 59.87048  49.311
| 143812 1.331034 5387086  50.033 15:29:53 1325639 52.87033  49.318
H 14:38:24 1.330087 59.87069 50.0472 152959 1325633 5987078 42318
14:38:30 1.330975 59.8706  50.044 15:30:11 1325632 50.8708  49.311
14:38:42 1.330853 59.87051 50035 15:30:23  1.325624 59.87221 49.32
1438:54 1330044 5087108  50.037 15:30:20 1.325621 58.87092  48.328 Start maasurement
i 14:33:00 1.330931 5987086 50035 153111 1.328455 5387053 49291 Loading  ceil
143912 1.330023 5987123 50024 15:31:23 1330534 59.87069 49282
; 143924 1330926 5987089  50.031 15:31:29 13308 $9.87089  49.284
: 14:30:30 1.330925 5887087 50.037 Start measurement 153141 1330811 58.87031 49,297
: 14:39:42 1332868 5387085  50.024 Loading  ceit 153153 1.328546 59.87042 49314 Stabilising0.0679%
: 14:39:54 1.334791 58.87033 50.009 15:31:59 1.327775 5987078 49.318 Stabilising:0.0580%
14:40:00 1333986 59.87024 50.004 18:32:11 1.326696 59.87087 49.317 Stabilising:0.0309%
14:40:12 1.33232% 5987053 48.995 Statulisirg:0.0475% 15:32:23 1326154 59.87045 49.327 Stabilising:0.0232%
14:40:24 1.331514 5887071 43.978 Measunng 15:32:29 1.325984 5987076  49.329 Siabilising0 0128%
14:40:30 1.331254 59.87071 49,975 15:32:41 1325742 53.87112 49.321 Stabilising:0.0078%
14:40:42 1.330918 59.87085 49.979 15:32:53 1.325597 59.8703% 49.328 Stabilising:0.0063%
14:40:54 1.330718 59.87062 49.988 Done 15:32:58 1328555 59.87073 49.336 Stabilising:0.0032%
14:41:00 1330851 §8.87037 43,983 1533011 1.325489 59.87051 49,331 Stabilising0.0025%
14:41:12 1,330562 59.87078 49.976 15:33:23 1325457 59.87081 49,337 Stabilising:0.0016%
14;41:24 1.330802 59.87073 49987 15:33:29 1.325456 59.87074 48.344 Measuring
14:41:30 1.330488 59.87151 48987 15:33:41  1.325431 56871 49.344
14:41:42 1.330458 59.87065 458978 18.33:53 1325424 58.8708 49.351
144154 1330442 5987053 49.978 15:33:58 1.325418 58.87094 49,381 Start measuregment
14:42:00 1.33044 5587044 49977 15:34:11  1.325742 69.87054 49371 Loading cell
14:42:12 1.330433 5987081 49.965 15:34:23 1329507 59.87053 49.367
14:42:24 1330424 59.87069  49.968 15:34.2% 1330086 59.87044 49.366
14:42:30  1.330423 59.870%1 49.973 Stant measurement 15:34:41 1.328314 59.8708% 49.37
14:42:42 1.331025 59.87094 49962 Loading csil 15:34:53 1.327224 53.87058 4937 Stabilising:0.0473%
14:42:54 1.334322 59.87049 49.945 15:34:59 1.326885 558704 49.37 Stabilising:0.0255%
14:43:00 1.333439 5987042 49.94 15:35:11 1.328448 59.87067 48.38 Stabilising.0.0140%
14:43:112 1.331926 59.87074 49.928 Stabilising:0.0476% 15:35:23 1.326182 59.871 48,403 Stabilising:0.0110%
14:43:24 1.331088 53.87074 49.915 Measuring 15:35:28 1.3281 58.870%6 49.411 Stabitising:0.0069%
14:43:30 1330835 59.87084 45.808 18:35.41 1325986 59.87074 48.415 Stabilising:0.0044%
14:43:42 1.330455 59.87081 49,911 153553 1.325018 5987115 45.433 Stabilising:0.0033%
14:43:54 1.330269 59.87067 48.818 Done 15:35:59 1.325894 59.87044 49.444 Stabilising:0.0018%
14:44:00 1.33021 59.87083 49,912 15:36:11 1.325866 59.87049 49.451 Stabilising.0.0007%
14:44:12 1330124 58.87105 4%.902 15:36:23 1.325844 59.87074 49.454 Measuring
14:44:24 1330074 5387t 49.91t 15:36:29 1.32582% 59.8711 49.472
14:44:30 1.330061 5987098 49.908 15:36:41  1.325822 59.87083 43.479
14:44:42 1.330032 59.87144 49.397 15:36:53 1.325816 59.87089 48.491 Done
14:44:54  1.33002 5887058  49.898 15:36:59 1.325813 59.87133  49.504 Start measurement
14:45:00 1330012 59.87123  49.898 153711 1.324361 58.87101 49.517 Loading cell
14:45:12 1.330003 59.87073  49.888 15:37:23 1330896 53.87078  49.515
; 14:45:24 1330007 59.8708%  49.8%1 15:37:29 1.330832 59.87065 48.516
H 14:45:30 1.330008 59.87085 49.894 Start measurement 15:37:41 1329145 5387094 48.52
14:45:42 1.332277 5987083 49883 Loading «cell 15:37:53 1.328 59.87071 49.52 Stabilising:0.0528%
14:45:54 1333877 £8.87063 49.87 15:37:59 1.327675 59.87088 49.52 Stabilising:0.0245%
14:46:00 133303 5887076 49884 15:38:11 1.327236 59.87103 49,531 Stabilising:0.0136%
' 14:46:12  1.33138 59.87086 40.854 Stabilising:0.0468% 15:38:23 1326984 59.87092 49.553 Stabilising:0.0107%
) 14:48:24 1.330554 59.870%8 49,838 Measuring 18:38:29 1.3268807 59.87184 49.561 Stabilising:0.0058%
| 14:46:30 1.330295 59.87106 49.833 15:38:41 1.326781 5987074 49,564 Stabilising:0.0035%
i 14.46:42 1.329952 58.870%8 49.836 15:38:53 1.326721 59.87086 49,58 Stabilising:0.0030%
! 14:46:54 1329752 58.87087 49.843 Done 15:38:58 1.326694 $9.87058 49,394 Stabilising:0 0020%
! 14:47:00 1329681 5987092 49.835 1538111 1.328677 59.87084 49,599 Stabilising:0.0012%
14:47:12 1.320595 5987033 48,528 18:39:23 1326656 59.87058 48.608 Measuring
14:47:24 1329547 59.8709 49,837 15:39:28 1.326653 5387082 49616
14.47.30 1.329533 §59.87063 43.837 15:38:41 1.326643 59.87083 48622
14:47:42 1.329512 59.87065 49,827 15:39:53 1326834 5987184 49.832 Done
14:.47:54 1.329503 59.87105 49826 15:39:59 1.32663% 59.87076 485843 Start measurement
14:48:00 1329492 53.87069 48.825 15:40:11 1327422 5987198 49.655 Loading  cett
14:48:12 1.329488 59.87085 49.814 16:40:23 1.331823 59.87069 49,648
14:48:24 1329481 58.87083 48818 1540:2¢ 1331804 5087062 49.648
144830 1320479 59.87098 49.822 Start measurement 15:40:141 1.330009 39.87074 49.652
14:48:42 1331851 59.87078 48 809 Loading  cel! 15:40:53 1.328941 59.87108 49.85 Stabilising:0.0463%
144854 1.333345 5987078 49,793 15:40:59 1328596 59.87078 49.643 Stabilising:0.0259%
14:49:.00 1.3324 59.87089 45788 15:41:11  1.328121 59.87081 49.656 Stabilising:0.0169%
144812 1.330827 5987085 49.777 Stabilising:0.0473% 15:41:23 1327866 59.87071 42,675 Stabilising:0.0109%
14:48:24  1.330088 5987088 49.781 Measuring 15:41:28 1327794 59.87071 438681 Stabilising:0.0054%
14:4930 1.329823 59.87063 49.784 15:41:41 1327692 59.87083 49681 Stabilising:0.0033%
144842 132845 5987073 48.757 15:41:53 1327615 §9.87117 49,693 Stabilising:0.0028%
14:49:54 1.329257 59.87085 48.762 Done 15:41:58 1.327601 53.87103 49.703 Stabilising:0.0011%
14:50:00 1.329192 5987086 49758 18:42:11 1.327563 58.87098 49,705 Stabilising:0.0013%
14:50:12 1.329108 59.87085 44748 16:42:23 1.327554 5987112 49.712 Stabilising.0.0002%
14:50:24 1.329064 59.87089  49.753 154229 132755 5887112 49.717 Measuring
14:50:30 1.329044 59.87058 49.751 15:42:41 1327538 5887057 49.718
14:60:42 1329018 598704 49.74 15:42:53 1327528 59.870886 42723
14:50:54 1.328004 59.8708 43.73% 154259 132753 59.87057 48,732 Start measurement
14:51.00 1.329 §9.87076 48.737 15:43:11  1.32792 59.87092 49742 Loading  cell
14:51:12 1.328987 59.87057 48724 15:43:23 1.332404 53.87096 49.733
14:51:24 1328985 59.87038 49728 16,4329 1332474 588706 49,732
14:51:30 1.328985 5987037 43.733 Start measurement 16:4341 1330614 59.87062 49.733

14:51:42 1.331162 §9.87051 49.722 Loading  cell 16:43:53 1.328544 59 87067 48.728 Stabilising:0.0463%



