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SYNOPSIS

This thesis addresses the development, evaluation and modelling of an anti-segregation system
(“AS-System”) for.use in larger silos handling alumina in the aluminium smelting industry.

This work is unlike much of what has gone before because it is much more grounded in the techni-
cal and economic consequences of segregation for a particular manufacturing process. Segregation
of particulates, i.e. separation of components due to differences in properties such as size, density
etc., has an extensive literature going back as far as 1915, but this focuses mainly on the segrega-
tion process itself and largely ignores the context and the consequences. The consequence of seg-
regation is loss of homogeneity; the impact that has on any given process, is generally not ad-
dressed very deeply. Surveying the literature on segregation, and studying the total processes of
aluminium production, creates a basis for understanding the importance of segregation for alumin-

ium production, as well as the importance of powder technology in general for this industry.

A method for quantification of segregation in this production process, based on sampling, has been
established. This was intended to give the fundamental information necessary for measuring the
extent of the problem and the degree of improvement achieved. By placing sampling points along
the logistic chain for the alumina, and by sampling these points for a long enough period, informa-
tion about the influence of the various handling steps on the bulk solids can be identified. Segrega-
tion by particle size is the main type of influence, although the work has shown that attrition is an-
other. Standardised statistical expressions have been used for analysing the bottlenecks of the lo-
gistic loops, and study of the results has led to a useful way of expressing the level of segregation,
the change of segregation level in a handling step (silo filling and discharge), and improvements in

this change.

The degree of segregation when handling alumina has proven to be quite considerable in terms of
effects on the production process. The effects on the efficiency of the aluminium smelting process,
and the environment, have both been evaluated. Variations in the alumina due to segregation have
been found to correlate with both dust concentration in the smelter pot room, and anode effects (an
unwanted upset in the smelting process). An economical evaluation of an investment in anti seg-
regation systems has been made. This evaluation has shown significant economic consequences,
clearly justifying both the investigations of segregation, and the implementation of anti segregation

mecasurcs.

To remedy the effects of air current segregation in the aluminium industry, a complete Anti Segre-

gation System (AS-System) based around Anti Segregation Tubes (AST) utilising a special inlet
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configuration has been developed. In a number of full size installations, this solution has proved
itself capable of handling the variations and transients of process conditions which occur in the

industry, with a large operational capacity range, due to the special inlet configuration.

The effect of the full scale installed anti segregation systems have been measured, and compared to
other systems. The AS-System clearly demonstrated a homogenising effect no matter how low the
ingoing variations in particle size were. Other commercial systems which have been evaluated
have turned out to be no more than Segregation Effect Damping Systems, since they only seem to
reduce the segregation effect after it has happened, instead of trying to eliminate the problem by
directly attacking the segregation mechanism itself which is what the AS-System does.

A new scaled down test rig for the AS-System was developed, consisting of three ASTs fed from a
central distributor. To test the potential effect of the AS-System, to determine its efficiency in
countering segregation, tests with repeated filling and emptying of a scale silo were carried out.
The results clearly showed that the AS-System very much reduced segregation, compared to con-

ventional filling, even in a small-scale silo.

Improved models have been developed for the function of the AST and these have been verified
against measurements from the new test rig. The early version of the test rig for the AST used only
one centre-mounted tube, with one pressure measurement in the top of the tube. The first models
were based on the assumption of the pressure being linear, and assumed full dispersion of the fal-
ling material inside the tube; and calibrated from the single pressure measurement inside at the top
of the tube. Although this simple model calculated very conservative values of the negative pres-
sure, the model was used for the initial development and design of the AST, and later the AS-
System (Anti Segregation System). A second model was derived, where the material velocity was
calculated based on free fall. This model was also based on the idea of full dispersion, but was in
better agreement with measured values during further tests, which showed a considerable deviation
from the original assumption of a linear pressure distribution once intermediate pressure measure-

ments were available.

When using the multi-phase-flow-simulation-program-code FLUENT to simulate the pressure dis-
tribution of the AST, the results were quite disappointing, however the FLUENT program was able
to identify an initial positive pressure generated by the flow from the inlet box to the tube. Imple-
menting this initial pressure into the simple non-linear model above, both the trend and values cor-

respond quite well with the measured values.

1/




A single particle drag model was tried, but dismissed after calculating the maximum possible ca-
pacity for known tubes and finding the predictions to be unrealistically low. A new approach was
introduced, modelling the fall of the powder in a continuous layer along the inner wall of the tube
on one side, creating skin drag along the surface between the falling solid powder and the air. The
length of the tube and the width of the chosen AST profile define this surface. This approach as-
sumes that the powder falls like a layer along the tube wall. Previous theory for pressure drop in
pneumatic conveying inspired this approach, but it had not previously been used for gravity flow in
vertical tubes, and as a result the novel Solid Surface Body Drag Model (SSBDM) was developed.
This analytical model gives very good correspondence with the measured data for the pressure dis-
tribution inside the AST, yet is extremely simple to use. When comparing the model with meas-
ured data, the SSBDM was able to predict the pressure distribution within the error boundaries of

the test measurements.

A method for design of the AST was derived from the SSBDM, using a dimensionless parameter
function determined for the pressure drop model. The models giving the design indicate that the
capacity is more than proportional to the cross sectional area of a chosen tube profile, which is in
agreement with observations. The model suggests that the capacity is proportional to the cross sec-
tional area in the power of 1.25. This model allowed the study of the effect of tube shape, which
revealed that a square profile for the AST does not seem to be the optimum design; rather, a rec-
tangular profile should be chosen for maximum capacity. The model suggests that the capacity is
proportional to the width of the side of the tube along which the powder layer is falling, but pro-

portional to the perpendicular side in a rectangular profile in the power of 1.5.

The model gives an equation for pressure drop which can also be utilised to place the first valve on
the tube. It also shows that for high capacities, and large silos, a system consisting of several ASTs
should be chosen (AS-System). Predictions from the model have been tested against the measured

capacities of full scale installed systems and give good agreement.

Overall, the AS-System has been shown to be cost-effective in reducing segregation; results meas-
ured from the full scale installations show a homogenising factor (reduction in variation of the ma-
terial being handled) of 1-1.5. As a result of these verifications and the simplicity of the model
presented in this thesis, the plant engineer can confidently design a system which will function cor-
rectly and make a positive, predictable improvement in the homogeneity of the alumina in his

plant.
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1. INTRODUCTION

This project is a continuation of the work on segregation carried out by Mosby [Mosby,
1996] at Tel-Tek's Department of Powder Science and Technology (POSTEC). Mosby
identified and systematised the various segregation mechanisms described in the literature,
and investigated the relation between process parameters and the segregation mechanisms
in laboratory scale testers. This work will mainly focus on the handling of alumina in the
aluminium industry, and air current segregation. However, the definitions and general de-
scriptions of all the segregation mechanisms will be given, and their occurrence in han-

dling or processing particulate materials discussed in 2.1.

1.1 What is Segregation?

One definition of segregation is “separation due to different properties”. Most commonly,
known is the separation of human races carried out by various regimes throughout history.
Keeping to the general definition, one may say that segregation occurs often. People with
the same interests, the same social status, and so forth tend to stick together, because this
group finds it pleasant to enjoy the company of people with similar identities and interests.
When moving to the area of powder and bulk solids handling, the definition of segregation
would be “segregation of particles due to differences in mobility”. Differences in mobility
may be caused by particle properties such as size, size distributions, shape, density, coeffi-
cients of restitution etc, or by the process conditions and the type of equipment used. The
most common particle properties causing segregation are the particle size, and size distri-

butions.

1.2 The Importance of Segregation

Segregation is one topic that influences almost every aspect of powder technology. First,
consider the difficulty of obtaining a representative sample of powder from a storage unit
or a process. Segregation is one of the most frequent disturbances resulting in not repre-
sentative samples. The fundamentals of different designs of handling, conveying, and

processing systems for bulk solids are designed based on samples and, since sampling is
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affected by segregation, so will the design of equipment. When classifying bulk solids us-
ing sieves and air-classifiers, one uses the very causes of segregation in order to separate
into the different classes of particles. A particle of a specific size will pass through a sieve,

or will have a certain ability to be carried in air streams, giving the wanted separation.

Almost all processes in industry involve bulk solids and powders. Some move millions of
tonnes every year, and some handle a few grams of components with a value way beyond
that of gold. Irrespective of the quantity handled, if the process in any way depends on
more or less constant composition, segregation will influence the outcome. Also consider-
ing the fact that competition in the process industry continuously forces companies to try
to improve yield and reduce environmental impact (both local and global) the margins are
forced to minima, and despite all the sophistication of the regulation systems imple-
mented, these systems need a set point or a definition of the variables in the system. This
is not an easy task when one of the major inputs is a powder or a bulk solid, and in order to
be able to give such set points and definitions of variables, one needs to consider convey-
ing and storage of bulk solids and powders as a part of the total process. The traditional
way of handling bulk materials in industry has been conveying from A to B, and storage in
sacks, buckets, containers, or silos. Lately, the greater knowledge of the effects of segrega-
tion and other phenomena has slowly changed attitudes when designing a new factory. In
addition, an increased demand for low emissions of dust to the atmosphere has forced in-

dustry to increase focus on the handling of bulk materials.

1.3 Aims for this work

The work in this thesis is aimed to, as given in the title, to quantify and counter the segre-
gation in the aluminium industry. For quantification of the segregation, one needs to sam-
ple factories, and from the sample results define points of actions in terms of eliminating
or reducing the effect of segregation. Further, once the points of needed actions in the lo-
gistic loop of alumina are defined, a proper and sufficient counter action must be found.

This may both be implementation of proper equipment and/or alteration of procedures.

The work also will emphasise on development of methods and equipment for identifying
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and counter segregation. The development of equipment will not only be focused on mak-
ing a system, mechanical sane and functional design for implementation, but also seeking
to model the system to such an extent that the basics for understanding and basis for de-
sign can be established and optimised. The development of methods will mainly be to find
a pragmatic approach to sampling of full or partial factories (campaigns), and the ways to
analyse and interpret the results from such campaigns in terms of segregation, degradation,

and process influences.

Process influences are perhaps one of the most important points, because in order to get
funding to work with both sampling and segregation, the only justification in industry will
be the economical and environmental importance, although even the economical effects

would enough to invoke the investigations.
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2. LITERATURE SURVEY

This work will concentrate on preventing segregation primarily during the filling of silos.
It is this author’s belief that in order to defeat an “enemy” one needs to know as much
about him/ her as possible. With this in mind, a detailed review of the literature describing

the phenomena encountered in segregation has been carried out.

2.1 Mechanisms of segregation

Segregation is a phenomenon that has long been recognised as the cause of several prob-
lems in materials handling situations. However, many more problems are due to this phe-
nomenon than industry appears to recognize. The case often seems to be that industry does
not know that segregation causes the problem with the varying particle properties. Some
of the earliest investigations were related to the handling of coal [Wettich, 1915, Garve,
1925, Taggart, 1927, Sherman and Kaiser, 1937, Mitchell, 1938, Peacock, 1938, Brown,
1939, Stock, 1944]. In 1925, Garve found what later has been accepted to be the tradi-
tional segregation pattern, that small particles were found in the centre of a silo or heap
when being filled, and larger particles were found at the walls of the silo or at the edge of
the heap. After these pioneers, there seems to be a gap in time before investigators such as
Williams [1963, 1973, 1976] and Bridgewater [Bridgewater and Ingram, 1971, Scott and
Bridgewater, 1975, 1976, Stephens and Bridgewater, 1978, Cooke and Bridgewater, 1978,
Drahun and Bridgewater, 1983, Foo and Bridgewater, 1983] and their co-workers pro-
vided information on a number of mechanisms that may act during heap formation, based
on systematic research. Significant contributions have also been made by Johanson [1978,
1987, 1988, and 1991], Bagster [1983, 1985, and 1996], and Standish [1985]. Attempts at
modelling the segregation process have also been undertaken, notably by Shinohara
[1968/69, 1968, 1970, 1972, 1979, 1984, 1985, 1987, 1990, 1992, 1993], Savage [1984,
1988], Popplewell et al [1989], Alonso et al [1991], Arteaga and Tuziin [1991], Dolgunin
and Okolov [1995] and Meakin and Jullien [1992]. However, these models seem not to be
able to give a complete explanation of segregation, and one may wonder if the shortest
way forward is through analytical modelling, or if maybe statistical models would be a

good intermediate solution.
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At Tel-Tek's Department of Powder Science and Technology (POSTEC), the problems of
segregation have been an area of major interest for a number of years. The approach taken
has been of a more practical nature. It has been directed to first identifying the mecha-
nisms, and then minimising the effects, the mechanisms of segregation that are most likely
to dominate in any given situation. Initially this was not an easy task since the mechanisms
that were important were not identified, and one were unable to prove that downstream
problems were caused by segregation rather than by some other cause [De Silva and En-
stad, 1990]. The work done at POSTEC has therefore been directed at solving industrial
problems via identifying the nature and causes of the mechanisms involved, and in this
respect Mosby [1996] made a valuable contribution both in systemizing and identifying
most of the mechanisms that could be involved. Also in distinguishing between segrega-
tion mechanisms and segregation processes or situations, like filling particles into a heap,
where several segregation mechanisms become active, Mosby [1996] made a valuable

contribution.

Mosby [1996] identified ten different mechanisms of segregation. These are:

e Rolling ¢ Displacement
e Sieving e Trajectory

e Push-away e Air Current

e Angle of Repose o Fluidization

e Percolation e Impact

De Silva [1997] added two more:
¢ Concentration driven displacement (Diffusion)

e Agglomeration

In a more recent work on segregation testers, Salter [1997] also identified a mechanism,
which he called 'embedding'. This, however, could probably be the same as that which
Mosby called “push-away effects”.
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Various terms are used to describe these mechanisms, also there are different opinions as
to what ought to be called 'mechanisms', and what ought to be called 'processes’. However,

at POSTEC it has been decided to stick to the following definitions:

A segregation mechanism is a localised event, which leads to the separation of one type

of component or size class from another.

A segregating process is a situation in which one or more of the mechanisms can become
active, for example in the formation of a heap, the filling or discharging of a silo, or the

transport of materials on belts or in containers, and their subsequent discharge.