-51- 7 49.7 15:43:58 1.329205 59.87074  49.725 Stabilising.0.0255%
iyt pesrc sasros, 43698 154411 1328748 5987105  49.729 Stabilising 0.0149%
14:52:12 1.330851 S50.87057  49.688 Stapilising:0.0488% 15:44:23 1.328498 5987115  49.745 Stabilising.0.0106%
14:52:24 1329507 59.87071 49.671 Measuring 15.44:29 1.328416 58.87089 49751 Stabll;smg:&(}f}&%
14:5230 1.329234 59.87045 49666 15:44:41 1328289 S9.8709 49749 Stabilising:0.0033%
14:52:42 1328878 59.87033 49669 154453 1.32823 5987086  49.759 Stabilising:0.0027%
14:52:54 1328685 58.87161 48676 Done 15:44:59 1328213 59.8706  49.768 Stabilising.0.0013%
14:53:00 1.328618 59.87053 49872 154511 1328192 S9.87105  49.768 Stabiiising:0.0007%
14:53:112 1328516 59.8706 49662 15:4523 1.328166 59.8709  49.773 Measunng
14:53:24 1.328468 59.87082 49669 15:45:29 1328162 59.87088 48777
14:53:30 1.328453 5987074 49568 154541 1328149 50.87083  49.778
14:53:42 1.328423 5987083 49 859 154553 1328138 59.87228 48,788 Done
14:53:54 1.328408 59.87114 4968 ) 154559 1328143 59.87045  49.792 Start measurement
14:54:00 1.328406 55.87173 49558 15:46.11 1328832 59.87042  49.799 Loading cell
14:54:12 1.328398 59.87071 48644 15:48:23 1.332825 5987057 48.79
i 14:54:24 1328395 5987083 49851 15:46:29 1332864 59.87051  49.787
: 14:54:30 1.328389 59.87054 45,657 Start measursment 15:46:41 1.331046 58.87105 49.787
14:54:42 1.330943 5987074  49.646 Loading  cell 16:46'53 1.329963 5987089  49.779 Stabilising:0.0462%
| 14:54:54 1,332329 $9.87083  48.628 15:46.59 1.329616 5987087  49.777 Stabilising.0.0261%
: 14:55:00 1331427 5987039  49.625 154711 1.329122 5987078  48.778 Stabiising:0.0141%
14:55112 1320848 59.87083 48513 Stabilising:0.0506% 16:47.23 1328874 58.87067  49.792 Stabilising:0.0105%
14:55:24 1328999 5987067 49539 Measuring 16:47:2¢ 1.328797 59.87078 48797 Stabilising:0.0058%
14:55:30 1.328687 5987044  48.504 15:47:41 1328687 59.87076  48.793 Stabilising:0.0038%
14:55:42 1328334 59.87058 498 15:47:53 1.328628 598700  49.802 Stabilising:0.0029%
14:56:54 1328139 59.87063  49.809 Done 15:47:59 1328604 59.8709  49.812 Stabilising'0 0018%
14:56:00 132808 59.87101  49.605 15:48:111 1328572 5887074  49.809 Stabilising:0.0009%
14:56:112  1.32799 59.87033 49.6 15:48:23  1.32855 53.87058 49808 Measunng
14:56:24 132794 59.87038  49.607 15:48:29 1328555 59.87086  49.812
14:56:30 1.32792 59.87053 49609 154847 1.328538 59.87067 49.81
14:66:42 1.327896 59.87171  49.597 15:4853 1328537 5987157 49811 Done
: 14:56:54 1.327885 59.87078  49.598 154859 1328536 59.87135 49,817 Stant measurement
i 1457:00 1.327876 59.87092  49.597 154911 1328853 59.87142  48.823 Loading cell
! 14:57:12 1327868 59.87074 49589 15:49:23 1333042 59.87085  49.811
! 14:57:24  1.32786 59.87081  49.589 15:42:29 1332079 5987082  49.805
14:57:30  1.32786 50.87144 49594 Start measurament 15:48:41 1331168 5387073  49.801
14:57:42 133053 59.8709  49.587 Loading  cell 15:49:53 1330118 5987081  49.792 Stabilising:0.0456%
14:57:54  1.33188 59.87045  49.567 15:49:59 132879 5387073  49.786 Stabilising:0.0247%
14.58:00 1.330938 59.87067  49.563 15:50:11 1.329349 59.87092  49.784 Stabilising:0.0133%
14:56:12 1.320404 5987076  49.553 Stabilising:0.0492% 15:50:23 1.329099 59.87114  49.797 Stabifising:0.0102%
14:58:24 1.328567 59.87083 49.538 Stapilising:0 0265% 18:50:29 1329C14 £9.87108 49,801 Stabiiising:0.0064%
14'58:30 1.328202 58.87076  49.532 Stabilising:0.0207% 15:5041  1.3289  59.8708  49.794 Stabilising:00032%
14:58:142 1.327932 58.87081  49.336 Stabilising:0.0118% 15:50:53 1.328841 5987071 49.8 Stabilising:0.0022%
14:58:54 1.327732 59.87082  49.544 Stabilising:0.0063% 15:50:59 1.328813 59.87073  49.806 Stabilising:00021%
145600 1.32766 5987071 49.539 Stabilising:0.0054% 155111 1328789 §9.87067  48.802 Stabilising:0,0008%
14:58:12 1.327567 58.87078  49.532 Stabilising:0.0035% 15:51.23 1328784 59.87071 49,803 Measuring
14:59:24 132752 59.8708 49.54 Stabifising:0.0016% 15:51:29 1.328778  58.871  49.808
; 145930 1.327498 59.87063  49.541 Stabilising:0.0017% 15:51:41 1.328751 58.87067  49.802
: 14:59:42 1327486 59.8708 49,53 Stabilising:0.0007% 15:51:53 1328749 5387109  49.803 Done
: 14:53:54 1,327461 59.87082 49.531 Measuring 15:51:59 1.328746 59.8708 49.81 Start measurement
14:50:59 1.327464 5987048  49.529 15:52:11 1.329337 59.87363  49.812 Loading  cell
15:00:12 1.327458 5987045  49.518 15:52:23 1332094 59.87083  49.799
15:00:24 1.327453 53.87121  49.522 Dorne 15:52:29  1.33303 5987092  49.795
15:00:29 1.327445 59.8711 49 527 Start measuremeant 15:52:41 133123 59.87085  49.789
15:00:42 1.329852 59.87101  48.514 Loading  cell 15:52:53 1330138 59.87074  49.779 Stabilising:0.0468%
; 15:00:52 1328963 59.87065  49.497 15:52:59 132975 59.87073  49.772 Stabilising:0.0292%
; 15:01°00 1.330654 59.87048  49.495 155311 1.329316 59.87039 49768 Stabilising0 0140%
: 150112 1.32006 59.87088  48.484 Stabilising:0.0512% 155323 1329088 53.87058  49.779 Stabilising.0.0106%
! 15:01.23 1.328126 58.87057 49.47 Measuring 155329 1.32898 5987067  49.782 Stabilising.0.0059%
i 15:01:30  1.32786 50.87082  49.463 155341 1328884 59.87219 49773 Stabilising:0.0036%
i 15:01:41 1.327506 59.87067  49.469 15:53:53 1328822 S9.87081  49.776 Stabilising.0.0029%
; 15:01:54 1.327295 59.87083  49.472 Done 15:53:59 1.328797 59.8709 49781 Stabilising:0.0019%
: 15:02:00 1.327238 S59.87028 49.47 15:54:17 1.328764 59.87083 49778 Stabilising:0.0008%
! 15:02:111 1.327145 59.87048  49.462 15:54:23 1328755 59.87073 49,778 Measuring
15:02:24 1.327088 59.87062  49.471 15:54:29 1.328746 59.87045  49.779
15.02:30 1.327066 59.8706 49.47 16:54.41 1.328738 5987052 49775
15:02:41 1.327045 59.87042 49481 15:54:53 1.328728 5387085  49.776 Done
15:02:54 1327038 59.87074  49.463 15:54:59 1.328732 5387054  49.781 Start measurement
15:02:59 1.327036 59.87042  49.461 15:55:11 1.328998 59.87074  49.787 Loading  cell
15:0311  1.32702 5987117 49451 15:65:23 1.33288% 59.87078  49.774
1503:23 1.327014 5987105 49457 155528 1332892 59.87035 49783
15.03:29 1.327016 S58.87065 49 462 Start measurament 18:55:47 1331059 59.87083 48768
15:03:42 1.329498 59.87081 49.45 Loading  cell 135553 1329989 59.87C73 49756 Stabilising.0.0462%
15.03:53 1331051 59.87071  49.438 15:55:59 1329645 59.87048  49.752 Stabilising:0.0259%
15:03:59 1.330129 50.87074  48.431 155611 1.320202 5987044  49.751 Stabilising:0.0138%
15:04:11 1.328561 59.87054  49.421 Stabilising:0.0501% 15:56:23  1.32894 5987073 49.763 Stabilising:0.0106%
15:04:23 1.327699 59.87286  49.405 Measuring 15:56:29 1328855 $9.87065  49.766 Stabilising'0.0064%
15:0428 1327421 59.87307  49.401 15:56:41 1.328732 58.87016  49.761 Stabilising:0 0046%
; 15:04:41 1.327057 53.87153  49.404 15:56:53 1328681 53.87045  49.786 Stabiiising:0.0023%
; 15.04:53 1326837 5887092  49.412 Done 15:56:59 1328658 59.8708  49.772 Stabilising:0.0017%
15:04'59 1.326778 59.87042  49.408 15:57:11 1328628 S98709  49.767 Stabilising:0.0015%
150511 1.326683 5387074  49.399 15:57:23 1328612 58.87076  49.769 Measuring
15:05:23 1.326628 59.87108  49.408 1557:29 1.328605 59.87112 4977
15:05:29 1326612 59.87086 49.41 15:57.41 1328588 59.87078  49.767
15:05:41 1326583 58.87239 48398 155753 1328589 598708 45769 Done
15.05:53 1.326579 5987083 49401 15.57:59 1328586 59.87057 49776 Start maasuremant
150559 132657 59.8708 49.4 15,5811 1328682 S8.87146 49781 Loading  cedl
: 15:06:111 1.326569 59.87094  49.389 15:58:23 1.332724 5387054 49769
: 15:06:23  1.326856 59.87037  48.392 15:58:29 1.332804 58.87078  49.765
: 15:06:29 1.326561 59.87085  49.397 Start measurement 155841 1331014 5887071 49762
i 15:06:41 1.328878 5987031  49.384 Loading  ceil 15,5883 1320866 5987067 49753 Stabilising:0.0471%
: 15:08:53 1.330724 59.87021  49.368 155859 1320538 5987074 49748 Stabilising:0.0248%
: 15.06:59 1.329882 58.87039  48.354 15:59.11 1.329096 598708  49.747 Stabilising:0.0141%

15:07:11 1328143 598704 49 353 Stabilising:0.0495% 15:58:23 1.328847 59.87088 48.759 Stabilising:0.0104%




15,07:23 1.327283 58.87054 49.339 Measuring 156:59:29 1.328765 59.87117 49.763 Stabilising:0.0062%

15:07:29 1.327007 59.87074  49.334 15:50:41 1.328669 S9.8708 49758 Stabilising:0.0035%
15.07:41 1326645 59.87058 49.34 15:5953 1.328599 5387057  48.765 Stabilising:0.0029%
15:07:53 1.326438 5087045 43348 Done 15:53:59 1328582 58.87058  49.771 Stabilising:0.0013%
15:07:58 1.326372 59.87105. 45346 16:00:11 1.328552 5987049 489.769 Stabilising:0.0011%
1508:11 1.326274 59.87073  49.341 16:00;23 1.32853¢ 59.87069 49.77 Stabilising:0.0005%
150823 1.326218 59.87088  49.353 16:00:29 132853 59.87085 48773 Measuring
15.08:29 1.326204 59.87082  49.354 16.00:41 1328524 59.87092 48772

15:08:41 1326181 59.87074 49.347 16:00:53 1.328518 5987246 48772

1508:53  1.32617 5987078  49.352 18.00:59 1328521 56.87194 48779 Start measuremant
15:08:59 1.326168 59.87051 49.353 160111 1.329321 8887083 49.783 Loading celt
150811 1326153 5987062  48.344 16:01:23 1.332782 5987022 43.77

15:08:23 1326146 59.8708 49.358 16:01:29 1.3327956 39.87062 49.765

15.0929 1.326147 59.87083  49.381 Stan measurgment 16:01:41 1330877 5987086 49783

15:08:41 1.328674 59.87078 49354 Loading cell 16:01:53 1.328303 53.87103 48,753 Stabilising:Q 0464%
15:08:53 1.330375 59.87048  49.341 16:01:59 1329569 59.87074 49747 Stabilising:0.0251%
1509:59 1.329461 588708 49.34 16:02:11  1.328122 59.87051 49.747 Stabilising0.0145%
15:40:11 1.327882 59.87062  49.334 Stabilising:0 0502% 18:02:23 1.328851 59.87051 48,76 Stabilising:0.0111%
15:40:23 1.327008 5987058 49322 Measuring 16:02:29 1.328778 59.87063 45762 Stabilising:0.0055%
151029 1326686 59.87049  49.318 16:02:41 1.328B66 59.87085  48.755 Stabilising:0.0040%
15:10:41  1.32634 59.87076  49.325 16,02:53 1.328607 38.87105  49.761 Stabilising0.0022%
151053 1.32614 5987045 48336 Done 16:02:59 1.328581 5387081 49.769 Stabilising:0.0020%
15:10:58 1.326074 5987076 45333 16:03:11 1.328558 59.87086 49766 Stabilising:0.0007%
151111 1325388 5087044 48329 16:03:23 1328534 59.87067  43.7689 Measuring
151123 1325838 59.87042 49.341 16:03:28 1328831 59.87071 48.772

15:11:29 1.325818 59.8708 49.343 16:03:41 1.328519 59.87101 48771

151141 1.32589 59.87132 49.335 16:03:53 1.328514 588708 49.771 Done

15,1163 1.325877 59.87115 49.34 16:03:59 1.328517 59.87101 49.779 Start measurement
15:11:58 1.325867 59.87118 48.34 16:04:11 1.329008 59.87083 49.783 Loading celt
1512:11  1.32583 59.8708  48.331 16:04:23 1.332714 59.87053  49.771

151223  1.32585 59.87057 49.339 16:04:29 1.332813 59.87039 40,788

15:12:28 1.325857 35887074 45345 Start measuramant 16:04:41 1.330831 59.87146 49.765

18:04:53 1.323888 59.87074 48.756 Stabilising:0.0452%
18.04:58 1.329557 52.871 48.752 Stabilising:0.0250%
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Appendix 6

Appendix 6.3
Experiment 3




Distripution: Volume Range: 0.755-754 7aem Classes: 20 Resolition: 34 5%
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2042.94
2068.23
2017.07
2037.786
2165386
205048
2038.74

21453
211178
2134 44
218547
2044 .53
212824

21338
2155.58
119382

674.41

458.34

300 3
302.2
305.9
302.1
3043

308
300.7
297.4
208.8
2883
995
2978
33 4
018
302.4
3001
259.4
298.8
3019
302.6
300.6
2888
2932
289.1

306
3225

296.7
2066
2958
2884
2974
814
2948
2849
2852
285.1

296
2963
295.4
2946
2956
296.2

295
2048
2948
2965
296.8
844
2838

285
2894
2665

1937
194.6
184.5
194.2
1945
1948
193.7
1942
1937

184
1938
1944
1943
1844
194 .4
193.8

194
1942
1938
1945
184.4
194.2
1939
1938
178.2
64.4

1783
378.2

375
3746
3773
3772
3732

372
3734
e

374
3738
3744
373z
Ay
3749
3732

373
374.2
3752
3756
3712
3764
3737
406 4
5823

OO CONCoOCRODOOoRRODROCROBRC

COOO0CONDo0ORNOOROLORORODO

DO UDOCRCPROOORN RO TOTG

PR CP OO DT RTOCOOOLOCOGOT

OO ROVCO OO0 OOOD

OO BECCORODPORDODOTHOOCSS O

ORCOUVREDCOWORCOOHNIOOLIEDOCO

BOCOCOOOORROEOOOORPCROORES

0.129
0181
0.148
0.157
0174
0.141
164
0.194
0.158
0.138
0138
6137
6156
9173
0.153
0145
0.163
0.154
8161
0119
0132
0185
0.158
0.048

0

0695
0.636
G.642
0.626
3645
0639
0.648
0.598
0852
0703
0.848
468
0633
0636
D.666
8667
0.644
0.623
0847
613
087
2882
0853
4619
0

o

OO OO0 OEORBE

8155
0.139
0.134
o217
0.184
a2
0.183
0218
0377

019
0.228
0157

0.18

Q1
0185
021
6.185
8218
0126
0183
0.193
0128
0.15%

0.16

4115

1,154
1.433
1152
1025
1018
1,018

104
0.895
1016
112%
1074
1057
©.999
1149
1.049

102
1.068
1018

108
1077
1.085
1136
1054
0.991

£.887

0.285
0.374
0224
0.385
0.408
0.376

0378

036
0.336
0.464
0.354
0.376
0255
09.261
0357
0.287
033
0264
6281
0282
0253
0.321

048
1348
6.36%

1873

187
1913
1978
1838
1828
2004
1951

1.92
1.998

1.91
1.974
1801
2.081
2.009
2.005
2.005
1837
2019
1882
1978
2054
1.603
1883
L R21)
8674

4.097
385
4073
4,002
3.983
3,878
4129
4.05
4284
3878
4085
4.06%
4.164
302
3978
4.131
407
4125
4217
a405
4039
3857
4.202
4.2
6.937
10.538

26886
21.268
27.538
27.016
26.886
26.967
27 674
27517
27405
27.337
26.943
27 514
27 858
28044
27.286
21.037
27 681
7814
27 893
27 123
26.928
27.813
28.0%8
27 897
28047
13644

55498
55.524
55.827
56.441
55241
55372
56.374
57.348
58.513
57346
56.688
56.442
55,995
66.22
§7.296
56.106
56.453
56.518
85844
56.14
56.092
57518
57.513
§6.098
48615
15.181

7634
6.673
3728
5422
8821
£.187
4.403
5.187
5,724
4.851
5998
6.395
4.315
3958
3.404
8577
5.248
5.365
4.747
5726
1088
3vrz
$877
5.826
5027
13.065

$.386
2273
4 645
2733
2721
3088
3.008
1.562
1.792
2.00%
1.815
1.225
EXES
348
an
1.743
2.18%
1947
3227
2737
1.548
2558
0.259
1875
5.88
21526



Time

15:26:12
15:25:24
15:25:30

15:26.00
15:26:12
15:268:24
15:26:30
15:28:42
15:26:54
15:27:00
18:27:12
15:27:24
16:27:30
16:27:42
152754
15:28:00
15:28:12
15:28:24
15:28:30
15:28:42
15:28:54
15:28:00
15:29:12
15:29:24
18:28:30
15.29:42
15:29:54
18:30:00
18:30:12
15:30:24
15:30:30
15:30:42
15:30:54
15:31:00
15:31:12
15:31:24
15:31:30
15:31:42
15:31:54
15:32:00
18:32:12
15:32:24
15:32:30
15:32:42
15:32:54
15:33.00
153312
16:33:24
15:33:30
15:3342
15:33:54
15:34:00
15:34:12
15:34:24
15:3430
15:34:42
15:34:54
15:35:00
15:38:12
16:35:24
16:35.30
15:35.42
15:35:54
15:38:00
15:36:12
15:36:24
16:36:30
15:38:42
15:35:54
15:37.00
153712
15:37.24
15:37.30
15:37:42
15:37:54
15:38:00
15:38:112
15:38:24
15:38:30
15:38:42
15:38:54
18:38:00
15:39:12
15:38.24
183830
15:39°42
15:38:54
15:40:00
1540112
15:40:24
15:40:30
15:40:42
15:40:54
15:41:00
15:41:12
15:41:24
15:41:30
15:41:42
16:41:54
15:42:00
154212
15.42:24
15:42:30

Density
1.324773
1.326655

1.32688
1.326058
1,32509
1.324528
1.324341
1.3244
1.323968
1.32381%
1.323846
1.32382
1,32381
1.323784
1.323783
1.323778
1.323761
1323748
1.324462
1327813
1.327044
1528234
1325222
1.324802
1.324423
1.324178
1.324049
1.3238987
1323929
1.323807
1.323388
1.323864
1.32386
1.323855
1.323845
1.323836
1.324288
1.327788
1.326981
1.326202
1.32522
1.324664
1.324489
1.324238
1.324099
1.324054
1.323973
1.323636
1.323823
1,32384
1.323886
1.323883
1.32387
1.323856
1.321858
1.328158
1.326822
1.328018
1.325018
1.324438
1.324252
1.323998
1.323848
1.323802
1323737
1.328707
1.323696
1.323674
1.323888
1.323663
1323683
1.323628
1.324808
1.3278
1.326488
1.325672
1.324581
1.324015
1.323835
1.32358
1.32345
1.323406
1.323334
1323305
1.323294
1323267
1.323264
1.323261
1.323252
1323235
1.324528
1,326953
1.326189
1.325343
1.324326
1.323703
1.323528
1.323285
1.323148
1.323105
1323033
1.323004
1.322096
1.322969
1.322865
1.322963