In short, we define the mechanisms as the building blocks of a segregating process.

Others like Bates [1997] have another view of these definitions, he defines what here are
defined as mechanisms as processes and vice versa. However, this authors view is that the
differences of opinion are restricted to definitions of terms and that the practical conse-

quences are non-existing.

When handling powders or bulk solids, the segregation mechanisms likely to dominate are
defined by the powder itself and the actual methods used in handling and processing them.
Examples of the latter are airflows set up during the filling of silos, local shear caused by
movements or vibrations, rapid or slow filling of heaps, mass- or funnel flow in the dis-
charge of silos, or the introduction of material into processes or systems, which preferen-
tially accelerate or retard the different components in a mixture. Short descriptions of the
mechanisms and alternative terms are given later. Systemising the mechanisms defined by
Mosby [1996] and de Silva [1997] their place of occurrence are shown in Figure 2-1, nam-
ing the mechanisms occurring in the free falling region, together with mechanisms occur-
ring in the heap or silo, which are all mechanisms included in the heap segregation proc-
ess. The mechanisms below the dotted line are mechanisms occurring as a response to ex-
ternal mechanical vibrations and movements, as well as internal spontaneous rearrange-
ments. The mechanism of agglomeration will change the bulk solids properties with re-

gard to the other mechanisms.
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2.2.4 Sieving

Sieving is a segregation mechanism by which smaller particles flow downward through a
rolling or sliding layer of large particles. This mechanism is often referred to as percola-
tion, which, arguably, can be defined as a mechanism in its own right (see Section 2.2.9).

The sieving mechanism is shown in Figure 2-5.

Figure 2-5. Sifting of finer particles between coarser particles when layers slide down a

heap surface.

2.2.5 Impact Segregation

This segregation mechanism occurs when particles with higher coefficients of restitution
bounce off a heap surface, and are found further away from the centre than those with
lower coefficients. It could also be called "bouncing". It is also encountered when filling
heaps via chutes with bends [Engrav et al, 1991]. The bouncing mechanism when filling a

heap is shown in Figure 2-6.
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2.2.11 Concentration driven displacement (Diffusion)

A mechanism encountered in rotating systems (e.g. drum mixers) where the mobility of
fine particles is much higher than that of large particles, leading them to concentrate in
zones. The fine particles can pass through the coarse ones, but not vice versa. The forming
of the fine core is shown in the end view of the drum in Figure 2-12, and the forming of

bands is shown in Figure 2-12 side view.

Figure 2-12. Concentration driven displacement (Diffusion)

2.212  Agglomeration

A mechanism which causes very fine particles to form larger aggregates with greater mo-
bility, again mainly encountered in mixing, as illustrated in Figure 2-13, and in filling of

heaps, causing agglomerated fines to be concentrated at the edge of the heap.
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Figure 2-13.  Agglomeration of fines creating coarser particles, with different mobility.

2.3 Air Current Segregation

Since the work carried out by Tel-Tek dept POSTEC for the aluminium industry, has
shown that air current segregation is the most dominating mechanism, a more thorough

elaboration of this mechanism is included.

2.3.1 Air Current Segregation in General

Air current segregation is covered in detail by only a few authors. One of the few attempts
to describe this concept was by Carson et al [1986]. They suggest that finer particles will
remain suspended in an air stream for a longer time than coarser ones. Therefore, the air
currents created when filling vessels may have the ability to carry small particles away
from the filling point before being deposited. In addition, they state that it affects materials
with sizable fractions under 50 um in diameter, while being very important if there is an

appreciable quantity of fines with a diameter less than 10 pm.

Mosby [1996] adds to this by asserting that larger particles could well be affected in a

similar manner. In particular, if the particles were flaky, air currents could transport them
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easily. An example can be taken from everyday life, which would seem to support this
suggestion. When leaves fall from trees, the wind often blows them a considerable dis-
tance before they come to rest, whereas apples and other fruits will stay where they landed
under the tree. While the wind velocity outside may be somewhat greater than the air cur-
rents in a silo, the size of leaves are also far greater than the 50 um reported by Carson et

al.

Mosby also reports that a study by Medema [1991] into segregation in alumina storage
vessels found that air current segregation caused a considerable separation of the alumina.
It was further noted that in addition to the air current segregation transporting finer parti-
cles to the periphery of the vessel, another mechanism (fluidisation segregation) caused

further concentration of the fines in a layer on the surface of the solids.

While the term air current segregation is specific in identifying air, as the medium that
segregates the particles, Bates [1997] prefers a general approach recognising fluid drag as
a force that may lead to segregation. Bates also takes a broader approach to the properties
that may affect the materials’ likelihood to segregate in this manner, listing particle size,

shape, density, and surface morphology.

The fluid drag force is then linked to three different processes that cause segregation, i.e.
elutriation, transverse and counter current gas flow. The separation of particles when fill-
ing a storage vessel is likely to be a combination of these three processes. Initially, elutria-
tion of the particles may cause their separation from the bulk of the powder, followed by
further segregation by transverse air currents, as the powder settles out due to the dimin-
ishing lateral air velocity. Finally, as the air currents travel up the side of the vessel, some
counter current segregation may occur as some particles settle out, while the air stream

carries others away.

Johanson [1978, 1987 & 1988] regarded segregation caused by fluid drag forces to be par-
ticularly important during the horizontal discharge of solids, e.g. from a belt conveyor.
When discharged with a horizontal velocity, small particles will be affected more by the

air resistance than larger particles. In this manner, the horizontal velocity component of
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the smaller particles will be reduced faster than that of the larger particles. This in tun
leads to the larger particles travelling a greater distance from the feed point than their

smaller counterparts.

While this effect is caused by those same forces that are responsible for air current segre-
gation in storage vessels, it will lead to a different result. Johanson does give one qualifica-
tion on the ability of fluid drag to cause the segregation of particles saying, “a stream of
material drags a stream of air along with it, preventing the full drag force from being felt
by each individual particle”. This idea can be taken further by saying that only particles at
the edge of the stream feel the drag forces while those in the centre of a particle stream are
unlikely to feel any drag forces. From this it may be assumed that if the particles are
tightly packed together in the stream, such as that encountered during the gravity discharge
of a silo, they will be less affected than those in a diffuse cloud such as that created from

the discharge of a dilute phase pneumatic conveying system.

2.3.2 Air Current Segregation in the Filling and Discharge from Silos

Air current segregation occurs when filling tall silos with material having a wide size dis-
tribution and a significant dust content (particles below 50 um). Alumina used in the
manufacture of aluminium is such a material. Air currents are induced by material streams
falling through the middle of a silo, and turn outwards on meeting the surface of the mate-
rial heap already in the silo. Air currents are also generated from transport air when using
pneumatic conveying. As the airflow moves towards larger radii it loses velocity and finer
and finer particles are deposited near the walls of the silo, with nearly all the dust present
being deposited as the airflow turns upwards at the walls. When the policy of keeping con-
stant level over longer periods of time is practiced in a funnel flow silo, fines are accumu-
lated near the walls and introduced to downstream processes, when the level is allowed
below a certain height, as shown in Figure 2-14. This silo is operated in core/ funnel flow,
and therefore the material by the wall is stagnant. The alumina consists in principal of two
crystalline phases, alpha and betha. These have different particle density (betha 2,8 and
alpha 3,9), and this could suggest that impact segregation could occur, however, the sur-

face area of these small particles are dominating compared to the specific weight, also the
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2.4.2 Production of Alumina

The description of the process can be found in (http://www.qal.com.au). Alumina is today
mostly produced using the Bayer Process, which has been found to be an economical
method of producing aluminium oxide. The process was discovered by the Austrian chem-
ist Karl Bayer and patented in 1887. The process dissolves the aluminium component of
bauxite ore in sodium hydroxide (caustic soda). Further one removes the impurities from
the solution and precipitates aluminium tri-hydrate (aluminium hydroxide, hydrate,
A1,05-3H,0 or Al(OH)3), which is then calcined to aluminium oxide.

24.2.1 Bauxite and Bauxite Mining

Alumina recoverable by the Bayer process is found in bauxite as gibbsite (tri-hydrate),
boemite (monohydrate) and diaspor (also a monohydrate). Bauxite is the residue of weath-
ering process of other rock formations. These weathering processes take place in tropical
wet climates over millions of years. The bauxite contains a number of other weathering

products such as metal oxides (iron, titanium, etc.), silicates, clays, and quartz.

Bauxites are normally found in pockets (Jamaica) or blankets (South America, Australia)
and are mined in open pit mines after removal of the overburden. In some areas such as
Southern Europe, the bauxite has been subject to secondary geological transformations.

These bauxites lie deeper and require under ground mining.

In open pit mining, it is common practice to restore the area after the bauxite has been

mined out. The overburden is returned with the top soil on top and the area reclaimed.

2.4.2.2  Digestion of Bauxite

Bauxite is ground in mills to allow better solid liquid contact during digestion. Recycled
caustic soda solution is added to produce pumpable slurry, and lime is introduced for

phosphate control and mud conditioning.
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The silica component of the bauxite is chemically attacked by caustic soda, causing alu-
mina, and soda losses by combining to form solid desilication products. To desilicate the
slurry prior to digestion, it is heated and held at atmospheric pressure in pre-treatment
tanks, reducing the build-up of scale in tanks and pipes. Most desilication products pass

out with the mud waste as sodium-aluminium-silicate-compounds.

The monohydrate slurry is pumped through agitated, vertical digesters. Mixed with steam
and caustic solution, alumina in the bauxite forms a concentrated sodium aluminate solu-
tion leaving undissolved impurities, principally inert iron and titanium oxides, and silica

compounds.

24.2.3 Clarification of the Liquor Stream

Most red mud waste solids are settled from the liquor stream in settling tanks. The mud is
washed with fresh water to recover the soda and alumina content in the mud before being
pumped to large disposal dams. Slaked lime is added to dilute caustic liquor in the wash-
ing process to remove carbonate (Na,CQO;) which forms by reaction with compounds in
bauxite and also will emit carbon dioxide to the atmosphere, which reduces the effective-

ness of the liquor in dissolving alumina. The overflow liquor from the settlers is filtered.

2.4.2.4  Precipitation of Aluminium Hydrate

Dissolved alumina is recovered from the liquor by precipitation of hydrate crystals (Al,O;
-3H,0). The cooled pregnant liquor flows to precipitation tanks, which are seeded with
crystalline aluminium tri-hydrate. The entry temperature and the temperature gradient
across the row, seed rate, and caustic concentration are control variables used to achieve
the required particle size distribution in the product. As correct particle size is important to

smelter operations, sizing is carefully controlled.

The finished mix of crystal sizes is settled from the liquor stream and separated into dif-

ferent size ranges in multi stage "gravity" classification tanks. In plants that are more mod-
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ern, hydro cyclones are used for classification. The primary classifiers collect the coarse
fraction, which becomes the product hydrate. The intermediate and fine crystals from the
secondary and tertiary classifiers are washed and returned to the precipitation tanks as
seed.

After precipitation, the liquor (spent liquor) is heated, and the excess water picked up in
the cycle is evaporated and used as steam for heating. The liquor is then returned to diges-
tion for another cycle through the process. Makeup of lost soda is done as an early stage in

digestion.

2.4.2.5  Calcination of Alumina

The coarse hydrate slurry (Al;03-:3H,0) from the primary thickeners is pumped to hydrate
storage tanks and is filtered and washed on horizontal-table vacuum filters to remove
process liquor. The resulting filter cake from the vacuum filters is fed to calcining units.
These units are circulating fluidised bed calciners, fluid flash calciners, or rotary kilns. The
feed material is calcined to remove both free moisture and chemically combined water.
The finished alumina is cooled and discharged on to conveyors, which convey it to storage
such as silos or A-frames where it is stored before shipment. The typical capacity of a re-
finery is between 0,6 to 4 mill. tonnes per year. The shipments may vary from 10 kton to
40 kton (Panamax ~ 60 kt Australia to US or other intercontinental routes), however, the
size of ships delivering to the aluminium plants tend to increase towards the maximum 60
kton. The size of the shipments defines the size of the main storage both at the refinery and
at the receiving aluminium plants. This main storage has the form of either a silo/ silo bat-

tery or an A-frame storage. Neither is exempt from the effects of segregation.

2.4.3 Aluminium Production
24.3.1 Storage and Conveying of Alumina at Aluminium Plants

Main storage units used for alumina at the aluminium factories are silos and A-frames,

with capacities equivalent to one or several shipments of alumina (10-60.000 tonnes).
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These silos are filled whenever the shipments arrive, and are drained at a rate of approxi-

mately twice the tonnage capacity of produced aluminium.

For conveying the alumina from the site of reception (in Norway generally a quay) to the
plant, and for transport internally in the plant, trucks, conveyer belts, pneumatic convey-
ors, air slides and other types of conveyors are used. When conveying large quantities
usually belt conveyors are used, but transport internally within the plant involves nearly
the use of as many systems as there are plants! Downstream from the main storage facili-
ties there are fume treatment facilties, fed from a buffer silo of primary alumina, and one
silo after these for storage of the secondary alumina, as it is called after it has been used in

dry scrubbing. From this buffer silo, the secondary alumina is conveyed to the pot-rooms.

2.4.3.1.1 Distribution of Alumina to the Electrolysis Cells (Pots)

This is done in several ways. Some plants use front loaders, which are driven from cell to
cell, and the alumina is filled into small feed silos on the cells. Others use overhead cranes.
Pneumatic conveying systems are used by some, but maintenance with these has been
found to be high due to the erosive nature of alumina. The latest system that this author is
acquainted with uses a tank wagon, which fills specially designed feed silos pneumati-
cally. During a long-standing cooperation between Tel-Tek and the Technology Centre at
the Hydro Aluminium Aardal Plant, a system based on air-slides has been developed,
which has been shown to work very satisfactorily. This system runs at low velocities, and

involves a minimum of manual intervention.

2.4.3.1.2 Feeding Alumina to Electrolysis Cells

Traditionally alumina is fed to the cell by volumetric dosing. Various systems are again
used. The main parameters that one wishes to determine are the optimal frequency of the
doses and their optimal sizes, with regard to solution time, temperature, and power con-
sumption in the cell. Investigations so far point towards clear advantages of using frequent

small doses. Example, pots are feed with 200 g pro dose, and the frequency given by the
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consumption of alumina, which depends on the amperage for the electrolysis pot, and the

number of feeding points.