Box Temp Cry Temp Status

5985216
59.8523
59.8521

5985219

5985213

§9.85245

5885204

§9.88227
59.8524

§9.85232

59.85223
59,8523

59.55245

53.85219

5885249

59.85218

59.85234

5985238

54.85311

59852

59 85184

59.88241

$9.85202

59.85255
59,8523

59.86228

59.85259

5985232

59.85227

5885269

59.85254

89 85254

59.85214

58.85257

5985249

59.85265

59.85248

£9.85205

59.85218

53.85222

5985213

59.85222

$9.85238

59.85218

£9.85208

59.85216

58.85218

53.88227

49.316 Loading  colf
49.291
49275
48265 Stabilising:0.0702%
43,238 Stabilising:0.0314%
49,216 Stabilising:0.0242%
49,213 Stabilising:0.0141%
48.222 Stabilising:0.0078%
4923 Stabilising.0.00585%
49.234 Siabilising:0.0037%
48.244 Stabilising:0.0023%
49.238 Slabilising:0.0008%
49,225 Measuring
49,208
49.206
49.213 Cene
49.227
43.235 Stant
48.227 Loading  cell
49.207
49.188
49.197 Slabilising:0.0610%
49.166 Stabilising:0.0321%
48,175 Stavdising:0.0288%
49.178 Stadilising:0.0135%
49,194 Stabilising:0.0075%
49,209 Stabilising:0.0052%
49.216 Stabilising:0.0038%
49.231 Siabilising0.0028%
49.228 Stabilising:0.0008%
49.218 Measuring
48.214
48.22%
49.228 Done
49,239
49.244 Start
49,235 Loading  cell
48212
49.202
43.188 Stabilising:0.0587%
48.17 Stabilising:0.0311%
49.144 Stabilising:0.0241%
49,135 Stabilising:0.0132%
4314 Stabilising:0.0088%
49.141 Slabifising 0.0053%
49.142 Siabilising:0.0034%
43 145 Stabilising:0.0032%
49,131 ilising:0.0014%

$9.852%
54985208
59.85248
69.85216
§9.85257
5985227
59.85208
59.85205
58.85238
5985186
58.85208
59.85178
53.85234
53.85228
5985238
59.8525
59.85214
£9.85243
59.86246
59.85318
58.85214
59.8524
59.85254
58.85244
59.852
59.8523
59.85245
58.85214
89.85222
59.85236
59.8525
59.85617
§9.8525%
58.85471
5335513
59.85236
53.85422
5965524
59.85255
5985467
59.85303
53.8526%
§9.8525
59.85308
59.85238
59.85236
£9.85251
59 85202
59.85251
£9.85408
£9.85227
59.85274
59.863014
58.8525%
5885408
5985461
5985372
59.85257

49.118 Stabilising:0.0010%
48,103 Measunng
49,108
49.107
49,113 Done
49.113 Stant
49303 Loading ceif
49.076
49.065
43.06 Stabilising.0.06808%
49 048 Statifising:0.0319%
48.032 Stabifising:0.0248%
49.033 Stabilising:0.01¢0%
45.047 Stabilising:0.0078%
49.059 Stabilising:0.0056%
49.065 Stabilising:0.0035%
49.077 Stabilising:0.0021%
49.072 Siabifising:0.0012%
49.087 Stabilising:0.0008%
43.056 Measuring
49.062
49.066
49.078 Done
49,081 Stant
49.071 Loading  call
49.047
48.038
48.033 Slabifising:0.0622%
49.018 Siabilising:0.0311%
49.008 Stabdising:0.0241%
29.007 Stabilising:0.0136%
49.02 Stabilising:0.0077%
49,032 Stabilising:0.0067%
49.038 Stabilising:0.0033%
49.083 Stabifising:0.0026%
49.047 Stabilising:0.0008%
49.038 Measuring
49,029
48.036
48042 Done
49.054
48.058 Start
49.048 Laading  cedl
49.025
48614
49.011 Stabilising:0.0616%
48.997 Stabilising:0.0225%
48,985 Stabilising:.0251%
48987 Stabilising:0.0134%
49.001 Stabilising:0.0074%
49.013 Stabilising:0.0058%
43.02 Siabilising:0.0032%
49.033 Siabifising:0.0027%
49.029 Stabifising.0.0010%
48.02 Measuriing
49.013
4502
48.026 OCone

measurement

measurement

measyrement

measurement

measurement

Time
18:33:88
18:34:11
16:34:23
15:34:29
16:34:41
16:34:53
168:34:59
183511
16:35°23
18:35:28
18:36:41
16:36:63
16:35:58
16:36:11
16:36:23
18.36:28
18:38:41
18:38:53
18:36:59
16:37:11
16:37:23
16:37:2%
16:37:41
16:37°63
16:37:59
16:38:11
16:38:23
16:38:29
163841
18:38:83
15:38:58
16:36:11
16:39:23
16:3928
18:3%:41
16:38:53
16:39:58
18:40:11
16:40:23
16:40:29
16:40:41
16:41083
16:40:58
16:41:11
18:41:23
16:41:29
16:41:41
16:41:53
16:41.58
168:42,11
16:42:2%
16:42:29
16.42:41
16:42:53
16:42:59
16:43:11
16:43:23
18:42:2¢
16:43:41
16:43:53
16:43:59
16:44:1¢
15:44:23
18:44:29
18:44:41
16:44:53
16:44:59
16:45:11
16:45:23
16:45:28
18:45:41
18:45:53
18:45:59
16:46:11
16:48:23
16:46:25
16:48:41
18:46:53
16:48:59
18:47:11
16:47:23
16:47:29
16:47:41
16:47:53
18:47:59
18:48:11
16:48:23
16:48:29
16:48:41
16:48 63
16:48:5%
18:48:11
16:49:23
16:48:29
16:49:41
16:49°53
16:49:89
1880011
185023
18:50:29
185:50:41
16:50:53
16:50:59
165111
16:51:23
16.51:29

Crensity
1.322356
1.326758
1,325564
1.324751
1.323748
1.323182
1322974
1322718
1.322573
1.322528
1.322481
1.322432
1,322417
1.322308

1,22238
1.322384
1.32237%
1.322358
1.323459
1.326673
1.325444
1.324486
1323489
1322917
1.322729
1322483
1.322348
1.322302
1.322226
1.322197
1.322183
1.322164

132218
1.322188
1.322147
1322127
1318125
1.326047

1.32498
1.324151
1.323085
1322553

1.32237
1.322118
1321975
1.321929
1.321854
1.321817
1.321803
1321781
1.321779
1.321774
1.321763
1321748
1316888
1324541
1.323818
1.323302
1.322665
1.322044
1.321845
1.321618
1.321483

1.32145%
1.321384
1.321357
1.321343
1.321325
1321322
1.321319
1,321308
1321208
1.321364
1.325431
1.324123
1.323322
1.322812
1324727
1321842
1321273
1.321138
1.321082
1.321028
1.320998
1.320984
1.320058
1.320957
1.320983
1,320842
1.320031
1.321965
1.323362

1.3237
1.32289%
1.321897
1321318
1.321127
1.320882
1.320736
1.320891

1.32082

1.32089
1320881
1,320558
1320585
1.320552

Box Temp Cry Temp Status

59.85219
59.85227
59.85257
5985208
59.85359
5985223
59.85274
59.85349
59.85277
59.85241
59.85257
59.85257
59.85261
53 85406
59 85288

59.8537
§9.85404
5985868
56.85821
58 85245
5985259
59.85395
59.85236
59.85255
59.85284
53.85408
59.85903
§9.86319
59.85512

59.8595
5985601
59.85871
59.88102
59.85923
59.85822
59.86081
59.86002
59.85608
59852685
59.85223
5985222
52.86275
59.85254
59.85245
58.85442
59.85379
59.85363
69.85447
59.85391
£9.85451
69.85254
59.85424

53.8554

598529
£9.85256

59.8522
59.85223
59.85234
59.85271

59.8527

53.8527
59.85456
59.85269
59.35254
59.85259
59.85301

598527
58.85241
59.85712
5985456
59.85353
59.85803
58.85364
59.65223
5985249
§8 85308
59.85427
59.86281
59.85209
53.85241
59.85204
58 85332

48.977 Loading  cell
48.951
48.938
48.933 Stanilising:0.0613%
48,917 Stabilising:0.0325%
48.905 Stabilising:0.0254%
48,906 Stabilising:0.0142%
48.919 Stabilising:0.0082%
48.928 Stabilising:0.0067%
48.933 Stabilising:0.0034%
48.944 Stabilising:0.0024%
48,936 Stabilising:0.0013%
48 927 Stabilising:0.0011%
48.918 Measuring
48.922
45.925
48.934 Done
48,936 Start
48.928 Loading calt
48.887
48.882
4B.B77 Stabilising:0.0722%
48.857 Stabilising:0.0324%
48.842 Stabilising:0.0247%
48,841 Stabilising.0.0142%
48.853 Stabilising:0.0077%
48.861 Stabilising:0.0087%
48.8685 Stabilising:0.0033%
48 877 Stabilising:0.0024%
48.871 Stabilising:0.0010%
45861 Measuring
48.852
48.857
48.862 Done
48.873
48.874 Start
48.883 Loading cell
48.837
48.824
48 819 Stabilising:3.0610%
48.804 Stabilising:0.0369%
48.788 Stabilising:0.0227%
48.787 Stabilising:0.0138%
48.797 Stabilising:0.0081%
48.803 Stabilising:0 G057%
48.805 Stabilising:0.0035%
48.817 Stabilising:(.0020%
48.808 Stabifising:0.0018%
48.798 Stabilising:0.0011%
48,788 Measuring
48.791
48.795
48.808 Oone
48.806 Star
48.795 Loading cell
4877
48 757
48.753 Stabilising:0.0388%
48.737 Stabilising:0.024%%
48.725 Stabilising:0.0221%
48,726 Stabilising:0.0150%
48.738 Stabilising:0.0073%
48 748 Stabilising:0.0050%
48,754 Stabilising:0.0033%
48,7684 Stabilising:0.0027%
48.756 Stabilising.0.0008%
48.746 Measuring
48.738
48.739
48.742 Done
48,781
48.75 Start
48.74 Loading ceil
48,713
48,639
48.69% Stabifising:0.0806%
48679 Stabilising0.0314%
48.685 Stabilising:0.0252%
48.667 Stabilising:0.0140%
48 679 Stabilising:0.0088%
48688 Stabilising:0.0057%
48681 fiising:0.0035%

£9.85234
59.85848
59.86043

58.8643
59.86285
53.86621
59.86931
5886962
59.86833
5586185
§3.85528
53 85719
56 85415
59.85671
59.85427
59.85457
53.88468
5985673
58.85535

59.8535
53 85245

§59.8527
§9.85243
§9.85254

48.701 Stabilising:0.0023%

48,693 $tabilising:0.0010%

48,882 Measuring

48871

48674

48.678 Done

48.689

48892 Start
48.88 Loading  cell

48.652

48539

48.635 Stabilising0.0604%

48.619 Stabilising:0.0315%

4BS07 Stabilising:0.0250%

48.608 Stabilising0.0145%

48.821 Stabilising:0.0077%

48.631 Stabilising:0.0058%

48636 Stabilising:0.0034%

48.845 Stabilising:0.0028%

48.638 Stabilising:0.0008%

48 628 Measuring

48519

48823

48827 Done

measurament

measurement

measuremant

measurement

measuremeant



15:42:42 1.32285 59.8554%  48.02¢ 18:51:41  1.320542 50 85265 48637

15:42:54 1322936 59.85504 48.044 Start rsasurement 18:51:83 1320526 §9.85225 48.838 Sxan‘ measurement
154300 1323944 5085362  49.034 Loading  cel 16:61:59 1321637 59.85307  48.626 Loading  cell
164312 1327053 59.85265  49.011 165211 1324431 59.85377  48.599

15:43:24 1325928 59.85234  49.001 16:52:23 1.3234B7 59.85249  48.585 - )
154330 1325117 59.85236  48.998 Stabilising0.0811% 16:52:29 1.322524 59.85226  48.581 Stabilising:0.0727%
15:43:42 1324106 5985259 48985 Stabilising:0.0326% 185241 1321526 59.8527  48.563 Stabiisingi0.0327%
154354 1323525 50.8525  48.974 Stabilising:0.0250% 16:52:53 1321185 5$9.85286  48.55 Stabilising:0.0250%
15:44:00 1323376 59.85354  48.976 Stabilising:0.0143% 16:52:59 1320759 59.85248 48 548 Staoilising:0.0140%

48.991 Statilising.0 D083% 16:53:11 1320807 $9.85222 48,559 Stabil?sfngzol}osz%
15:44:24 1.322938 59.85232 49.004 Stabilising.0.0055% 16:53:23  1.320287 528527 48 568 Slabgl!s!ng:O‘OOSS%
15:44:30 1.322889 §9.852% 49.011 Stabilising0.0035% 16:63:29 1.320318  58.8521 48,572 S\abflfsfngzaﬂalig%
15:44:42 132282 53.85281 49.026 Stabifising:0.0028% 15:83:41 1.320248  59.8527 48 582 S{ab!l!sfng:ﬁ.{}ozi%
154 1.322792 59.85249 49.022 Stabilising:0.0003% 16:52:53  1.32022 59.8529t 48.573 Stabilising:0.0011%

15:44:12 1323067 59.85227

15:44:
: 49,014 Measurin 1B:53:59 1320206 59.85318 485682
15145ﬁ00 :gggz sgigﬁg_l, 438237 ¢ 16:54:11 1320186 59.85398  48.552 Measuring
1320755 59.85536  49.0%4 16:54:23 1.320184 5985359  48.553
4530 1322746 59.85457  ¢8.02 Done 16:54:28  1.32018 59.85448  48.556
15-45-47 1322734 S59.85307  49.033 18:54:41 1320168 5383473  48.566 Done
15:45:54 1322721 58.86297  49.037 Stan measurement 16:54:55 1.320151 §9.85293 43568 Start measurement
15:46:00 1.323836 58.85229  49.027 Loading cell 16:54.59 1321316 59.85483  48.557 Loading  cell
1546112 132584 59.8523  48.005 16.55:11  1.024103 58985241 48.53
15:46:24  1.3256 59.85246 48385 15:55:23 1323048 5985238 48516
1.324869 59.8525  48.992 Stabiising:0.0551% 16:53:28 1.322209 59.85219 48.51 Stavifising:0.0634%
1323044 59.85245  48.978 Stabilising:0.0295% 16:55:41 1.321103  50.8525  48.492 Stabilising:0.0374%
1.323308 59.85447 48,968 Stabilising:0.0233% 16:66:53 1320529 5885254  48.484 Stabilising:0.0250%
1323216 59.85202  48.969 Stabilising:D.0137% . 16:56:69 1320345 59.85245  48.482 Stabilising:0.0139%
1.322975 5985535  45.984 Stabilising0.0076% 16:56:11  1,320091 58.85246  48.492 Stabilising0.0079%
4724 1322842 5385262 48.997 Slabdising0.0054% 18.56:23 1.320018 59.8527  48.495 Stabilising:0.0055%
15:4730  1.32278 58.85451 49,003 Stabilising:0.0038% 18:56:28  1.31991 59.85223  48.499 Stabilising:0.0029%
15:47:42 1322725 5886250  49.018 Stabilising:0.0022% 16:56:41 1319833 58.85318  48.511 Stabilising:0.0031%
1322694 598521  48.015 Stabilising:0.0012% 16:56:53 1.319804 58.85245  48.501 Stabilising:0.0010%
1322684 5985391  48.006 Stabilising:0.0008% 16:56:59 131978 59.8528  48.491 Measuring
1322659 59.85197 49 Measuring 16:57:11  1.31677 58.85592  48.486
1,322655 59.85402 49.007 16:57:23 1319783 59.85326 48.491
1322851 59.85229  49.013 18:57:20  1.319761 59.85373  48.489 Done
1322638 59.85261  49.025 Done 16:57:41 1.319746 598546 48439
1322622 59.85209  49.031 Start measurement 16:57:52 131973 5385404 48502 Stant measurement
1.322309 5385238  48.023 Loading  cell 18:57:59 1.320943 59.85243  48.496 Loading cell
1.326884 5985238 49 16:58:11 1.323813 5985232 48.47
1.325787 598523 48.98 18:58:23 1.322583 59.86202 48.455
1.324964 5985216  48.987 Stabilising:0.0620% 16:58:29 1321752 53.85223  48.451 Stabilising:(0.0635%
$5:49:42 1.323878 5985301  48.974 Stabilising0.0374% 16:58:41 1.320639 59.85201  48.434 Stabilising:0.0386%
15:49:54 1,323314 59.85259  48.964 Stabilising:0.0247% 16:58:53 1.320063 59.85241  48.417 Stabilising:0.0185%
15:50:00 1323128 58.85222  48.966 Stabilising:0.0140% 18:58:59 1319876 59.85216  48.417 Stabilising:0.0142%
15:50:12 1.322878 5885254  48.882 Stabilising:0.0082% 165911 1319625 58.85240 48,424 Stabitising:0.0080%
15:50:24 132275 59.85229  48.995 Stabilising:0.0052% 16:50:23 1310487 50.85245  48.437 Stabilising:0.0047%
15:50:30 1.322703 §9.85232 48001 Stavifising.0.0026% 16:50:29  1.319241 58.85499  48.441 Stabilising:0.0035%
1322633 59.85823  49.015 Stabilising:0.0029% 16:59:41 1.315360 53.85271  48.44% Stabiising:0.0027%
1.322604 $8.85216  45.012 Stabilising:0.0011% 16:50:53 1.318338 59.85504  48.443 Stabilising:0.0010%
: 1.322593 59.85243 49.008 Slabilising.0.0008% 16:58:59 1319323 59.85535 48 431 Msasuring
3 1322588 59.85254  4B.999 Measuring 17:00:11 1.319301 55.85282 48418
: 1.322558 59.86347  48.007 17:00:23 1319295 59.85262 48.42
1.322561 59.85377  49.013 17:00:29 1.318294 59.85259  48.423 Done
1322546 59,8523  48.026 Done 17:00:41 1318281 5685229 48434
1.322534 53.35204 49.032 Stant measuremant 17.00:53 1,319287 59.85208 48.437 Start measurement
! 1323676 59.85245  49.023 Loading  cell 17,00:58 1.320528 59.85213  48.426 Loading cell
: 1327016 59.85225  49.002 17:01:11 132345 59.85222  48.398
; 1.325707 $9.85284 48,984 170123 132213 §0.8623 48385
! 13245389 59.85402  48.992 Stanilising:0.0609% 17:01:29 1321293 50.85285 48.38 Stabilising:0 0632%
: 1.323888 59.85236 45.58 Stabitising:0.0322% 17:.01:41 132025 5985228  48.364 Stabilising:0.0343%
1323271 §9.85312 48.97 Stabilising:0.0254% 17:01:33  1.31961 58.85236  48.349 Stabilising:0.0260%
1323087 59.86692 48571 Stabilising.0.0136% 17:00:59 1.319426 5385273 48,349 Stabifising:0.0139%
1322843 59.85261  48.987 Stabilising:0.0076% 17:02211 1319174 59.85204 48.36 Stabilising:0.0079%
1322712 59.85484  45.999 Stabilising:0.0083% 17:02:23  1.379038 59.85218 48.37 Stabilising:0.0058%