24.3.2 The Electrolysis Process

Aluminium is obtained from alumina by electrolytic reduction - the removal of oxygen
atoms from aluminium oxide in a process of electrolysis. The calcined alumina is reduced
to aluminium metal in electrolytic cells, or "pots", connected in series to a direct current
power source. The cells are rectangular steel pots lined with refractory bricks and carbon

blocks acting as the cathode.

The pot contains a molten electrolyte, called "bath" in which alumina is dissolved. The
electrolyte is a mixture of cryolite (Na3AlFs), a molten salt, and certain additives to give it
appropriate density, conductivity, and viscosity. The principal additive is aluminium fluo-
ride (AlF;) which must be replaced from time to time due to losses through evaporation
and a chemical reaction converting it into more cryolite. The emitted fluorides are col-

lected, treated, and recycled to the pots, in the form of secondary alumina.

Suspended in the electrolyte are a number of anodes (positive electrodes) which act as

electrical conductors for the high intensity direct current.

Electric current passing from the anode through the electrolyte to the pot wall, which acts
as the cathode, reduces the alumina molecules into aluminium and oxygen at a tempera-
ture of approximately 950°C. This process is called electrolysis. The oxygen is released at
the carbon anode, where it combines with the carbon to form carbon monoxide and carbon
dioxide (CO and CO,). The aluminium, being heavier than the bath, settles to the bottom
of the pot. Considerable electrical energy, between 13 and 17 kWh per kilogram of alu-

minium, is consumed in the process.
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2.4.3.3 Fume treatment using alumina (dry scrubbers)

Each pot is tightly closed to achieve greater energy efficiency, and ventilated to capture
the pollutants emitted, which are then treated to reduce environmental pollution to a
minimum. There is, however, a concemn regarding particulate emissions. These occur
when the alumina is being introduced into the pots, during which a hole is made in the
crust of the bath, and the alumina allowed trickling in through the hole. If there are too
many fines in the feed material, these are either sucked out by the ventilation system, or

come out into the working environment whenever the pots are opened.

At regular intervals, the molten aluminium is sucked from the bottom of the pot into large

ladles and transferred to holding furnaces for casting.

2.4.3.4 What effects the aluminium production

The production of aluminium through electrolysis is a complex process. Several variables
affect production. These can be the lining material and operational behaviour, the compo-
sition of the anodes, and of course the operational method. When operating a potline, a
phenomenon called Anode Effects (AE), occurs from time to time. Grjotheim and Welsh
[Grjotheim and Welsh 1998], describes it as a sudden increase in the cell voltage, from
normal operating conditions. The increase in voltage defined as an AE vary depending on
the cell technology. The increase can be from a few volts up to 50 volts, this increase leads
to production of carbon-tetra-fluoride-gas, and minor amounts of other fluorides. These
gases have an overall CO, equivalent of approximately 8 000 to 10 000, hence this phe-
nomenon is not wanted in a high frequency. All increase in voltage during an AE is trans-
ferred into heat, affecting the thickness of the side ledges, and the overall heat balance in
the pot. The AE decreases the Current Efficiency, hence the effect consumption of produc-
ing the aluminium. AE are depending on the concentration of alumina in the molten
cryolythic bath, and the concentration of the alumina is again depending on the nature of
the alumina, i.e. the particle size distribution. Knowing this and that alumina is the main
raw material for the aluminium production variations, of the alumina would be of impor-

tance. Fines (sub 45 pm) are considered to have lower dissolving rates, and thereby the
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process stability would be influenced by large and rapid variations in the alumina fed to
the electrolysis cells. In addition, the concentration of AlF; in the cell influences the heat
in the cell, and therefore the recirculation of AlF; is desired to be as constant as possible.
Overall, any variable or incident affecting the heat balance in the pots, have a deterring

influence of the efficiency in which one produces aluminium.

In addition, dust emissions to working atmosphere during operations at the pot are influ-
enced. Furthermore, the frequency of operations needed to be carried out at one specific
pot, increases by the deviations created by variations in the alumina feed to the pot. This

leads to exposure to heat, hazardous gases, and dust for the operators.

When considering the above, and all the aspects in which variation in bulk solids may in-
fluence the overall efficiency of aluminium production, it does not seem far fetched when
experts in the community suggests that up to 1 % of the current efficiency is lost because

of segregation, depending on the value of the initial current efficiency.

2.5 Summary and Commentary of Literature Survey

The segregation phenomena have been discussed in many publications, dating back to as
early as 1915, and even perhaps earlier. One should therefore believe that the problem
should have been well debated and solutions developed. However, this is not the case. In
the academic world of powder technology, discussions of details like definitions of what is
a mechanism or a process are taking place. In this work mechanisms are defined as the
small building blocks creating the total picture of segregation in given processes or situa-
tions. Overall there has been singled out 12 mechanisms from the literature during this
work, and the processes and situations in which they occur have been described. Although
the literature on segregation is quite extensive, it seems that the description of segregation
itself has been in focus and not the impact that segregation has in a given situations/ proc-
esses, although one should expect that this would have been of great interest. The intent of
this literature survey of segregation is to seek to understand segregation, in terms of find-
ing means to identify and counter it. The literature also shows that when handling alumina,

the mechanism called air current segregation is the dominant one, although it is the firm
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belief of this author that all the identified mechanisms occur all the time, just with varying
degrees depending on the circumstances. The air current mechanism can and will accumu-

late fines at the silo walls, if the material surface there is not renewed quite frequently.

The production of aluminium starts at the alumina refinery. The quality of alumina is de-
termined even when the first shuffle is put into the ground digging out bauxite. The
chemical composition of the resources determines the downstream potential quality of the
alumina. In addition, the refining process itself has a long development, but it seems that it
s just in the later (from say the 1970-ies) years that the quality of the finished alumina has
come into focus. The calcining and dissolution processes have been thoroughly investi-
gated in order to optimise the quality and yield, but even more so the digestion step. The
calcination process today more and more moves away from the traditional rotary kilns into
so-called fluid-flash method, utilising high temperature fluidisation techniques. The typi-
cal refineries now are growing in size, and it is anticipated that a refinery could become up
to 7 million tonnes of annual production. Whithout a proper understanding of topics like

segregation, handling of such amounts can cause many problems.

Getting into the electrolysis process quickly reveals an in many ways uncharted very com-
plex process, although it is an old process concept. Not, in any way, under estimating the
efforts made by people in the industry, but clearly suggested effects by segregation on the
process have been ignored for years. The reason for this neglection may be that the effects
of segregation have drowned in the noise from other more dominant electrolysis issues.
However, the literature suggests that variations in any way of the raw material composi-
tion will affect the heat balance, i.e. the energy consumption of production, and the occur-
rence of anode effects, hence the current efficiency. With that as an inspiration, the chal-
lenges ahead in time will be many, when forcing downwards the margins in electrolysis

design and production of aluminium.
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3. SURVEY OF SEGREGATION IN AN ALUMINIUM PLANT

When discussing the segregation and anti measures that can be undertaken one often for-
get the most important tool in anti segregation work. Of course the Anti Segregation Sys-
tem and Anti segregation Tube are by this author considered quite important, but no sys-
tem can act blindly, therefore it this author’s strong belief that the most important anti seg-
regation measure one can have is characterisation. If the information about the factory in
terms of variations, and where the variations occur, is not accurate, implementation of anti
segregation measures are easily wasted. It is strange that at new sites one invest in all
kinds of process control, lab equipment etc, but when installing the bulk handling system
no sampling points are even considered, not even a flange creating an easy access. To get
a thorough control over a factory, a standardised sampling procedure and points should be
established as a part of the installed equipment. All the campaigns carried out as a basis
for this work, have, been a compromise of accessibility, extent of work and of course
costs, as can be seen later. The costs would have been much smaller if sampling points
were embedded in the design of the factory, instead of implemented when needed for

campaigns or other troubleshooting.

3.1 Philosophy behind full factory campaigns

The study of the interaction between the aluminium reduction process and powder tech-
nology, represented largely by segregation is inspired by the fact that the handling of alu-
mina is an essential element in the production of aluminium. The alumina is stored at a
main storage site, conveyed to buffer silos, passed through the fume treatment plant, stored
in buffer silos for secondary alumina, distributed to the pots and eventually fed to the elec-
trolysis process. Regarding this path, one may see that logistics, process, and environment
are interacting all the way. The logistics have impacts on both the process and the envi-
ronment. Logistic has an environmental impact trough the dust emissions when conveying
and handling alumina. Further the logistic needs to supply a constant feed of alumina to
the process in order to make it stable. A stable process requires less operator intervention,
hence less exposure for operators to heat, dust, and gases. As a result, the total emissions

of gases and dust to the atmosphere are reduced. The alumina plays an active role in the
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tions the practicality of stopping belts for sampling, based on the fact that the energy
needed to restart full belts of some length. This can only be seconded by this author. An-
other fact that also needs to be put on the agenda is the point of effect of stops to the belt
conveyer during unloading ships, which would be the typical case in the aluminium indus-
try. The costs for a sampling will increase dramatically if it dictates the time needed for
unloading a ship, due to de-murage costs for the ship. Gy also quite clearly states his opin-
ion of what usually are referred to as “grab samples”. This should by his opinion be
avoided, and he supports this with statistical theory. This will not be disputed here, but the
standards and Gy have all one thing in common, they are aimed to get a representative
sample of the bulk, whereas the usual need in the process, industry is to se relative changes
in the bulk. By aiming for the correct sampling principle of taking a sample of the whole
stream, cutting one section of a linear one-dimensional conveyer, a consequent repetition
of the sampling and picture of the changes through a material loop can be quantified. The
size of the sample must of course be big enough, so that one can reduce that part of errors.
The minimum needed for the sampling campaigns in the aluminium industry has been to
be able to characterise the relative changes of the bulk after being stored, conveyed or

treated in any way.

3.2.1 Designing sampling of an aluminium plant

Below in Figure 3-2, a simplified layout of a single lined aluminium smelter is shown. In
Figure 3-2 sample points A through H are given. These points represent the typical ap-
proach used for campaigns. Characteristic for the sampling points are placement before
and after a major handling operation. Sample point A, is taken during a shipment of a lar-
ger amount of alumina for the main storage. This filling of a main storage typically is car-
ried out during a shorter period of time, and to a rate varying between 100 and 800 t/h,
therefore the sampling frequency is set to match at least one sample for each increment
representing the tonnage equal to the daily consumption of alumina for the electrolysis
process. If possible, a larger frequency is preferred, but this is adjusted to fit the rest of a

large campaign, both in cost and resources.
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parallels, knowing the number of cells sampled, duration of sampling and the frequency
(once a day), one can quickly calculate that these campaigns become considerable. The
campaigns will vary between 1 000 to 3 000 samples of alumina, each sample of 1 kg, re-

sulting in a total of alumina in samples up to 3 tonnes.

3.2.2 How is the sampling done

The sampling in itself is carried out, aiming for the good practice described both by ISO
standards and by Gy, namely by collecting a cross section of the complete material stream.
For air slides, this has two outcomes. One, if the air slide is shut down, and a complete
section of the powder in the air slide is removed similar to the isolation of a section on a
belt. The length of such a section depends on the degree of filling in the air slide, but the
sample size usually becomes approximately 1 kg. Two, if the air slide is running, the sam-
ple collector used is formed in such a way that the whole stream is cut during the time it
takes to fill the collector. Samples from the electrolysis pots are collected by collecting a
full dose from the dosing system on the pot. Overall, by collecting samples in the size
range of 1 kg, and considering the largest particle being 200 pum, the disturbance has been
found to be, if not eliminated so at least much damped. When collecting from a belt con-
veyer, the sampling becomes slightly less according to the standards. For belt conveyers
with low capacity one is able to collect the full stream by stroke the collector across the
belt, but for belts with high capacity this becomes difficult, and therefore such samples are

collected in transition points, or in the nearest air slide available in the logistic string.

When sampling in a continuously running process, one must remember that, all sampling
demands accessibility to the process, to be able to collect the sample undisturbed. If there
are operations on the cells/pots or in the process in general in conflict with the sampling
when the sampler arrives, the process routines always have priority. Therefore, constant
time intervals between samples become impossible to achieve. Therefore, one has rather
tried to take it completely in the other direction, namely varying the time for sampling in

any given point as much as possible.
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3.2.3 Method of analysing the sample results from sampling campaigns

When the samples are collected and brought back to the lab for particle size analysis, the
analyses of the “happenings” are carried out using ordinary statistics. Equation 3-1
through Equation 3-3 are basic statistical equations, whereas Equation 3-4 is a definition

much used in the powder and bulk solids handling, de Silva [1997].

_ 1 &
X = . z X, Equation 3-1
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Where
X The average value of a series of n samples
S The standard deviation, based on n-1, for a series of samples
Coar The coefficient of variation for a sample series
H fact £ The homogenisation factor between the series i and
]

The Homogenising factor (Hy) is often used commercially as the standard deviation of
the material in divided by the standard deviation of the material going out. This will only
give a correct picture when the average value of both series are identical, and maybe in an
ideal world this is always true, but in most cases it is not. Therefore, here the definition
given above has been chosen, where the variations are related to its average value. The

term; Homogenising factor, might be of discussion, when considering the statements of
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Gy [1998], claiming homogeneity is defined as the unachievable state, and all states be-
tween full segregation and homogeneity are called Heterogeneity. However, since the fac-
tor is meant to describe a step in the direction of homogeneity, the name homogenising
factor is quite describing. Ideal homogeneity is achieved when the homogenising factor
goes to infinity, and for this to be achieved the outgoing standard deviation S;, would have
to be zero. This state is, by experience not something likely to occur in an aluminium plant

handling alumina, at least not for many years to come.

The homogenising factors are interpreted as follows:
e Hp < 1, indicates segregation. If Hy =0,5 the standard coefficient of variation
has doubled
® Hpe = 1, indicates no segregation and no homogenisation. This is the target value
for the later described anti segregation system.
e Hpe > 1, indicates homogenisation, meaning that the variation in the material has

been reduced.

From the definition of homogenisation factor, it is clear that the smaller the ingoing devia-
tions/ variations are, the more difficult it becomes to keep the homogenising factor above

one.

The particle size distributions are measured for all the samples, which are collected, but in
order to simplify the further treatment only one specific fraction is considered for the fur-
ther analysis. The fraction that is chosen is fraction less than 45um (also in earlier times
sub 42um due to equipment settings). There are mainly two reasons for choosing this frac-
tion. First because the fraction is below 50 um, and as can be seen in section 2.3.1 this is
the fraction most likely to be exposed to air current segregation. Furthermore, the fraction
below 45um represents a size that is not at the lower end of the laser equipment used for
analysis and is of such a size that the number is not too much affected by the weaknesses
of the equipment for the smallest size fractions. Second, the size sub 45um is in consen-
suses with the international standard for the alumina trading where the 325-mesh sieve is

used for certification [ISO 2926].
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3.2.4 A constructed example of a campaign

Below in Figure 3-3, data has been generated to fit the general sampling campaign de-
scribed through Figure 3-2. The generated data have been shaped in the term that it
matches what typically has been found during campaigns. The example is meant to dem-
onstrate the method used for analysis of factories, to explain the basics, before showing

measured results.

In Figure 3-3 all the “measured” data are shown. Please observe that the scales of each
plot, and for later plots showing the variations in the sub 45 pm fraction, are set to the
same value. This might seem like a minor detail, and obvious for most people considered
as “common sense”. However, to quote late Prof de Silva, “common sense is not so com-
mon”, and he was quite right. When browsing through data on sites, the scales are jumping
up and down, seemingly only controlled by the auto scale function in Excel or other
spreadsheet programmes. By keeping the desired principle as described above, the Figure
3-3 gives a clear picture of the development of the material throughout the process, and

condensed into one plot, Figure 3-4, the “signature” of each point can be seen.

(On the following figures, horizontal axis, ‘Samples’ could be either the number of sam-
ples taken (one, two etc.) or it could be the date and/or time of when the samples were

taken)
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In case A, where there is an overall increase of the level in the silo, the content of fines is
low in the discharging alumina. In such a situation, there will be accumulation of fines in
the silo, and hence there is a low content of fines in the alumina leaving the silo with small
variations. This is caused by the fact that air current segregation accumulates the fines at
the walls, where it is continuously being covered by fresh alumina. In this silo, only alu-
mina from the centre of the silo will be discharged (Figure 2-14). Thus, the fines near the
walls continue to accumulate in the period between A and B (Figure 3-10). The clearest
proof of accumulation of fines is at point D. Here the silo has been held at a level between
85 and 95 % (B), and suddenly the level is reduced to 50 %. This causes the fines content
to increase from the usual 9-10 % to almost 60 %. If all this were to go further down the
line to equipment designed for nearly free-flowing alumina, the functionality of such

equipment would be dangerously compromised.

When the level in the silo falls below the “usual” before the silo is re-filled, the accumu-
lated fines will create a pulse of high fines content in the discharged alumina. This causes
the effect seen in Figure 3-10, where the fines content further down the process line in-
creases in the case of C and D, where the levels in the silo are low, causing transport prob-

lems which will be explained below.

One of the much referred works within the fluidisation area is the powder classifications of
Geldart [1973]. Geldart classified the powders by the results from a fluidised column, the
velocity needed for fluidisation, the specific pressures drop, and expansion of the powder
and the flow patterns during the test. Geldart [1973] ends up with four classes of powder:

A-powders: Aerate able powders, characterised by the fact that when fluidised just
above the minimum fluidising velocity, the expansion is homogene-
ously distributed in the fluidised bed.

B-powders: Bubbly, generally coarser than A-powders, and as indicated in the
name, generates bubbles when fluidised. The expansion when fluid-
ised is not homogenously distributed, but is defined by the volume of
the bubbles.

C-powders: The C stands for cohesive powders. C powders are finer than both A

and B powders. Characterised with the fact that cracks emerges when
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passing the minimum fluidising velocity, resulting in a considerable
less pressure drop than the bed height would suggest.

D-powders: D-powders are the last class from Geldart, and are the coarsest of the
four classes. When fluidised above minimum fluidising velocity,

spouting is typical.

The classes from Geldart [1973] are very coarse, and based only on his work with a cata-
lytic material. However, when plotting the classes in a plot of density and particle size, a
plot such as given in Figure 3-11 is generated. This plot can reveal potential effects of seg-

regation in terms of fluidisability, although a rough indication it has proven itself useful.

Much of the transport of alumina in the industry into the secondary oxide silos is based on
pneumatic conveying and, lately, increasingly based on air-slides. This is because the alu-
mina is easily fluidised in its “normal” condition. If the state values of the fines rich mate-
rial at point D in Figure 3-11 is placed into Geldart’s diagram used to classify powders
with regard to their fluidisation behaviour, Figure 3-11, one can see that the characteristics
of the powder moves from being an A powder (A = acrateable), point (1) in Figure 3-11,
to become a C powder (C = cohesive), point (2) in Figure 3-11. Air-slides for transport of
alumina are mounted at a certain angle (usually 1°) and are run at a certain fluidising air
velocity, based on the fluidisability of the material being transported. If the material
changes in nature from an A powder to a C powder, the velocity required may, and the
angle required will, increase. Since the requirement for an increased angle is not satisfied,
a plug will form in the air-slide. If the amount of powder of type C that enters the system
is large, the plug will become so long that it will get stuck, and the system will stop trans-
porting. The potential risk was identified during a sampling campaign in April’98, and in
August, the same year the chocking of the transport system actually occurred. After this,
systematic vacuum cleaning of the conveying systems was established to counter this from

occurring again.
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48,4 1,344
=52 7.35[%]+
49,74 [%]+ 49,74

-100[%]=9,85[%] Equation 3-5
The calculations show an expected sub 42 um fraction of 9,85%, while the measurement

shows 9,08 %, indicating agglomeration instead of crushing in the FTP.

3.3.2 Process influences found during campaigns

As discussed in section 2.4.3.4, the concentration of fluoride and alumina influences the
heat balance in the cell. In terms of fluoride, if remembering the recycling of fines through
the gas from the pots, the secondary alumina will have a fines fraction enriched on fluo-
ride. Considering this the segregation will then not only influence the particle size of the
alumina, but also the chemical balance in the cell. Also suggested is that the composition
of the alumina fed to the cell influences the heat balance. The concentration of alumina in
the pot sets the conditions in which the AE (anode effects) occur, and the AE’s really ad-
justs the heat balance in the cell. From the earlier addressed sampling campaigns, the con-
tent of fines in samples from the pots is checked against the occurrence of AE. Since AE is
an integer, and concentration of fines is a real number, some processing must be done to
the number. By using Equation 3-6 (standard centering methode from statistic litterature),
the variations in the values can be compared. When doing so the plot shown in Figure 3-20

1s obtained.

X, -X

Equation 3-6
S

<

where
Y; normalized and centred value

measured value

2

average value of all samples (1 to n)

v

standard deviation of the sample series
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3.3.4 Effect of anti segregation measures

One of the primary reasons for launching the sampling campaigns was to pin point the
place to implement anti segregation measures, and of course to verify them after imple-

mentation. Before presenting such results, some definitions need to be established.

1) Segregation effect damping equipment

ii.)  Anti segregation equipment

The first concept, 1) Segregation damping equipment, only does what the name describes.
Typical examples of this is splitting the filling stream into several filling points, discharge
from different levels in the silo, and selling it off as anti segregation systems. However, as
the results will show, these systems although quite suitable for given circumstances, are in
the case of air current segregation, only damping the effect. The systems are operating
more in the term of homogenising systems, but not quite at the same scale, because the
systems are not directly countering the acting segregation mechanism itself. Moreover,
although able to reduce large incoming variations, they tend to fail when incoming varia-
tions are small. One might say that this is good, and it would be in some cases. However,

opinion of this author is that loss in homogeneity is loss in value of a raw material.

The second system, ii) Anti segregation systems, are designed to directly counter the
mechanism in progress. There are different commercial systems available, common for
them is that they utilise tubes or chutes for the material to flow all the way to the surface
silo content. The system available for this author to test has been the system developed for
Hydro aluminium by Tel-Tek dept POSTEC, called the AS-System. The others are
known, but measured results from these systems have never been made accessible for this

author.
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3.3.5 Economical calculation of full Anti segregation system implementation

Before investing in an anti-segregation system, its economical viability has to be investi-
gated. Usually the payback time of such an installation would provide sufficient informa-
tion for the decision makers, and an attempt of indicating what pay back time can be ex-

pected for an anti segregation system is therefore included here.

The effects of segregation suggested in 3.3 are made quite plausible, if not proved. Some
of the extra effects on the logistic loop, like less plugging and other flow problems, as well
as better stability in the FTP’s are quite hard to quantify in terms of economical value. The
environmental impacts are also difficult to count in terms of money, but are never the less
important. However, the suggested impact on the heat balance, hence the influences on
current efficiency may be estimated. Based on this estimate it is possible to calculate the
actual pay back time, and the net present value for a full anti segregation installation for a
given aluminium factory. In order to do such calculations one needs to calculate it as an
example of a full factory. Furthermore, as for any economical evaluation of this type one
need to make some assumptions of prices etc. The prices that will be used here will be
based on the experience of the author from building such systems in actual factories, hence

direct references cannot be given due to the sensitivity of these numbers.

3.35.1 Economical estimate of a 600 kton smelter

When building a smelter of this size, the layout is decided based on several variables.
Some of the variables/ parameters will be:
e Cell design
o Current
o Suction rate of the cells
o Current Efficiency (CE)
e Pot room design
o Double or single hall
e Fume Treatment Plant (FTP) layout
o Size

o Arrangement
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To design the plant one needs to establish how many pots one needs to produce approxi-
mately 600 ktonnes of aluminium, below is a rough empirical formula for calculating the
production of one pot/ cell, given the current and current efficiency, rule of thumb equa-

tion used in aluminium industry.

kgAl CE|%| 365 | da
Annual Prod =8,052[:1a§m]-1[k,4]- 1(50 ]-1000 k_gy Equation 3-7
t
Where
I Current used in electrolysis cell [kA]
CE Current Efficiency [%]

Setting the current I to 300 kA (current for example commercially known AP30 cells from
Pechiney sold world wide), and a current efficiency (CE) of 93-95 %, one pot ends up
producing ~ 820 - 840 tonnes of aluminium annually. In order to meet the goal of 600 kt
one then needs 716 - 732 pots, rounded to an easy number to be divided into a symmetri-
cal layout for gas ducts. If each of the pots needs a suction rate of 6 600 Nm*/h, a total
FTP capacity of ~ 4,8 MNm®/h will be required knowing that FTPs of 1, 2 MNm’/h are
available, although the size is close to the upper limit, the number of FTPs needed for the

smelter would be 4.

In simplified terms the system requires two silos, one for primary alumina, and one for
secondary alumina (alumina that has been used for adsorption of fluoride). Therefore, the
600 kt smelter needs 4 x 2 silos with AS-Systems for the FTPs. These silos are typically in
the size range of 2 - 5 kt each, and by experience, an AS-System installation such a silo
size would amount to about 2 MNOK/ silo, giving the total need for anti segregation in-

vestment for the FTPs to 16 MNOK.

Any smelter would need a main storage, which should be able to sustain the smelter with
alumina for one month, with some extra. As indicated earlier, one needs approximately 2

kg ALO; to produce 1 kg Al. The annual consumption of alumina to is therefore 1,2 Mt.
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This results in a monthly consumption of ~100 kt/month. The main storage needs to match
this and also preserve the demands for a safety storage. This author would in this case
therefore recommend a storage of 160 kt, divided in say 4 silos of 40 kt each, estimated to

a total cost of 30 MNOK for the installation of the AS-System in all 4 silos.

Total investment in anti segregation for the aluminium smelter, given in the text above
would then amount to 46 MNOK. For the following calculation the interest rate will be set
to 10%, $US exchange rate 6,5 NOK/$US, self cost for production of extra produced alu-
minium due to current increase 800 $US/t, and a long term London Metal Exchange pric-
ing for aluminium of 1 700 $US/t. The latter might be seen as an optimistic value, how-

ever, the self-cost is conservative.

To calculate the pay back time, and the net present value, the following equations can be
used [Sydsater et.al 1998]:

R, R, R+ R

A Gy T ey T ey T & Ty Equation 3-8
= 8 ( R —If’ : A) Equation 3-9

In(1+7)

Where:

A, Net present value after t periods

A Total investment [NOK, $US or £]]

t Period number [#]
Definite number of periods, i.e. number of periods needed for pay back (f.ex.

! number of years)

r Interest rate [-]

R The periodic return, if constant [NOK, £ or US$]
R; Periodic return for the period i [NOK, £ or US$]

Using Equation 3-8 to calculate the NPV (Ay) for different CE between 0 and 1%, the re-
sults are given in Table 3-2 and Figure 3-28
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3.4 Summary and Commentary for Survey of Segregation in an

Aluminium Plant

The quantification of segregation is the most important “Anti Segregation Measure”.
Without the information about the situation in the process stream, and information making
one capable to decide what and where to fight segregation, one can simply not do anything
about the segregation. With some pragmatic choices, a full factory sampling campaign is
possible. Although this sometimes means to deviate from what is considered good practice
in literature and standards, the process of implementing sampling as a natural part of a
process is of high value. By placing sampling points along the logistic loop for one or sev-
eral materials, and sampling these points for a long enough period, information on the in-
fluence of the units on the quality of the bulk solids can be identified. Such influence
might be segregation and crushing of the material. Standardised statistically expressions
can then be used for analysing the bottlenecks of the logistic loops, and from this informa-
tion, any anti segregation, and crushing measures can be implemented. Such factory sam-
pling campaigns are essential tools to map and increase the understanding of the influence

of the raw materials on the process itself.

The degree of segregation when handling alumina has proven itself to be quite consider-
able, not only in terms powder technology but also in direct process influence. The powder
technology bit clearly shows that the transportability and flowability of alumina can be
very altered by the handling processes in a logistic loop. These old logistic loops are his-
torically designed for transport between A and B in terms of capacity, and also storage
volume. The transport is usually designed without any consideration of crushing or suit-
ability for the material in hand, and storages are often dimensioned for gross volume, not

considering what is available volume.