15:53:30 1.322871  58.8585 49.006 Stabilising:0.0031% 37:.0228 131899 59.85236 48.375 Stabilising:0.0036%
15:53:42 1.222603 59.85619 48.02 Stabilising:0.0025% 170241 1318822 59.85245 48 386 Stabilising:0.0024%
; 15:53:54 1.222568 5985637 48018 Siabilising:0.0011% 17.02.83  1.31889 5§9.85307 48.38 Stabilising:0.0012%
; 15:56:00 1.322558 5985373 48.01 Stabilising:0.0008% 17:02:59 1318874 5985234 43,268
15:54:12 1322834 598858 49.005 Measuring 17:03:11  1.318852 5385279  48.355 Measuring
15:54:24 1322533 59.8568 48.012 17:03:23 1318849 5985261 48.36
15:54:30  1.322528 S9.88787 49.017 17:0329 1.318844 59.85271 48 381
H 19:54:42 1.322618 58.85592 49.03 Done 17:.03:41 1378832 59,8528 48.371 Done
i 15.54:54 1322504 598573 49.005 Stant measursmant 17:03:53 1.018819 59.85214 48.371 Start maasuremeant
158500 1.323507 59.85513 49.026 Loading  cell 17:03:58 1.320073 59.8531% 48.381 Loading celt
15:55:12 1327032 58.85255 49.003 17:04:11  1.323094 5885222 48.332
H 15:55:24 1325698 5885214 48904 17:04:23 1.321712  58.8523 48.318
15:55:30 1324888 55.8524 48.991 Stabilising:0.0810% . 17:04:29 1.320889 5985234 48.313 Stabilising:0.0637%
15:55:41 1.323834 58.85257 48.977 "Stabilising.0.0314% 17.04:41 1319816 59.8523 48.205 Stabilising:0.0343%
15:55:54 1323299 5986255 48.967 Stabilising0.0254% 17:04:53  1.318213  §9.85238 48.281 Stabilising:0.0261%
15:56:00 1.323111 §9.85386 48,968 Stabilising.0.0142% . 17:04:38  1.31899 5986254 48.279 Stabilising:0.0169%
15.56:11  1.322846 59.85497 48 983 Stapilising:0.0091% 17:05:11  1.31874 898523 48.297 Stabilising.0.0080%
: 15:56:24  1.322716 59.85761 48 997 Stabilising:0.0057% 17:08:23 1.318602 59.83524¢ 48301 Stabilising:0.0058%
) 15:56:30 1.322669 6989526  49.004 Stavilising:0.0036% 17:0%5:29 1318553 59.85261 - 48,305 Siabilising:0.0037%
. 15:56:42 1322601 §9.85503  49.016 Stabilising:0.0023% 17:05:41 1318482 5985238 48 315 Stabilising:0.0027%
15:56:54 1.322571 58.85826 49.014 Stabilising'0.0008% 17:.05:53 1.318434 359.85307 48.308 Stabilising:0.0013%
15:56:59 1322559 59.8%307 49.006 Measufing 17:05:59 1.318438 59.8524 48.297 Stabilising:0.0012%
155712 1.322834 59.85617 49 1706811 1.318414 59.8527% 48,286 Measuring
15:57.28 1322531 59.3530¢ 49.008 17:06:23 1.31841  59.8532 48.29
15:57.28 1.322628 59.85254 48013 Done 17:06:29 1.318404 5385241 48.293
15:57:42 1.322815 $8.85249 48.025 17:06:41  1.318398 55.85218 48.303 Done
15:57°53  1,322601 5885507 48031 Stant mazsurement 17:06°63 1.318384 5385269 48308 Stan megsurement
18:57:69 1.323608 $3.85249 48.022 Loading  cefi 17:G6:58  1.318918 6885281 48 293 Loading  ceil
16:58:11 1328413 58.85245 49 17:07:11 1322648 53.85245 48.285
15:58:23 1.325685 59.8524  48.0% 17:.07:23  1.321245 59.85194 48,249
15.56:30 1.32485%1 59,8525 48.988 Stabiising.0.0808% 17:07:29 1320415 59.85251 48.247 Stabilising:0.0628%
15:58:41 1323855 59.85235 48 976 Stabilising:0.0321% 1707141 1.31637 59.85227 48.229 Stabifising:0.0337%
; 158:58:53  1,32328 58.85238 48.985 Stabiising:0.0248% 17:07:53 1318766 53.85205 48.214 Stabilising:0.0261%
: 15:58:00 1.323092 53.85234 48.988 Stabilising:0 0142% 17:07:59 1.318573 38.85234 48,213 Stabilising0.0146%
f 15:5%:11  1.322843 59.88302 48.98 Stabilising:0.0077% 17:08:11 1.318286 58.85202 48.225 Stabilising:0.0077%
15:59:24  1.322698 53 85251 48.993 Stabilising.0.0058% 17:08:23 1318158 59.85238 48235 Stabilising:0.0060%
15:59:28 1.322654 535342 48.999 Stabilising0.0033% 17:08:29 1.318113 5985228 48.239 Stabilising:0.0035%
15:59:41 1322578 §9.85582 49.013 Stabilising 0.0030% 17:08:41  1.318041  §9.8527 48.25 Stabilising:0.0027%
15:59:53 1322656 5985803  49.011 Stabilising.0.0007% 17:08:53 1318011  59.8523  48.244 Stabilising:0.0011%
H 15:69:58 1322542 58.86072 48.002 Measuring 17:08:59 1.317996 5885377 48.231
160011 132252 56.86404 42995 17:08:11 1.317972  59.8523 48.22 Maasuring

150023 1322517 58.8671% 48.003 17:08:23 131797 59.8523 48.221




]

17:08:28 1317968 59.85241 48.224
17.09:41 1.317959 59.85243 48.232 Done
measuremant 17.09:53 1.317942 5985274 48.234 Start measurement

. 0% ) n
00 ‘86385  48.017 Loading  cal 1709:59 1318924 5885232  48.23 Loading  cel
oy 1asroet toseers 48995 ’ 171011 1321341 69.85234  4B.198
160123 1425755 §0.85674  46.986 171023 1.320385 59.85257 48179

18:00:28 1.322513 58.86594 49.008 Done
16:00:41 1.322501 68.86671 49.021
18:00:53 1.322486 50.87018 49.026 Start