Beside the problems identified in the actual handling of alumina, direct process and envi-
ronmental influences have also been found. The influence has been identified in terms of
correspondence between variations due to segregation and dust concentration in the
smelter pot room, and also between variations by segregation and anode effects. Further-
more, it has been found plausible that segregation can influence the current efficiency of

electrolysis cells, especially cells run close to optimum performance. Without including
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the costs from unidentifiable actions needed to compensate for bad or no flow of alumina,
or dry scrubbing efficiency, or environmental influences, an economical evaluation of an
investment in anti segregation system has been made. This evaluation clearly justifies both

the investigations in segregation, and the implementation of anti segregation measures.

Installed anti segregation systems have been tested, together with other systems. The AS-
System clearly demonstrated a homogenising effect no matter how low the ingoing varia-
tions were. The other systems can only be considered as Segregation Effect Damping Sys-
tems, since they only seek to remedy the effects of the segregation instead of directly at-
tacking the segregation mechanism itself. For silo filling, splitting into several heaps is a
known method of choice, but these systems were found only to homogenise the alumina
when the ingoing variations were large. Furthermore, systems with high frequent dosing of
small increments created much better process situations than systems distributing with low

frequency and large doses.
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4, DEVELOPMENT OF AN ANTI-SEGREGATION TUBE (AST)
4.1 The AST Concept

The concept of an AST for counteracting air current segregation of alumina when filling
silos was suggested by de Silva, based on a similar concept marketed by Trelleborg AB, as
mentioned by Dyrey and Enstad [1997]. The concept was developed in lab-scale experi-
ments described by Enstad et al. [1992], and later tested in a full-scale installation at the
Ardal Smelter in Norway [Karlsen et al, 1999]. Since first introduced, the AST valves and

inlet configurations have been modified several times.

The functional principle of the AST described by Dyray and Enstad [1997] is to prevent
the air current segregation by preventing induction of the airflow. This can be accom-
plished by preventing the powder from contact with air in the silo. The tube removes the
contact between the air on the outside of the tube and the falling particles on the inside,
and thereby restricts the airflow to the inside of the tube. To get the powder out into the
silo, the tube must have valves that open sequentially at different levels in the silo. These
valves are made by holes in the tube covered by flaps closing them from the outside.
When powder drops down inside the tube, it drags air from the top of the tube, creating an
under pressure. This under pressure closes the non-active valves. The basic function of the

AST is shown in Figure 4-1.

The powder mixture falls down inside the tube (Figure 4-1), and the valve nearest to the
powder surface opens and allows the powder to flow out into the silo. As the level in the
silo increases, the next valve opens and so on, until the top valve opens. The under pres-
sure diagram in Figure 4.1 indicates the under pressure along the AST, where the pressure
is zero near the active valve, and has its maximum at the top of the tube. This principle
does not work unless there is an inlet and a valve configuration that prevents air from en-
tering the tube together with the powder. The key to getting the AST to work is to make

the powder entrance as well as the valves as airtight as possible.
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As fluidization proceeds, or as the hydrostatic pressure increases due to an increasing level
in the seal, more and more material is discharged, thus preventing the seal from overflow-
ing. The challenge lies in ensuring that the amount of air entering the AST is kept to a
minimum. The size of the outlet opening of the inlet seal 1, in Figure 4-4, is adjusted to the
capacity range that the inlet seal should handle. It also determines the horizontal tube
length L, since L is a function of the angle of repose of the powder and the height of the
outlet opening. The fluidising element marked 2 activates the fluidized powder zone 3,
with a fluidising velocity equal to the minimum fluidising velocity or more, and can be
looked upon as the controlling element of the inlet seal. Dimension DL is a variable that is
adjusted to the capacity, and its function is to prevent the powder from containing too
much air as it flows through the outlet. Height H is a design variable that depends on ca-
pacity, on DL, and on the outlet opening marked 1 of the inlet seal. This must be custom

designed.

4.1.2 The Valves

The first AST made and installed in the aluminium industry used rubber flaps in a configu-
ration similar to the one shown in Figure 4-5, no. 2. The rubber selected did not withstand
the temperature and the chemical components it was exposed to. The rubber became brittle
in a relatively short time, and the flaps fell off and caused problems in the downstream
process. When using spring steel laminated with special rubber (Viton), the valves seemed
to be much tougher. The steel handles the mechanical forces, such as the suction forces on
each flap, and the rubber makes the connection between the flaps and the tube airtight. In
Figure 4-5, one can see the development of the valve configuration during the last 2 years

of development before the current solution.
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Configuration design no. 1 in Figure 4-5 had to be changed because of closing problems,
because the two materials laminated together had mechanical properties that were too stiff.
Configuration no. 2 in Figure 4-5 was installed in pilot silo Hydro AAPP, and the tests
shown later are based on this configuration of the valves. However, the complexity of the
valve configuration no. 2, and the weakness of using a sharp edge towards the flap, pro-
vided the basis for configuration no. 3 in Figure 4-5.

4.1.3 The Tube

The tube itself is a standard steel square profile. Holes for the valves are made down along
the tube. The holes in the tube are squared and are placed so that the lower edge of one
hole on one side is placed at the same level as the upper edge of the next hole on the ad-
justment side. Following the holes down the tube, the path describes a spiral. Later devel-
opment has shown that in larger silos the forces acting on a centre mounted tube, will de-
mand such sizes that it has been found better to use several tubes mounted around the

walls, and fed by an air-slide based distribution system on the top of the silo.

4.2 Basic development model

As has been indicated before, a way of mathematically estimating the pressure difference
AP developed between the top surface of the alumina in the inlet lock and the air inside the
anti segregation tube has been suggested as shown by the following equation (variables
explained in Figure 4-6):

m,-g-h

AP=R-F=p g h+ v, -4,

Equation 4-1

This is based on the basic equation for hydrostatic pressure:

P=p-g-h Equation 4-2

The density in the inlet box is set to the bulk density of aerated alumina, whereas the den-

sity inside the tube is expressed by dividing the mass flow with the product of velocity
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The results in Figure 4-17 are calculated by the use of Equation 4-1 and Equation 4-2. As
can be seen the driving force bends off and shows a slight decrease above approximately
45 t/h. This can probably be explained by the residence time in the inlet box. When the
capacity is increased, the time spent in the inlet box is reduced, since the size of the inlet
box is constant. Hence, the de-aeration time for the alumina is shortened, and therefore the
bulk density of the alumina decreases and the sealing effect of the inlet box are reduced.
The capacity where the driving force bends off and starts to drop with increasing capacity

is close to the upper limit for the AST configuration used for these experiments.

44 New testrig

After the initial development of the anti segregation tube, some pilot implementations be-
came actual. During the engineering of these implementations, the mechanical strength
needed for a centrally mounted tube in large silos forced the tubes to become very large.
The forces during potential avalanches and side forces from the flowing alumina de-
manded quite rigid tubes. Therefore, the idea of placing the tubes at the wall of the silo
came up. For this idea, one needed a central distributor, with transport to the tubes at the
wall. Furthermore, after working with the AST for quite some time, this author suspected
that the pressure inside the tube could not be linear. Hence, the idea of pressure measure-

ments along the length of the tube became a reality.
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per with alumina, adjusting the flow rate counter on the feeder, and turning the machine
on. The powder was dispensed for a measured amount of time and collected in a plastic
bowl, which was subsequently weighed using a weigh scale. The mass flow rate was cal-
culated in tonnes/hour for that particular counter setting on the feeder. The calibration re-
sults are shown in the form of a chart in Appendix C. The equation of the line of best fit,
which was forced through the origin, allows any desired mass flow rate to be selected

within the operating limits of the feeder.

A clear Perspex lid was prepared for the top of the box-section, which contained two holes
of diameters 14 cm and 11 cm for the powder inflow (from the screw-feeder) and outflow
(vent to atmosphere) respectively. A short piece of flexible tubing, with a constant internal
diameter of 14 cm, was used to connect the screw-feeder outlet to the box-section inflow.
All connections between the lid, box-section, tube and screw feeder outlet were sealed us-
ing tape. During the equipment testing, a metal deflector plate had to be fitted to the inside
box-section to ensure that the inflow hit the fluidised bed region and was not drawn di-
rectly into the tube-section. This plate was not included in the computational geometry,

and is required solely for the purposes of the practical testing.

The compressed air line supplies the AST box-section fluidisation pad and the air slide
used to discharge the silo. The air pressure to each device can be altered using local regu-

lators.

The tube under-pressure values were recorded using a PXI data recorder running a Lab
VIEW computer programme. The 24-Bit PXI data recorder is capable of measuring sig-
nals between +10V to —10V on eight separate input channels, and can provide high-
resolution data plots. The eight channels included the seven pressure transducers and an
optional measuring device if required. The data recorder was connected to an external
electronic filter that could remove the electrical spikes produced from any undesirable

high-energy signals.

The PXI can record data over a predefined frequency range of 1 kHz to 100 kHz. How-

ever, the pressure transducers have a response time of 600 mille-seconds, and a frequency
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of 1.67Hz. Therefore, the Lab-VIEW programme was written to record at a frequency of
10kHz, and plot the averaged values of 5000 points every half a second. This procedure
helps to minimise the effect of any peaks produced by the transducers due to their high
response time. During the experiments, a chart could be viewed that compares the magni-
tude of the measured pressure values for each of the transducers, and a secondary chart
displayed the real-time pressure data for a history of 1000 data points, which equates 500s
of real time operation. The linear equation of the pressure/voltage calibration chart for
transducer P1 in Appendix C was used in the Lab VIEW programme to convert mV elec-
trical readings from the transducers into mbar pressure values. After testing, the recorded

data was incorporated into an Excel spreadsheet for further analysis.

4.5.1 Operational Procedure

The purpose of the experiments was to investigate the pressure profile inside the tube-
section of the AST at different powder feed rates, and to record any observations that will
assist in the assessment of the modelling of the tube. The alumina feed rates are indicated
in Table 2, and each feed rate test was performed five times for a four minute period using

the following procedures:

45.1.1 Start Up Procedure

At the start of each test, the data recording equipment was switched on and the correct
LabVIEW file was loaded. The charging bin was filled with alumina and then raised to the
desired position above the Hethon screw-feeder, using the overhead crane. Having
switched on the vacuum system, the butterfly valve at the bottom of the charging tank was
manually opened to allow a gravity flow of alumina directly into the screw-feeder hopper
below. The dust cloud produced from this operation was removed using the vacuum sys-
tem. Note that during testing, the remaining alumina inside the charge tank could naturally
drop into the screw-feeder hopper, until the charge tank was empty. At feed rates of 5 ton-
nes/hour and higher, the 600 kg charge tank could only hold enough powder for a single

test run. After each test run, the powder held in the collection tank was emptied back into

the charge tank using a forklift truck.
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the tube had an inlet utilising an inclined chute, that filled a layer of material across the
cross section of the top of the tube and thereby sealing it. Since the negative pressure was
a function of the capacity, the idea was that the inlet would be self-regulate since both the
thickness of the layer and the negative pressure would increase with capacity. However,
the pressure inside the tube is also a function of fall height, hence when the height in-
creased, the inlet seal based on the chute experienced problems in industrial installations.
When the material started to flow, the generated negative pressure became so large that it
sucked the layer sealing across the top of the tube downwards so much that it punctuated,
and after that, the inlet blocked when the negative pressure vanished. From this problem,
the need of a new inlet led the development through several stages, ending up with the hy-
drostatic inlet box with its 90-degree elbow for powder lock. This solution proved itself
capable to handle the variations and vibrations occurring in industry, furthermore, it was
self-regulating, hence a large operational range capacity wise, all the way from no trans-

port to an upper limit defined by the AST system all together.

The test leading to the initial design was based on the assumption that the pressure was
linear, and that the dispersion of the alumina was complete inside the tube. Based on this
one point of pressure in the top of the tube was measured. Since the tube have many
valves, a test rig measuring pressure in several heights to detect potential leakages in the
valves was put up, and the real pressure distribution turned out to be non-linear. To meas-
ure this efficiently, a totally new test rig was designed. The new measurements gave such
stable a reproduce able results that it could later be used as a basis to develop a mathe-

matical model of the AST and its pressure distribution.

The new test rig also included a complete AS-System consisting of three ASTs. To test the
potential effect of this system, in the terms of efficiency countering segregation, tests were
carried out copying repeated filling and emptying of a silo, hence accumulating segregated
fines at the silo walls. The results clearly revealed that the AS-System prevented segrega-

tion, compared to conventional filling.
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5. MODELLING OF THE AST
5.1 Initial simple linear model

Initially only one point of pressure measurement was installed in the top of the tube, since
the estimates of under pressure generated inside the tube was based on a linear model as
seen already in Equation 4-1. The under pressure —P, was calculated for the full height of
the tube using Equation 4-2 with the concentration p, of alumina in the tube as the den-
sityp. By determining the velocity v, of the alumina inside the tube based on free fall as
given in Equation 5-1 and Equation 5-2 (basic kinetic and potential energy from general

physics), the under pressure —P, can be written as below in Equation 5-3.

1
m-g-h, =5m-vz2 Equation 5-1
v, =42:8h Equation 5-2
m
P = e —
2 4 2 gh Equation 5-3
Where:

m The filling capacity [kg/s]
P, Pressure inside the tube [Pa]
Acoss  Cross section area of the tube [mz]

h, Total height of the tube [m]
g Gravitational acceleration 9,81 [m/s?]

As can be seen in Figure 5-1, this way of calculation gives a very rough basis for design,

but the information obtained by calculating only this single value is limited.
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equations using the Finite Volume Method. This involves integrating the governing equa-
tions for each control volume to give algebraic equations of the discrete variables. These
are subsequently linearised and solved to provide new updated discrete variables that de-
scribe the flow-field. The settings Stillwell [Stillwell 2003] used for the simulations are
many, but some basics are as given in Table 5-1. Although the FLUENT is a highly so-
phisticated simulation program, it is not just to press start. Several definitions of model
choices and parameters have to be calculated and set and grids have to be defined. The
calculations and work needed before starting upon simulations are many, as can be under-
stood when looking on the small extract from the parameters given in Table 5-1. This au-
thor will not claim to master FLUENT, but has been as a tutor during Stillwell’s simula-
tions, guiding calculations of parameters and input variables, and helped evaluations of the

results.

Table 5-1. Extract of settings of one of the FLUENT simulations undertaken by Stillwell

[Stillwell 2003]
Models
Define/Models/Sol o Segregated
ver: e 2D
e Unsteady
o First Order Implicit
o Implicit
(Cell based gradient option; absolute velocity formulation; superfi-
cial velocity porous formulation)
Define — Models — e Eulerian
Multiphase: 2 Phase
Define — Models — o k-€(2eqn)
Viscous: ¢ Standard equation.
' ¢ Standard wall functions
e Per Phase model
Use default equation constants
Define — Operating | Turn gravity on;, -9.81m/s” in the ‘y’ direction; move the pressure
Conditions: reference location to (0, 0.2); Select an operating density value of
1.225kg/m’, under variable-density parameters
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Where A, is the cross sectional area of the particle, p1 is the density of the fluid, and the
coefficient of drag Cp, is expressed in Equation 5-10 [Geankoplis 1993].

Equation 5-10

Re is the Reynolds number of the particle, D, is the particle diameter, and p is the vis-
cousity of the fluid. Putting Equation 5-9 and Equation 5-10 into Equation 5-8, the calcula-

tion below can be made.

z-D?

p

Where a is the acceleration a = Z—: , and V,= is the volume of the particle, which

gives:

T 2
12.#_D Y
T 3 _ T 3 4 p
pp.g.Dp.a_pp.g.Dp.g_ D

P

. N2
p

Here also 4, = has been introduced. By simplifying one gets:

dv 18- u-v
__:g_ 3
dt D;-p,
This can be written as
D
18-
ﬂ=g—k,-v where: £, =#
dt D;-p,

Solving this differential equation with regards to v is straight forward, resulting in

V= k§(1 —e k! ) . For t= 0 it is here assumed v=0. When time t approaches infinity the ve-
1

locity v will approach a constant velocity, which is denoted as given below.

2
y -8 0P8
B 4 18- u
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ing the real capacities of the AST, and therefore has to be completely dismissed. Instead

more realistic models taking into account that the particles will generate a drag zone be-

hind them during the fall, reducing the amount of drag on each particle.

Table 5-2. Estimated capacities using average terminal velocity for alumina.

Tube Size [b x b] | Cap [kg/s] | Cap [t/h] | Initial design
80 5,08 18 32
90 6,43 23 42
100 7,94 29 50
150 17,86 64 113
200 31,76 114 200

Although some literature are using empirical ways to compensate for this “slip streaming”
phenomenon, a model considering the bulk as a moving continous body of bulk could
probably “by-pass” the inter particular relations. Nevertheless, the basics occurring in the

SPDM, are quite essential for the understanding of what is going one inside the AST.

5.5 Solids Surface Body Drag Model (SSBDM)

Instead of assuming full dispersion across the whole cross section of the AST, it is as-
sumed that the alumina is flowing along the wall as shown in Figure 5-11. The flow pat-
tern sketched in Figure 5-11 is also in agreement with what Stillwell [Stillwell 2003] got
using FLUENT. Although the results from FLUENT did not agree with the experimental
results, the flow pattern obtained by the simulations were similar to what was observed
during tests. If assuming this flow pattern, the alumina falls more or less as a sheet of ma-
terial along one wall, giving room for circulation of air in the rest of the cross section of
the AST. Instead of single particle drag, there will be drag force only on the surface of the
falling alumina stream, and the velocities will get considerably larger than for the single
particles falling in still air. A small element of the falling body of alumina is shown in

Figure 5-12.
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cated in Figure 5-12.
F,=F;-F, Equation 5-8
Introducing Equation 5-9 [Geankoplis 1993] for the drag force Fp in Equation 5-8 the

force balance develops as given in Equation 5-12, where the mass of the element is given
by m-dt, and total force Fyy results in the acceleration force m -dt-?. Here the drag is
t

not based on the cross sectional area of the flowing body of particles, but on the outer sur-
face of the falling solid, assuming only skin drag.
Cp "Pn A,y v

2

- di -?=n’1-dt-g— Equation 5-12
t

Where pjq is the density of the fluid. 71 is the capacity. The small area dAsig (Equation
5-12 and Figure 5-12), can be written as shown in Equation 5-13 below.

dAg,., U b-dh Equation 5-13

Cp-py-dh-b-v?

> Equation 5-14

dv
-dt- Y = iedt-g -
dr &

dv 1 Cppy-dh-by’

= Equation 5-15
a 2727 medl

Introducing

ah =v Equation 5-16
dt

in Equation 5-15, Equation 5-17 is obtained.

3
@ _ . Co-ppbev Equation 5-17

a 2T 2w
By introducing the Equation 5-18 into, Equation 5-17 one gets Equation 5-19.
dt= ah Equation 5-18
v
3
v.ﬂ:g_m Equation 5-19
dh 2-m
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BEM
2-m

By introducing the constant B (Equation 5-20) the equation boils down to a handle able

Equation 5-20

differential equation, as shown in Equation 5-21.

v-—=g—-B-y ion 5-
dh g v Equation 5-21

Before moving on, an interesting result is obtained from the differential equation by letting
h (i.e. time) increase towards infinity, as the velocity increases towards a certain value Ve

the acceleration approaches zero, as indicated in Equation 5-22.

lim v-ﬂ =0 Equation 5-22
i quation 5-
Combining the Equation 5-21 and Equation 5-22 the maximum relative velocity between
the falling powder and the air can be found by solving Equation 5-23 and the solution is

given by Equation 5-24.

0=g-B-v Equation 5-23
1
v, = (ET Equation 5-24
B
% dv=dh Equation 5-25
g-B-v

Combining Equation 5-24 and Equation 5-25 which is a rearrangement of Equation 5-21,

the expression for dh can be written as in Equation 5-26.

1 v
5(2-7)

dv=dh Equation 5-26

Integrating Equation 5-26, an expression of the height h as a function of the velocity v, is

obtained as shown in Equation 5-27.
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\/g-arctan(\/g'(v”-‘-z'v)] ln( (v“_v)z J
+C

2 2
3-v V. +V, v+

oo

j - Equation 5-27

3.-B-v, - 6-B-v, J
Ch is the integration constant, which is determined by using the boundary conditions
hy==0, with the result as shown in Equation 5-28.

__ B

Ty By, Equation 5-28

Adding the integration constant Cj; to the previous expression of h(v), the final equation
ends up as shown below in Equation 5-29. As can be seen from this equation, solving it for

v(h) becomes quite difficult, if not impossible. Therefore, a direct solution of v(h) cannot

be found, however, the way to use the result will be addressed later.

\/g-arctan(\/g'(v‘” +2.V)} ln( (% _v)2

3.y Vi+Vw'V+V2] Bz Equation 5-29
+

h=- d -
3-B-v, 6-B-v, 18-B-v,

In order to find a corresponding expression for the pressure drop through the tube as a
function of the height h, p(h) in the pneumatic conveying literature should provide a suit-
able starting point. A suitable equation is given by Bradley [Bradley et al. 2000], as shown
below in Equation 5-30.

% =K, py, v = %Z. Equation 5-30

For the AST dl, exchanged with dh, and the equation is re-written to Equation 5-31.

d
dh=-—2 Equation 5-31

K P p Suspv2
Combining Equation 5-31 with found Equation 5-21, Equation 5-32 is obtained.

v

———dv=dh Equation 5-21
g-B-v

7)
—— 7dv="-— o 2 Equation 5-32
g—B'V KppSuspv

Re-arranging this equation, and introducing the terminal velocity from Equation 5-24, the
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differential equation for dp is given as shown in Equation 5-33.

3
_ Kpp Susp A4

B v'—y

©

dp =

sdv Equation 5-33

To condense the expression a constant B2 is introduced (Equation 5-34).

K
B, = % Equation 5-34
v3
dp=-B,-——=dv Equation 5-35

After integrating the differential equation for the pressure, the equation for pressure as a
function of the velocity becomes as shown in Equation 5-36. Both a computer based pro-
gramme called Derive 6.0 and mathematical tables have been used for the integration of

Equation 5-35.
(

3. 2.
Bz°vw\/§-arctan[\/— (Vw+ V)}
3-v,
- 3 |
P= R Equation 5-36
B In (vw—v)
.v .
2 v 4y, vy
- +C; +B,-v
\ 6 J2

Determining the integration constant Cp, by using the conditions at the entrance of the
AST, pv=o= Py, where Py is the pressure generated by the alumina flow from the inlet box

(Equation 5-5).

Cjz - ‘/5'”1' 832 Vo P, Equation 5-37
3(v,+2-v v, -V ?
arctan[\/_ (300v00 )] ln(v‘,(,2(+vw-v)+v2J
p=B,v |~ NE) - 6 Equation 5-38
2+l i
\ 63 v, B,v,)

Introducing the functions f; and f; (Equation 5-39 and Equation 5-40, to simplify the writ-
ing, and substituting for B, the equation of the pressure as a function of v (p(v)), is trans-

File ref.:thesis Page no. 131 of 190



Quantification And Mitigation Of Segregation In The Handling Of Alumina In Aluminium Production A.Dyray

ferred to Equation 5-41.

Jg-(vw+2-v)}

3-v,

fi(vv,) 7

arctan
Equation 5-39

In (voo_v)2
v, +v v+ Equation 5-40
Alw) =
KpSusp T v P
p="""". - fivov)+f,(vyv)+—+—+— 2 Equation 5-41
B )+ £ () 63 v, KPuy Anaton
B o0

It is quite impossible to use Equation 5-41 and Equation 5-29 to express p as a function of
h directly, therefore the solution has to be used in its present form and solved parametri-
cally. This since both the height h and the pressure drop p are given as functions of the ve-
locity. Height and pressure drop are calculated for small increments of the velocity, as in-
dicated in Table 5-3, then the pressure drop is determined as a function of the height. Note
that the calculations stops before reaching exactly the relative terminal velocity, because

this velocity gives a singularity of the functions both for height and pressure.

Table 5-3. Solving method for the SSBDM.

v[m/s] | h(v)[m] | p(v)[Pa]
0,001 h(0,001) p(0,001)
0,002 h(0,002) p(0,002)

Ve-0,001 | h(v-0,001) | p(v-0,001)

After the pressure drop and corresponding height is found, Equation 5-42 is used to calcu-

late the static negative pressure, which the pressure transducer in the test measures. Here

File ref :thesis Page no. 132 of 190



Quantification And Mitigation Of Segregation In The Handling Of Alumina In Aluminium Production A.Dyray

H=1,78 m, since this was the distance from the inlet box to the open valve in the AST.

P, =p(v(h))-p(v(H)) Equation 5-42

When plotting Equation 5-41, using K;=1, the model give a humongous over prediction of
the pressure drop, therefore K, had to be determined on some other basis. Examining
Equation 5-41, all sections are either a difference or a ratio with the relative terminal ve-
locity. Furthermore, the equation demands that K, is dimensionless, therefore the idea
emerged to calculate the actual mass flow rate 7 relative to the maximum possible mass
flow rate. A full tube of fluidised alumina (psus;=0,9 pauik) at a velocity of the terminal ve-
locity constitutes the maximum possible mass flow rate. Based on this idea K, ends up as

Equation 5-43.

K, = i Equation 5-43
= uation J-
? Vo P Susp ACross 1

Using the expression for K, and determine the drag coefficient Cp, in the expression for

Va, giving the best fit for one capacity and then keeping it constant at 0,16 for all calcula-
tions, the static pressure distribution can be calculated by Equation 5-41, Equation 5-29
and Equation 5-42 as explained above. The results of the calculations are as shown in

Figure 5-13.
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5.6 Summary and Commentary of modelling the AST

Several models are possible to put up for the anti segregation tube. Here the models and
methods used historically for the AST have been verified against measured results. The
early version of test rigs for AST used only one tube mounted in the centre, with one pres-
sure measurement in the top of the tube. Based on the assumption of a linear pressure dis-
tribution, only the pressure at the top of the tube was measured, as the under pressure at
the discharging valve would be zero. Furthermore, full dispersion of the falling material
was also an implicit assumption. Although in principle wrong, this model has been used
calculating conservative values of the negative pressure, more or less for all the initial de-
velopment and design of the AST, and later the AS-System (Anti Segregation System).
After designing a new test rig measuring the pressure at several levels along the height of
the tube, initially made in order to detect leakages of the valves, it was noticed that the
pressure distribution was not linear, which actually was not a big surprise. The second
model was developed, where the velocity was calculated for each height by assuming free
fall and ignoring air drag. The second model still was based on the assumption of full dis-
persion, and although deviating somewhat the agreement with the measured values during

tests, was reasonable.

When using computer programs to simulate the AST, the results were quite disappointing.
However, the FLUENT program identified one important issue, namely the positive pres-
sure contribution generated by the flow from the inlet box to the tube. After the FLUENT
gave this indication, the simple non-linear model was adjusted, and now both the trend and
the actual values started to get into a good agreement with the measured values. Moreover,
the simple non-linear model clearly is useful for quick pre-estimates of the pressure distri-

bution in an AST.