16:01:25 1324917 50.86232  48.983 Stablising0.0631% 171029 1319742 5886208 48.177 Stabilising:0.0487%
160141 1323817 5985262  48.371 Stabilising:0.03156% 17.10:41 1.318828 598521  48.161 Stabilising:0.0300%
16:01:53 1,323242 59.85209  48.961 Siabilising:0.0247% 17:10:53 1318262 59.85257  48.147 Stabilising:0.0243%
160155 1.32308 59.85232  48.962 Stabilising:0.0138% 17:10:58 1318078 59.85254 48,147 Stabilising:0 0140%
16:02:11 1.322811 59885213  48.979 Stabilising:0.0073% 171111 1.317813 59.85334 48.16 Stabilising:0.0088%
160223 1322673 5385274  4B.992 Stabilising:0.0056% 17:11:23 1.317682 59.85248 48.173 Stabnl,sqng:0.00Sd”fa
16:02:20 1322628 59.85234  48.998 Stabiiising:0.0034% 1TIT28 1377638 59.8527 48,178 Stabilising:0.0033%
16:02:41 1322565 59.8529  49.013 Stabilising:0.0030% 171141 131757 5885222 48.189 Stabilising:0.0022%
168:02:33 1322523 §9.85223 49.01 Stabilising.0.0010% 171153 1317838 59.85245 48.183 Stabilising:0.0013%
16:02:59 1322512 5985255  49.002 Measuring 174158 1317525 50.85222  48.174 Siabiising:0.0011%
16:03:11 1322488 58.85277  48.997 1712111 1317504 §9.85234  48.163 Measuring
16:03:22 1322487 5485265  49.004 17:12:23 1.317504 5985262  48.167
160329 1322481 59.85275 4901 Oone 171229 1317499 56.85218 48471
16:03:41 1322472 598532  49.022 17:12:41 1317492 598532 48.182 Dane
18:03:53 1.322453 5985282 49.028 Stant measurement 17:12:53  1.317475 S$9.352558 48.189 StanA measurement
16:03:59 1320796 59.85277  49.019 Loading  cel 171258 1317251 S59.85265  48.1B Loading  cel
16:04:41 1.325688 59.85214  48.998 171311 1321472 5985184 48154
16:04:23 1.325675 59.85257 48.088 17:13:23  1.320413 59.85236 48.141
16:04:23 1.324861 59.85257  48.986 Stabilising:0.0613% 17:13:29 1.310583 59.85238 48,138 Stabilising:0.0628%
16:04:41 1323846 5985269  48.972 Stabilising:0.0330% 17:13:41 1.318546 5985238  4B.124 Stabilising:0.0325%
‘ 16:04:55 1323226 5085246  46.962 Stabilising:0.0250% 170353 1317949 59.85388  4B8.111 Stabilising:0.0256%
| 16:04:59 1323046 59.85342  48.964 Stavilising:0.0136% 171358 1317755 59.8523  48.112 Stabilising:0.0147%
: . 1302806 598527  48.978 Stabilising0.0075% 17:34:11 1.317494 5986243 48.126 Stabiiising.0.0083%
i 1322672 50.85384  48.993 Stavilising:0.0067% 17:14:23 1317346 59.85255  4B.14% Stabilising:0,0068%
1320626 58.85245 48959 Stabilising:0.0035% 17:14:28 1317302 58.86246 48.147 Stabilising:0.0033%
1.322666 59.85277  49.013 Stabilising:0,0023% 17:14:41 1317225 59.85208 48,159 Stabilising:0.0025%
1.322627 59.85255 49.009 Stabilising:0.0011% 17:14:53 1.317184 59.85298 48.158 Stabilising:0.0008%
1.322614 59.85428 49.001 Stabilising:0.0010% 17:14:59 1317184 5985255 48 181 Maasuring
1.322488 59.85642 48,996 Measuring 1771511 1317161 59.85277 48.138
1.322483 59.8525 48.003 17:15:23 1317188 598525 48.146
1.322479 50.85447 48.009 17:15:29 1.317158 55.85274 48.15 Done
1322471 53.85261  49.022 Done 17:15:41 1.317138 59.85216  48.162
132246 5985383 49.028 Start measurement 17:15:53 1.317124 59.85262 48.1868 Start measurement
1.323714 38.85214 4902 Loading  cail 17:15:88 1317393 59.85236 48.158 Loading cell
‘ 0711 128827 59.85246  48.998 17;16:11 132118 59.85209 48,138
] 16:07°23 1.326635 59.85219 48.988 17:16:23 1320125 59.88248 48.124
. 15:07:29 1.324832 5995289 48.986 Stabilising:0.0605% 17:16:28  1.319347 3985173 48.122 Slabilising:0.058%%
! 16:07:41 1320831 59.8524% 48973 Stabilising:0.0322% 17:16:41 1318342  59.8527 48,107 Stanilising.0.0318%
16:07:53 1.223263 $9.85232 48.963 Stabiliging.0.0248% 17:16:83 1317757 59.85258 48.087 Stabilising:0.0195%
168:07:89 13230685 $9.8824 48.966 Stabilising.0.0142% 17:16:59 1317568 59.85249 48 087 Stabilising:0.0143%
.08 1.322799 58.85368 48.982 Stabilising.0.0073% 171711 1317303 59.85228 48.111 Stabilising:0 00B5%
1322668 58.85639 48936 Stabilising.0.0057% - 17:17:23 1.317153 58.85218 48.124 Stabilising:0.0047%
1.322622 5985255 48.002 Stabilising:0.0055% 17:47:29 1.317108  59.8525 48.13 Stabilising:0.0036%
1.322551 59.85261 48.017 Stabilising:0.0025% 17:17:41 1317033 59.85259 4B.145 Stabilising0.0027%
§,322621 59.852%1 49.014 Stabilising.0.0008% 17:17:63 1317 59.85238 48.146 Stabilising.0.0010%
1.322511 59.85327  48.00% Messuring 17:17:59  1.316985 5985214 48 138 Measuring
1322488 359.85268 48 17:18:11 1.316959 58.85248 45,128
1.322485 59.85234 49.007 17:18:23  1,316958 5885232 48.134
1322478 59.8525 43014 Oone 17:18:28 1.316855 5885271 48 139 Dane
1.322468 59.85212 43,025 17:18:41 1318942 59.8521 48.149
1.322455 59.85737 49.031 Stant measurement 17:18:53 1.316028 5985249 48.16 Start measuremant
1.323091 59.85689 49.023 Loading  cefl 171888 1315243 59.85288 48.151 Loading  celf
1.325388 59.85682 48 17187 1.3212371 5985218 48128
1.325637 59.85225 48.99 17:19:23 1320213 58.85257 48.115
3 1324836 59.8523 48,987 Stabilising:0.0604% 17:19:28 1.319359 59.3528 48.113 Stabifising:0.0646%
16:10- 1.323832 53.85243 48,974 Stabilising:0.0374% 1719:41 1318284 5985322 48,101 Stabilising:0.0342%
16:10:53  1.323256 59.85364 48.962 Slabilising:0.0249% 171883 1317677 59.85214 45,091 Stabilising:0.0267%
18:10:58  1.32306% 5985508 48.965 Stabilising:0.0141% 17:19:58  1.31748 5988222 48.091 Stabilising.0.0149%
1611:11 1322816 59.85269 48.98 Stabilising:0.0076% 17:26:11 1.317212 55.85279 48.107 Stabilising;0.0083%
. 1.322671 5985395 48.992 Stabifising:0.0065% 17:20:23  1.317088 59.852%1 48.121 Stabilising:0.0058%
1.322626 59.8838 48.998 Stabilising:0.0034% 17:20:028 1317011 59.8523 48.127 Siabilising:0,0036%
1.3226857  59.8823 49.012 Stabilising.0.0024% 17:20:141  1.31894  59.85281 48.142 Stabilising:0.0027%
1.322526 5985639 49.01 Stabilising:0.0008% 17.20:53 1.3169086 5085234 48.14 Stabilising:0.0016%
1322614 59.85526  49.001 Measuring 17:20059 1316884 5885234 48.13 Stabilising:0.0008%
1.322492 $8.85302 48.9%6 17:24:11 1.316872 58.85254 48.124 Measuring
18:12:23 1.322487 58.85268 49.004 17:21:23 1.318867 59.85269 48.123%
18:12:29 1.322489 5985427 49.009 Done 17:21:28 1318864 5985234 48.135
18:12:41 1322475 58,8524 49.02 17:21:41 1316851 5985293 48.148 Done
16:12:53 1.322456 59.85311 49.027 Htart measurament 17:21.53 1.316835 59.85286  48.185 Stan measurement
16:12:58 1318378 59.85218  49.018 Loading  ceit 17:20:59 1315338 58.852368  48.146 Loading  celf
18:13:111 1.326637 59.85282 48.987 17:22:11  1.320488 53 85257 48122
18:13:23 102872 $9.85285 48.988 17:22:23 1.319651 5935209 48,113
16:13:29 1.324881 5935254 48.984 Stabilising.0.0625% 172228 1319007 598523 48.111 Slabilising:0.0488%
18:13:41  1.323801 5885259 48.972 Stabilising:0.0309% 17.22.41 1318103 59.85248 48.039 Stabilising:0.0299%
1811383 1.323256 59.85213 48.953 Stabifising:0.0234% 17.2283 1317542 59852 48.088 Stabilising:0.0243%
18:13.59 1.323072 59.85232 48964 Siabilising:0.0139% 17:22:59 1317381 5885262 43.089 Stabilising:0.0137%
16:14.11  1.32281 5985197 48,98 Stabilising:0.0084% 17:28:11 1317106 58.85214 48.106 Stabilising:0.0081%
1322667 $59.88257 48.993 StabHising:0.0057% 17:23:23 1318983 59.8525 48.118 Stabilising:0.0054%
1322619 5985315 48.999 Stabilising:0.0036% 17:23:29 13168921 §9.85249 48.125 Stabilising:0.0032%
1322538 58.85362 48,014 Stabilising.0.0034% 17:2341  1.31683 59.85277 48,141 Stadilising:0.0024%
114 1.322508 59.85227 48.011 Siabilising:0.0008% 17:23:53 1318822 59.85245 48.138 Stabilising:0.0011%
16:14:59 1322496 59.8527 43.003 Measuring 17:23:89 1.316809 5985245 48.129 Stabilising:0.0010%
16:15011  1.322469 58.85229 48.999 17:24:1% 131873 59.85295 48.124 Measufing
181823 1.32247 59.85288 43,008 17:24:23 1.318788 59.85208 48.132
16:16.29 1.322487 5985227 49.012 Done 17:24:29 13168785 59.8825 48,136
181541 1322483 $9.85436 48025 17:24°41 1316774 5983254 48.145 Oone
161553 1322437 5985202 48031 Stant measuremant 17:24:53 1.318769 5388216 48.159 Stant measuremant
161565 1.320879 59.85273 48,022 Loading  cell 17:24:59 1316738 5$9.85281 48.153 Loading  cell
16:1611  1.32898 50.85255 49.001 17:26:11 1321821 §3.85257 48125
16:16:23 1.325687 59.85295 48,991 17:26:23  1.320287 5985218 48118
16:16.29 1.324853 593.85209 48.983 Siabilising:0.0813% 17:28:2¢ 131927 59.85246 48.113 Stabilising.0.0754%
18.18:41 1323838 53.85248 48.978 Slabilising:0.0316% 17:25:41 1018223 59.85238 48,101 Stabilising:0.0324%
16:16:53 1323221 59.8526 48,865 Stabilising:0.0236% 17:25:53 1.317822 $9.85336 48.091 Stabilising:0.0261%
;16! 1,323044 59.85265 48.967 Stabilising:0.0134% 17:25:59 1.317427 59.85208 48.092 $tabilising.0.0148%
161711 1.322797  59.85234 48,983 Stabitising:0.0077% 17:26:11  1.317168 59.85208 48.108 Stabilising0.0088%
18:17:23 1.322663 58.85232 48.996 Stabilising 0.0054% 17:26:23 1.317027 5985275 48.121 Stabilising:0.0060%
AN 1322622 59.85209 49,001 Stabilising:0.0031% 17:26:29 1.316971  59.852¢ 48.128 Stabilising:0.0043%
K 1322552 99.8525 49,016 Stabilising.0.0027% 17:26:41  1.316899 598523 48.142 Stabilising.0.0022%
16:17°53 1.322523 59.85232 49,012 Stabilising:0,0010% 17:26:53 1318887 5885228 48.14 Stabilising:0.0013%
16:17:58 1322512 59.8527%  49.005 Measuring 17:26:58  1.31685 53.852%1 48.13

16:18:11 1.322487 53.85218 48.999 172711 131683  59.8525 48,125 Measuring




: 1618:23 1.322482 $9.85784 48.007 17:27:23 13186825 58.856257 48.93
16:18:29 1.322479 59.85416 49.012 Done 17:27:29 1316823  59.8524 48,137
49,024 17:27:41 1316809 59 85257 48.15 Done