To get more accurate modelling an attempt based on the drag from single particles was
made. However, before fully developing the model, the terminal velocity of an average
sized particle in the actual alumina material was calculated, and it was found that the ca-
pacities, with that terminal velocity and assuming full dispersion of alumina in the AST,
were much lower than what actually had been obtained in existing tubes, hence this at-

tempt had to be abounded.
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Not giving up the drag approach for modelling, an approach based on the material distri-
bution inside the tube, as given by the FLUENT modelling was chosen. Instead of fully
dispersed particles filling the whole cross section of the tube, the material flowed along
one wall, leaving the rest of the cross section free for air circulation. In this situation, the
drag from single particles becomes of less importance. Instead, the dominating drag will
be the skin drag on the surface falling solid powder. This surface is defined by the length
of the tube, and the width of the chosen AST profile. This approach assumes that the pow-
der is falls a film along the tube wall opposite to the 90-degree bend on the AST. Follow-
ing the mathematical rules and including theory for pressure drop in pneumatic conveying,
the Solid Surface Body Drag Model (SSBDM) was developed. When first tried, this
model was not very promising. However, after implementing a factor function (function of
set parameters), the model gives very good correspondence with the measured data for the
pressure distribution inside the AST. When comparing the model with measured data, and
adding the test error (plus minus one standard deviation), the SSBDM was able to predict
the pressure distribution within the test error boundaries in most cases. The negative factor
about the SSBDM is that it is a complex model, and cannot be solved directly, but has to
be solved parametrically. The simple non-linear model will therefore still be used for
rough estimates determining the starting point of the design and SSBDM will be used for

the final description of a chosen system.
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6. DESIGNING THE ANTI SEGREGATION TUBE

The anti segregation tube can be designed for any fluidisable powders. However, the pow-
der should preferably have a short de-aeration time, in order to make sure that the inlet box
will work optimally. The inlet box described earlier must of course be adjusted according
to the powder in question. Hence, the design that follows will not necessary is applicable
for other materials than alumina. The characteristics of the alumina used for the develop-

ment of the AST, and on later investigations, are as follows:

¢ Fluidisable, for alumina viyig min between 0,8 and 1,2 cm/s
¢ Expansion during fluidisation approximately 10%

¢ Angle of repose (upstream of AST), 30°

e Dynamic angle of repose, 28-50(60)°

e Maximum particle size, 3.5 mm

* Loose bulk density, alumina, 900 — 1 100 kg/m’

6.1 Designing the size of the tube for capacity

To choose a tube for a specific capacity, the old design suggested a 0,5 (t/h)/cm®. More-
over, during installations of Anti Segregation Systems consisting of several tubes, large
fractions of the total filling capacities meant for distribution to several tubes in parallel
have been routed towards one AST, and it has handled it. This suggests that the capacity is
more than proportional to the cross sectional area of the tube. Looking back at the equation
for the pressure drop, and knowing that the capacity can be calculated from the pressure
difference from the inlet box to the AST, the K, factor plays a role. In Equation 6-1, the K,,
is shown, with the expression for the relative terminal velocity incorporated.
m

1
2-m-g |
p susp [ CD . pﬂ . bJ ACross

K =

P

Equation 6-1

Assuming that the cross section of the tube is squared the cross sectional area Agoss can be

expressed as in Equation 6-2.
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ACI‘OSS = b2
U .
Equation 6-2
1
b = ACZI'OSS
1
3 3 2 .;- ?
K3 2.g.
i = p P susp g ross Equation 6-3
Co-p n
303 1
K} P (2:8)
Q=—* - 1 Equation 6-4
(CD “Pp )2

Using Equation 6-1 and Equation 6-2 the expression of the capacity can be written as
Equation 6-3. Condensing the expression by the use of Equation 6-4, the capacity can be

given by Equation 6-5.

5
m=0Q- ACZW Equation 6-5

5

Wi o Aczm Equation 6-6

From Equation 6-5 one can then see that the capacity is not only proportional to the cross
area as assumed in the old design, but rather proportional to the cross sectional area in the
power 1,25 (Equation 6-6). The old design was largely based on a tube with inner cross
sectional area of 92 mm by 92 mm, running at a maximum capacity of 42,32 t/h. From
Equation 6-1 this will result in a K; equal to 0,0681. Using that as a constant value and
then calculating a new capacity plot and comparing it with the old design Figure 6-1 is ob-

tained.
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6.2.1 Choice of configuration and placement

With large silos, where the diameter is the dominant dimension, the use of an ASS with
several AST’s is the most suitable solution. With tall silos of smaller diameters, a single
centre mounted AST may be used. Moreover using the multi AST version of the AS-

System, will give a bonus in terms of better filling degree of the silo.

6.3 Summary and commentary of designing the AST

A new method of design of the AST can be derived from the theoretical models. Using the
dimensionless parameter function determined for the pressure drop model Equation 6-1,
one can derive a relative formula of capacity, Equation 6-5, and by including data from the
initial design model for capacity a design for capacity can be undertaken based on empiri-
cal data. The models giving the design clearly demonstrate that the capacity is more than
proportional to the cross sectional area of a chosen tube profile, in agreement with what
has been observed. The model even suggests that the capacity is proportional to the cross
sectional area in the power of 1,25. When investigating the design criteria further, a sur-
prising, but once identified, plausible relation between the cross sectional area and the ca-
pacities is discovered. The historical quadratic profile of the AST does not seem to be the
optimum design, but rather a rectangular profile should be chosen. The design model
demonstrates that the capacity is proportional to the width of the tube along which the
powder flows, but is proportional to the perpendicular side in a rectangular profile to the
power of 1,5. One should therefore choose a rectangular profile when designing ASTs.
Furthermore, the equation for pressure drop can also be utilised to position the first valve
on the tube, in such a way that squirting does not occur during filling of a silo, no matter
how low the filling height is. This can be done by balancing the initial positive pressure
from the inlet box, with the pressure of the AST. The height where the pressure drop
equals the initial pressure is the critical height for placing the upper valve. If a valve is
placed closer to the 90-degree bend, the upper valve will not keep closed during the last
stages of the filling of the silo. If the height in which the upper valve has to be placed in-
terferes with the filling degree of the silo, a larger AST profile needs to be chosen.
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For height capacities, and large silos, a system consisting of several AST should be cho-
sen. This will not only reduce the capacity needed in one AST, but also increase the de-
gree of filling in the silo. If a surplus capacity in the AST design is large enough, alternate
feeding through the different AST can even result in a larger homogenising effect than just
the traditionally 1-1,5.
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7.

CONCLUSIONS

The segregation phenomena have been discussed in many publications, dating back to as

early as 1915, and perhaps even earlier. Discussions about mechanisms or processes will

not be of focus here, rather the outcome and the countering of the segregation.

Overall, there has been singled out 12 mechanisms from the literature during this
work, and the processes and situations in which they are active.

The literature on segregation is quite extensive, but it seems that the description of seg-
regation itself is in the focus and not the impact segregation has in a given situation/
process.

The literature shows that when handling alumina, the mechanism called air current
segregation is dominant. The air current mechanism can and will accumulate fines at
the silo walls, if the material surface there is not renewed frequently.

The literature suggests that variations in any of the raw material compositions will af-
fect the heat balance, i.e. the energy consumption of production, as well as the occur-
rence of anode effects, and hence the current efficiency when producing aluminium.
And when forcing the process the need for raw material control will increase in impor-
tance.

The quantification of segregation is the most important “Anti Segregation Measure”.
Without the information about the situation in the process stream, the information nec-
essary to decide how and where to fight segregation is missing, and one can simply not
do anything about the problem.

Full factory sampling campaigns have been found possible. Although this means
sometimes to deviate from what is stated as good sampling practice in literature and
standards, implementing sampling as a natural part of a process has a high value.
Standardised statistical expressions can then be used for analysing the bottlenecks of
the logistic loops, and from this information one can implement any suitable anti seg-
regation measures.

The degree of segregation when handling alumina has proven itself to be quite consid-
erable. The powder technology part of it clearly shows that the transportability and
flowability of alumina can become very altered by the handling processes in a logistic

loop.
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® Inindustry there are old logistic loops, and are usually designed for their functions, not
for their purposes. The transport is usually designed without any consideration of
crushing or suitability for the material in hand. Storages are usually designed only for
gross volume, not available volume.

* Direct influences on the processes and environment from segregation have been found.
Correspondence between variations in fines, due to segregation, and dust concentration
in the smelter pot room, and correspondence between variations of fines content and
anode effects are examples of such influences. Hence, process influence by segrega-
tion has been made plausible including reduced current efficiency of electrolysis cells,
especially cells running towards optimum performance.

e An economical evaluation of an investment in an anti segregation system has been
made, clearly justifying both the investigations in segregation and the implementation
of anti segregation measures.

e The AS-System clearly demonstrated a homogenising effect no matter how low the
ingoing variations were.

e Other systems can only be considered as Segregation Effect Damping Systems, since
they only seek to reduce the effects of segregation instead of directly attacking the seg-
regation mechanism itself.

e A new inlet for the Anti segregation Tube for real industrial installations has been
found. A semi hydrostatic inlet box proved itself capable to handle the variations and
vibrations occurring in industry, furthermore, it was self-regulating with a large opera-
tional range of capacities, all the way from no transport to an upper limit defined by
the AST system all together.

e A new test rig for model verifying has been developed, revealing new information
about the pressure inside the anti segregation tube. The new test rig was also designed
in the fashion of a complete AS-System consisting of three ASTs, and was also used to
test the potential effect of this system in the terms of efficiency in countering segrega-
tion.

e Tests copying the repeated emptying and filling of a silo, hence accumulating segre-
gated fines at the silo walls, were tested. The results clearly showed that the AS-
System prevented segregation, compared to conventional filling, even in a small scale.

e The models and methods used historically for the AST have been verified against
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measured results, using the new test rig.

The new test rig proved that early models based on full dispersion and simple equa-
tions from the conversion from potential to kinetic energy, were valid although in a
conservative way.

When using FLUENT to simulate the AST, the results were quite disappointing, how-
ever, the FLUENT program identified an initial positive pressure generated by the
flow from the inlet box to the tube. Implemented into the simple non-linear model,
both the trend and the actual values corresponded even better with the measured val-
ues.

To get more realistic model an attempt of modelling based on complete dispersion and
the drag from single particles was considered. However, when validating this idea, re-
sults showed that this approach was insufficient.

The Solid Surface Body Drag Model (SSBDM) has been developed. After implement-
ing a factor function (function of set parameters), this model gives very good corre-
spondence with the measured data for the pressure distribution inside the AST.

When comparing the model with measured data, and adding the test error (plus minus
one standard deviation), the SSBDM was able to predict the pressure distribution
within the test error boundaries in most cases.

The negative factor of the SSBDM is that it is a complex model, and cannot be solved
directly, but has to be solved parametrically.

A method of new design of the AST can be derived from the model.

The models giving the design clearly demonstrate a fact that the capacity is more than
proportional to the cross sectional area of a chosen tube profile, in agreement with pre-
vious observations.

The model even suggests that the capacity is proportional to the cross sectional area in
the power of 1,25.

Historically quadratic profiles of the AST have been used, but this is not the optimum
design. A rectangular profile appears to be a better choice, because the models suggest
that the capacity is proportional to the width of the tube along which the layer of alu-
mina flows, but proportional to the perpendicular side in a rectangular profile to the

power of 1,5.
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8.

SUGGESTED FURTHER WORK

Further topics of work in segregation can be many. However, to move this particular work

forward the topics could be divided into five points:

1.)

ii.)

iii.)

Further, develop the SSBDM, by implementing friction between the wall of the
tube and the falling powder stream.

Test and quantify the suggested relation between capacity and AST profile choice.
Directly identify the flow patterns inside the AST by the use of a tomography
method. There are several, and preferably, one could be able to use ultra sound.
Nevertheless, using gamma- or x-rays could also be an alternative.

Keep up and improve the sampling campaigns in full-scale factories, by moving
towards a more and more ideal and correct sampling.

Study and quantify directly the influence the variations of alumina quality have on
the electrolysis process, with the aim to be able to put the effect directly into cost

numbers.

The above six points would probably give basis for many years of study, and the results

would not only be interesting, but also of great economical importance for the aluminium

industry.
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Abbrevations used:

MNOK Million Norwegian Korner
AS-System Anti segregation system

AST Anti Segregation Tube

USD United States of America Dollars
SPDM Single Particle Drag Model

SPL Single Point Linear

SSBDM Solid Surface Body Drag Model

Variable(s) used for statistics and normalistation

Coar The coefficient of variation for a sample series
H fact The homogenisation factor between the series i and j
7
S The standard deviation, based on n-1, for a series of samples
X The average value of a sample series of n samples
Xi measured value
Y; normalized and centred value

Variable(s) used for Electrolysis cell calculation
I Current used in electrolysis cell [kA]
CE Current Efficiancy [-]

Variable(s) used for Ecconomical calculations
A, Net present value after t periods

r Interest rate [-]

R The periodic return, if constant [NOK, £ or US$]

R; Periodic return for the periode i [NOK, £ or US$]

t Period number [#]
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T Definite number of periods (f.ex. number of years)

Variables And Constants For the Inlet Box

DL Distance between the outlet and the fluidizing element
L Length of the horizontal part of the 90° tube bend

Ho Height of the outlet opening

H Total height of the inlet seal
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Variables And Constants Used For Modeling

P1 Density of materil in the inlet box, for the first initial model [kg/m3 ]
P2 Calculated density for material in the tube for the initial model [kg/m’]
PBulk Bulk density for the material, here Alumina 960 [kg/m’]

Pa Density for the fluid, here air 1,189 [kg/m’]
Density of the flowing flidised material inside the tube, here 90% of ppyy i.€.
P9 864 [kg/m]
n Dynamic viscosity [Pa s]
Netto acceleration [m/s?]
A,
A Cross sectional area of the Anti segregation Tube [m?], used for the first initial

model
Acrss  Cross sectional area of the Anti segregation Tube [m?]
A, Perpendicular projected area for a falling object [m?’]
Asolid Area of interface between the falling powder and air, inside the tube [m?]
b Widht of the AST [m]

B Simplification constant used for SSBDM, def Equation 5-20
B, Simplification constant used for SSBDM, def Equation 5-34
Cn Integration constant used for development of Equation 5-27, def Equation 5-28
Ch Integration constant used for development of Equation 5-36, def Equation 5-37

Co Drag coefficient, here used as 0,16 [-]
fi(v,vo) Simplification function, defined in Equation 5-39
f(v,v») Simplification function, defined in Equation 5-40

Fp Drag force [N]

Fg Force from the gravitional acceleration [N]

Fiot Total or resulting force from the netto acceleration a[N]
g Gravitational acceleration 9,81 [m/s’]

Height distance along the direction of the AST. Positive downwards and zero on

the top [m]
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h, Total height of the tube [m]
Maximum height for a given AST configuration, or the height down to the first

Hiot
open valve [m]
k; Simplification konstant for single particle drag model
K Dimensionless function of set parameters used for pressure drop calculations [-]
m Massflowrate through the AST [kg/s]
P Delta pressure between the pressure at the outlet of the inletbox and static nega-
tive pressure inside the AST [Pa]
Py Initial dynamic pressur from the flow out of the inlet box, def Equation 5-5
pl Hydrostatic pressure in the inlet box [Pa]
p2 Pressure inside the AST, when calculating it hydrostatically, initial model. [Pa]
pi Pressure drop in point I, inside the AST [Pa]
Pt Static pressure generated by the pressure drop in position i, def Equation 5-42
Q Simplification constant, def Equation 6-4
Re Renolds Number
\% Velocity of powder [m/s]
Terminal velocity, calculated maximum relative velocity between air and pow-
Ve der/ particle [m/s]
w Length of the AST profile, perpendicular to b [m]
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SD 062F/00/a3/03 99
PamyYYy

Endress+Hauser GmbH+Co
Postfach / P.O. Box 1261
D-79690 Maulburg

! Cerabar M

Calibration Report
Kalibrationsprotokoll
Procés verbal de contrdle de calibration

Endress+Hauser confirms that all measuring equipment used to assure the quality of our products has been
calibrated and is traceable to national and international standards

Endress+Hauser bestatigt, dan die zu Qualititsprafungen des Erzeugnisses eingesetzten Mel3mittel giltig
kalibriert waren und auf nationale bzw. internationale Standards und Normen riicktahrbar sind.