oiets 13 Shees 40070 San  measwemen 1727.63 1316704 §9.85241 48358 Star  measurement
1323583 59.85674  48.021 Loading  cell 172759 1317074 59.85262  48.148 Loading  ceff
1326387 59.85508  48.999 17.28:11 1321516 59.85257  48.126
‘ 1326664 5985213 48988 17:28:23 132028 5985219 48416
| 1324785 59.8525  48.985 Stabilising:0.0580% 17:28:28 1319276 58.85257 48115 Stabg!Eang:(m?ﬁO%
5 1323811 59.8524  48.972 Stabitising:0.0303% 17:28:41 1318224 5985227 48.1 Stabilising:0.0341%
. 1323265 59.85279  48.962 Slabilising:0.0237% 17:28:53 1317619 50.85229  48.082 Stabilising:0.0264%
) 1323083 58.85261  48.953 Stabilising:0.0138% 17.28:59 1317426 5985253  48.093 Stabilising:0.0148%
; 1322818 59.8523  48.979 Stabilising:0.0074% 17.2911 1317162 $9.85227  42.108 Stabilising:0.0087%
. 152023 132268 59.85271  48.592 Stabilising:0.0060% 17:29:23 1317027 56.85238  48.122 Stavilising:0.0058%
+ 1.32263 58.85277  48.997 Stabilising:0.0038% 17:29:29 1316965 58.85218  48.129 Stabilising:0 0047%
i 1.322557 S9.B5315  49.011 Stabilising:0.0027% 17:28:41 1316833  59.852  48.143 Stabilising:0.0023%
; 1322524 53.85241  49.009 Stabilising:0.0010% 17:29:53 1316862 59.85402  48.139 Stabilising:0.0014%
59 1322515 56.85301 4900 Measusing 17.20:59 1.316848 59.85234 48 131 Stadilising:0.0011%
16:21:11 1320483 598527  48.9%6 1730:11 1.316825 59.85227 48,124 Measurng
16:21:23 132248 5985326  49.003 17:30:23  1.31682 $9.85334  48.131
16:21:29 1322479 50.85399  49.008 Done 17:3:28 1316814 59.8521  48.136
1§:21:41 1322467 59.85298 49,022 17:30:41 1,316806 5985438 48,151 Done
168:21:53 1322455 59.85402  48.029 Slant measuremant 17:30:53  1.31679 S0.85265 48,155 Stan measurement
16:21:58 1.320789 59.85746 49.02 Loading  cefl 17:30:59 1.318018 359.85295  48.147 Loading cail
16:2241  1.32668 59.85227  48.999 17:31:41 1320507 59.8623  48.126
16:22:23 1.325557 58.85245  4B.991 17:31:23  1.320248 5985254 48.114
16:22:29 1.324768 53.852% 48.99 Stabilising.0.0545% 17:31:29  1.319379 59.85251  48.113 Stabilising.0.0858%
; 16:22:41 1.323789 59.85266  48.978 Stabilising.0.0319% 17:31:4¢ 1318216 59.85316 48.1 Stabilising:0.0330%
; 16:2253 1323227 53.85535  48.968 Stabilising.0.0245% 17:31:83 1.317617 59.85234 48.09 Stabilising:0.0260%
16:22:59 1.323044 50.8569  48.972 Stabilising.0.0134% 17:31:59  1.317427 5985241 48.09 Stabilising:0.0144%
162311 1322791 59.85733 48988 Stabilising:0.008C% 173211 1317168 59.85218 48,106 Stabilising:0.0081%
16:23:23 1.3226556 $9.861368  49.002 Stabilising:0.0052% 17:32:23 1317024 59.85265  48.121 Stabilising:0.0060%
: 16:23:28 1.322612 59.36521  48.007 Stabiiising:0.0033% 17:32:29 1.316882 59.85291  48.128 Stabilising:0.0032%
! 18:23:41 1322546 59.8667  49.021 Stabilising:0.0022% 17:32:41 1.216898  53.8525  48.141 Stabilising.0.0027%
16:23:53 1322515 58.87001  49.019 Stabilising:0.007 1% 17:32:53 1316864 59.85219  48.138 Stabiiising:0.0013%
1322504 59.86832  49.011 Stabilising:0.0008% 17:32:59 1.316852 59.85295 48,128 Stabilising:0.0009%
1322484 59.86983  49.004 Measuring 17:33:11 1.316831 59.85227  48.121 Measuring
132248 59.86482  49.012 17:33:23 1.316826 59.85517  48.128
i 1322478 5986365  49.017 17:33:28 1316822 5985367  48.134
; 1.322467 59 86231 49.03 Dene 17:33:41 1316812 59.85309  48.144 Done
: 132245 59.86582  48.037 Stant measuremant 17:33:53  1.31679% 55.85545  48.154 Stan measurement
16:24'59 1323643 58.87048  49.028 Loading  cell 17:33:59 1.318024 59.85719  48.145 Loading celt
16:25:11 1326934 59.86444  49.007 17:34:11 1319771 59.85334 48,123
16:25:23  1.32574 59.85734  48.997 17:34:25 1320182 59.85234 48114
16:25:29 1.324793 59.85281 48,995 Stabilising:0.0714% 17°34:29 1319328 59.8523  4B.112 Stabilising:0.0846%
16:25:41 1323813 59.85213  48.983 Stabilising:0.0306% 17:34:41 1318185 59.85236 48.1 Stabilising:0.0336%
16:25'50 1323246 59.85204  48.972 Stabilising:0.0242% 17:34:53  1.3176 59.85269  48.091 Stabilising:0.0252%
162659 1.323064 59.85322  4B.37¢ Stabilising:0 0138% 17:34:59  1.317412 $8.85241  48.091 Slabilising:0.0143%
126111 1322817 59.85307  48.99 Stabilising:0.0078% 173511 1317157 5985339 48.108 Stabilising:0.0080%
1322685 59.85261  49.003 Stabilising'd 0056% 17:35:23 1.317014 59.85232  48.119 Stabilising:0.0061%
1322638 53.85241  49.009 Stabilising:0.0036% 17:35:29  1.316967 59.85256  48.125 Stabilising.0.0036%
16:26:41 1322565 59.85255  49.019 Stabilising.0.0025% 17:35:41 1,318889 59.85219  48.138 Stabilising:0.0025%
16:26:53 1.322547 59.85315  49.018 Stabifising:0.0007% 17:35:53 1.31686 5§9.85288  48.135 Stabilising:0.0011%
16:26:59 1.322527 59.85245  48.01 Measuring 17:35:59 1.316846  59.8524  48.129
16:27:11 1322501 59.8553t  40.004 17:36:11 1316826 59.85471  48.121 Measuring
16:27.23 13225 59.88855  43.012 17:36:23 1316824 59.85332  48.128
16:27:29 1322495 5985682  49.018 Done 17:36:29 1316819 598523 48,132
16:27:41 132248 50.85896  49.028 17:36:41 1.316802 §9.85243  48.147 Done
16:27:53 1322473 59.88445 43.033 Stant measurement 17:36:53  1.3167%  59.8527 4B.152 Start measurement
16:27:59 1323325 59.86496  49.024 Loading  cell 17:36:59 1.317469 50.85301  48.148 Loading  celf
16:28:11 1326961 59.88356  49.003 17.37:11 1321396 59.85232  48.121
16:28:23 1325687 59.85329 48993 17:37:23 1320195 59.8523  48.111
16:28:29 1324898 59.85208  48.99 Stabilising:0.0595% 17:37:29 1319332 3985262 48.11 Stabilising:0.0653%
16:28:41 1.323879 59.85288  4B.977 Stabilising:0.0331% 17:37:41 1.318183 $9.85234  48.096 Stabilising:0 0334%
18:28:53  1.32326 59.85254  48.966 Stabilising:0.0288% 17:37:53  1.31758 59.85288  48.086 Stabilising:0 0260%
16:28:59 1323078 59.85384  48.368 Stabilising:0.0138% 1T:37:58 1317398 59.85225  48.089 Stabilising:0.0148%
1322832 59.85262  48.983 Stabilising:0.0076%
1322699 59.85429  48.996 Stabilising:0.0034%
1.322657 58.85238  48.007 Stabifising:0.0032% 17:38:11 131714 59.85213  48.104 Stabilising:0.0082%
: 1322584 59.85214  49.016 Stabiiising:0.0029% 17:08:23 1.316998 59.85238  48.117 Stabilising:0.0058%
| 16:20:53 1322551 59.85260  49.013 Stabifising:0.0012% 17:38:29 131695  53.8528  48.124 Stabilising:0.0038%
i 12956 1.322539 59.85223  49.004 Stabilising:0.0009% 17:98:41 1316875 $985269  48.139 Stabilising:0.0030%
i 1322516 59.85683  48.999 Measuring 17:38:53 1316841 59.85528  48.136 Stabilising:0.0013%
1322813 59.85713  49.006 17:38:69 1316827 59.85488  48.127 Stabilising:0.0011%
30: 132251 59.8569  48.011 173911 1316807  59.8524 48121 Measuring
16:30:41 1322499 §0.85658  49.024 Done 17:39:25 1318779 59.85284  48.128
16:30:53 1,322488 59.86004 49,029 Start measurement 17:39:29 1.316768 59.85355  48.13
16:30:58 1.320452 S9.85789 43019 Loading  cell 17:39:41 1314151  59.8556  48.11% Loading  cell
3111 1.325932 59.852056 48996 17:39:53 1.317848 5986852  48.087
1.325223 59.85322  48.985 17:30:59 1317989 59.8707¢  48.075
. 1.3246 59.85227  48.981 Stabilising0.0470% 17:40:41 1317451 59.86707  48.023 Stabilising:0.0175%
i 1.323736 59.85257  48.966 Stabilising:0.0290% 17:40:23 1377262 $9.88897  44.454 Stabilising:0.0143%
! 1323199 59.85265  48.955 Stabilising:0.0227% 17:40:28  1.317004 5386536  42.349 Stabilising:0.0081%
1323021 59.85246  48.954 Stabilising:0.0134% 17:40:41  1.21686  59.8607  40.119 Stailising:0.0047%
| 16:32:11 (322766 59.85257  48.967 Stabilising:0.0071% 17:40:53 1316783 50.85848  35.566 Stabilising:0.0038%
! 16:3223 1322642 59.8568  48.977 Stahilising:0.0053% 17:40:58 1.316754 59.85724  38.11 Stabilising:0.0022%
i 16:32:29 1.322601 53.85327 48982 Stabilising:0.0031% 17:41:11 1316718 5985223 37.231 Stabilising:0.0013%
:32:41 1322532 59.856 42994 Stabilising:0.0023% 17:.41:23 1.316698 5985238  36.511 Stabilising:0.0015%
16:32:53 1.322507 59.85364  48.987 Stavilising:0.0009% 17:41:29 1316684 59.85241  36.234 Stabilising:0.0007%
1 16:32:59 1.322492 5985316  48.977 Measuring 17:41:4% 1318677 59.85559  35.562 Measuring
1 18:33:11 1.322473 59.85451  48.968 17:41:53 1316668 59.85216  35.03
: 23 1322472 53.85214  48.969 17:41:58 1316671 59.85287  34.766
13329 1.322467 50.85246  48.973 Done 17:42:11 1318665 59.85249  34.299 Oone
16:3341 1322461 5985592 48984 17:4223 1316658 59.8527  33.863

183353 1.322444 5985227 48,987 Statt mesgurement 17°42:29 1.316663 59.85262 33.545 Start measuramant
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Appendix 6.4
Experiment 4
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Time Time sinc Density  Box Temp Crystalliser Temp
14:53:29 -48.8 1.332961 59.85331 53.67333

14:56:29 -456 1.333012 59.8527 53.84667
14:59:29 -42.6 1.333036 59.85318 53.91
15:02:29 -39.6 1.333066 59.85443 53.94
15:05:28 -36.6 1.333071 59.85286 53.97
15.08:29 -33.6  1.33309 59.85242 53.99
15:11:29 -30.6 1.333107 59.85257 53.85333
15.14:29 -276 1.333121 59.8524 52.46
15.17:29 -246 1.333139 59.85242 51.15333
15:20:29 -21.6 1.333144 5985259 50.63
15:23:29 -18.6 1.333149 59.85266 50.44333
15:26:29 -15.6 1.333158 59.85835 50.37667
15:29:29 -12.6 1.333162 59.85248 50.35
15:32:29 -9.6 1.333171 58.85244 50.3
15:35:29 6.6 1.333177 659.8524 50.18667
15:38:29 -3.6 1.333176 59.85244 50.08333
15:41:29 -0.6 1.332892 59.85229 50.09333
15:44:29 2.4 1.331324 59.85243 50.11333

15:47:28 5.383333 1.330557 59.85265 50.02333
15:50:28 8.383333 1.329917 59.85236 49.93333
15:53:28 11.38333 1.329381 59.85259 49.85333
15:56:28 14.38333 1.328931 59.85332 49.77667
15:59:28 17.38333 1.328407 59.85235 49.71333
16:02:28 20.38333 1.327932 59.85253 49.64
16:05:28 23.38333 1.327514 59.85403 49.57333
16:08:28 26.38333 1.327079 59.85246 49.51
16:11:28 29.38333 1.326655 58.85294 49.44
16:14:28 32.38333 1.326184 589.85363 4937
16:17:28 3538333 1.325734 58.85291 49.30333
16:20:28 38.38333 1.325287 59.85234 4923333