Endress+Hauser certifie que la calibration des appareils a été effectuée avec des instruments de mesure
étalonnés selon tes normes nationales et internationales.

TAG-No.
Commission / pos.
Instrument type
Serial number

!
Sensor limits Sensor-Mefigrenzen | gamme de mesure cellule | -100- 100 mbar P
Adjusted measuring | Eingesteliter | gamme de mesure ajustée
range MeBbereich ’, 0 - -50 mbar
Electronic type ! Elektronik-Typ i type d’électron. 4-20 mA

T
MeBstelle i point de mesure
Kommission / Pos | commission / pos. 45708653/0010
Gerate Typ ! type de "appareil PMC41-RE25CBJ11R1
Seriennummer | numéro de série 53027001020 \

Measurement at ambient temperature 23 °C + 5°C
Messung bei Umgebungstemperatur 23 °C + 5 °C
Mesure a température ambiante 23 °C + 5 °C

Error 0 4 pressure (%}
Abweichung 7 of cal. range
Emeur Druck {%])
[> Ku % 024 kal Bereich
e of ref ’ pression (%]
der Ref gamme cal
de ret 0.04 o =5 5 €
I
- 2 50 75 100
l‘/ am -0.21
AREE
04
j: {
:E ‘ ref pressure | actual target actual error
pressure output output
l Ref. Druck Istdruck Sollausgang | Istausgang | Abweichg.
4 pression de pression sortie théor. | sortie réelle | erreur
' H réf. réelle
% (mbar ) (mbar ) ( mA) ( mA) (%) span
99 | -49.2775 -49.2753 19.769 : 19.768 . -000 :
75 | -37.2743 -37.2653 15.928 15925 | -002
50 | -24.7936 -24.7869 11934 11932 -0.01 ;
25 | -12.4560 -12.4539 7.986 . 7.985 -0 00 ;
-0 0.0072 0.0241 3.998 J 3.992 : -0.03 ‘
bate Datum Date 20.03.2003
Quality made by Print tested by Ausdruck geprift von Impression teste par 6829
Endress+Hauser
1ISO 9001 E d
S ndress+Hauser
£+H-Kalibrationsiabor
DKD-K-13001
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SD 062F/00/a3/03.99 Calibration Report
PamMYYY

Kalibrationsprotokoll

Endress+Hauser GmbH+Co
Postfach / P.O. Box 1261
D-79690 Maulburg

Procés verbal de contrdle de calibration

Endress+Hauser confirms that ali measuring equipment used to assure the quality of our products has been

calibrated and is traceable to nation

al and international standards.

Endress+Hauser bestétigt, daf die zu Qualittsprifungen des Erzeugnisses eingesetzten Mef3mittel giltig
kalibriert waren und aut nationale bzw. internationale Standards und Normen rickfihrbar sind.

Endress+Hauser certifie que la calibration des appareils a été effectuée avec des instruments de mesure

étalonnés selon les normes nationa

les et internationales

Cerabar M ‘4
TAG-No. ‘ Mefistelle point de mesure .
Commission / pos. l Kommission / Pos commission / pos. 45708653/0010 '
Instrument type | Gerate Typ type de |'appareil PMC41-RE25CBJ11R1 5
Serial number | Seriennummer numero de série 53027101020 f
Sensor limits . Sensor-MeBgrenzen | gamme de mesure cellule | -100 - 100 mbar P2
Adjusted measuring : Eingestellter gamme de mesure ajustée

range | Mefbereich 0 - -50 mbar

Electronic type E Elektronik-Typ type d’électron. 4-20 mA

Measurement at ambient temperature 23 °C £ 5 °C
Messung bei Umgebungstemperatur 23 °C £ 5 °C

Mesure a température ambiante 23 °C £ 5 °C

JO—
Uberwacht vom

Endress+ Hauser

Error 0.4 pressure [%)
Abweichung Al of cal. range
Erreur Druck (%]
D H % 0.2- kal. Bereich
18 of ref " pression (%]
der Ref. gamme cal
de ref 00 Fany ey ya 43‘
T 1% \"4 —
f 25 50 75 100
T -0.2 4
AN
0.4
FE ref. pressure | actual target actual error l
pressure output output
" Ref. Druck Istdruck Sollausgang| Istausgang | Abweichg. l
A pression de | pression sortie théor. | sortie réelle | erreur i
| 5 réf. réelle ‘
% (mbar ) (mbar ) ({ mA) ( mA) (%) span |
99 | -49.2775 -49.2706 19.769 19.767 -0.01
75 | -37 2743 -37.2545 15.928 15.921 -0.04
50 | -24.7936 -24.7786 11.934 11.929 -0.03
25 | -12.4560 -12.4387 7.986 7.980 -0.03
-0 0.0072 0.0151 3.998 3.995 -0.02
Date Datum Date 20.03.2003 :
Quality made by Print tested by Ausdruck gepruft von Impression testé par 6829 |
Endress+Hauser
ISO 9001 ?

E +H-Kalibrationslabor
DKD-K-13001

vy
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SD 062F/00/a3/03.99
PaMYYY

Endress+Hauser GmbH+Co

Postfach / P.O. Box 1261
D-79690 Maulburg

Calibration Report
Kalibrationsprotokoll
Procés verbal de controle de calibration

Endress+Hauser confirms that all measuring equipment used to assure the quality of our products has been
calibrated and Is traceable to national and international standards.

Endress+Hauser bestatigt, dai die zu QualitAtsprofungen des Erzeugnisses eingesetzten Mef3mittel gultig
kalibriert waren und auf nationale bzw. internationale Standards und Normen rickfitwbar sind.

Endress+Hauser certifle que la calibration des appareils a 6té effectude avec des instruments de mesure
étalonnés selon les normes nationales et internationales.

Cerabar M
TAG-No. MefBstelle point de mesure
Commission / pos. Kommission / Pos commission / pos. 45708653/0010
Instrument type Gerate Typ type de |I"appareil PMC41-RE25CBJ11R1
Serial number Seriennummer numéro de série 53027201020
Sensor limits Sensor-Mef3grenzen | gamme de mesure cellule | -100 - 100 mbar P3
Adjusted measuring | Eingesteliter gamme de mesure ajustée
range MefBbereich 0 - -50 mbar
Electronic type Elektronik-Typ type d’électron. 4-20 mA
Measurement at ambient temperature 23 °C + 5 °C
m Messung bei Umgebungstemperatur 23 °C + 5 °C
= Mesure a température ambiante 23 °C £ 5 °C
]
Error 0 4 pressure [%]
Abweichung "1 of cal. range
Erreur Druck {%)
ﬂHm % 0 2. kal. Bereich
of ret. * pression [Blsl
der Ref. gamme cal.
o rat 00 F——————— ——=Q: ) '
I : 100
it 028 2 50 75
L ]
04
ref. pressure | actual target actual error
pressure output output
!!!{I” Ref. Druck Istdruck Sollausgang | Istausgang | Abweichg.
(LY N pression de | pression sortie théor. | sortie réelle | erreur
[, Tl réf. réelle
% (mbar ) (mbar ) ( mA) (‘mA) (%) span
99 | -49.2775 -49.2687 19.769 19.766 -0.02
75 | -37.2743 -37.2730 15.928 15.927 -0.00
50 | -24.7936 -24.8071 11.934 11.938 0.03
25 | -12.4560 -12.4548 7.986 7.986 -0.00
-0 0.0072 -0.0179 3.998 4.006 0.05
Date Datum Date 20.03.2003
Quality made by Print tested by Ausdruck geprift von Impression testé par 6829
&
1SO 9001
Trarwmsitvom Endress+Hauser .
E+H-Kalibrationstabor -
DKD-K-13001 /,”
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SD 062F/00/a3/03 99
PaMYYY

Endress+Hauser GmbH+Co
Postfach / P.O. Box 1261

D-79690 Maulburg

Calibration Report
Kalibrationsprotokoll

Proceés verbal de controle de calibration

Endress+Hauser confirms that all measuring equipment used to assure the quality of our products has been

calibrated and is traceable to national and international standards.

Endress+Hauser bestatigt, daf die zu Qualitatsprifungen des Erzeugnisses eingesetzten Mef3mttel gliltig
kalibriert waren und auf nationale bzw internationale Standards und Normen rickfiihrbar sind

Endress+Hauser certifie que la calibration des appareils a été effectuée avec des instruments de mesure

étalonnés selon les normes nationales et internationales.

Cerabar M
TAG-No ! MeBstelle i point de mesure
Commission / pos. | Kommission / Pos | commission / pos. 45708653/0010 ;
Instrument type Gerate Typ i type de "appareil PMC41-RE25CBJ11R1 |
Serial number Seriennummer ] numéro de série 53027301020 !
Sensor limits . Sensor-Mefgrenzen | gamme de mesure cellule | -100 - 100 mbar P 4 1‘
Adjusted measuring ! Eingesteliter 1 gamme de mesure ajustée ;
range | MeBbereich ! 0 - -50 mbar
Electronic type . Elektronik-Typ i type d’électron. 4-20 mA ‘
Measurement at ambient temperature 23 °C + 5 °C
Messung bei Umgebungstemperatur 23 °C + 5 °C
Mesure a température ambiante 23 °C £ 5°C
Error pressure {%)
Abweichung 04 h of cal. range
Al Emeur Druck (%)
[> AH' % 0 2 J kal. Bereich
| |_ ) of ret ) pression {%]
der Ref. 0 0 gamme cal
| . ' 2% % 2 0
{
it 021
AEEE
04
ref. pressure | actuai target actual error
pressure output output
" Ref. Druck Istdruck Sollausgang| Istausgang | Abweichg.
pression de | pression sortie théor. | sortie réelle | erreur
! e* ref. réelle
% (mbar ) (mbar ) ( mA) ( mA) (%) span
99 | -49.2775 -49.2699 19.769 19.766 -0.02
75 | -37.2743 -37.2569 15.928 15.922 -0.03
50 | -24.7936 -24.7774 11.934 11.929 -0.03
25 | -12.4560 -12.4420 7.986 7.981 -0.03
-0 0.0072 0.0152 3.998 3.995 -0.02
vBété ! Datum Date 20.03.2003
Quality made by Print tested by Ausdruck geprift von Impression testé par 6829
Endress+Hauser
1SO 9001 E d H
Goarwachtvar naress + nauser
E+H-Kalibrationslabor
DKD-K-13001
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Appendix C —Calibration of Pressure Transducers

A.Dyroy

SD 062F/00/a3/03 99
PaMyYYY

Endress+Hauser GmbH+Co
Postfach / P.O. Box 1261

D-79690 Maulburg

i

s

Quakty made by
Endress+Hauser

ISO 9001

S
Uberwacht vom
E+H-Kalibrationstabor
DKD-K-13001

Calibration Report

Kalibrationsprotokoll

Proces verbal de controle de calibration

Endress+Hauser confirms that all measuring equipment used to assure the quality of our products has been
calibrated and 1s traceable to national and international standards.

Endress+Hauser bestatigt, daf3 die zu QualitatsprOfungen des Erzeugnisses eingesetzten MeBmittel gultig
kalibriert waren und aut natronale bzw internationale Standards und Normen rickfahrbar sind

Endress+Hauser certifie que la calibration des appareils a été effectuée avec des instruments de mesure
étalonnés selon les normes nationales et internationales.

| - u b
| Cerabar M |
' - T - e
TAG-No. | MeBstelle point de mesure ‘
Commission/pos. | Kommission / Pos commission / pos. 45708653/0010 )
Instrument type Gerite Typ type de |'appareil PMC41-RE25CBJ11R1
Serial number Seriennummer numéro de série 53027401020
Sensor limits | Sensor-Mefigrenzen | gamme de mesure celiule -100 - 100 mbar P5
Adjusted measuring ‘ Eingesteliter gamme de mesure ajustee i
range I MeBbereich 0 - -50 mbar :
Electronic type Elektronik-Typ type d’électron. 4-20 mA
Measurement at ambient temperature 23 °C + 5 °C
Messung be: Umgebungstemperatur 23 °C £ 5 °C
Mesure a température ambiante 23 °C £ 5 °C
Etror pressure (%)
Abweichung 04 b of cal range
Erreur Druck [%]
% 0.2 4 kal. Bereich
of ret pression (%)
der Ret. gamme cal.
de ref 00 ra v r— e
% % 75 100
0.2
04
ref pressure ! actual target actual error
| pressure output output
i Ref Druck Istdruck Sollausgang| Istausgang : Abweichg,
i pression de  pression sortie théor. | sortie réelle | erreur
[ réf . rgelle :
f % (mbar ) ‘ (mbar ) ( MA) (mA) (%) span
T 1
rgg -49.2942 | -49.2803 | 19.774 19.770 -0.03 ;
| 75 | -37 3471 1 -37.3381 | 15951 15.948 -0.02 |
49 | -24 7094 | -24.6905 ! 11.907 11.901 -0.04
1 25 | -12.4709 i -12.4341 7.991 7 979 -0.07
. -0 - 0.0076 | 0.0265 3.998 3.992 -0.04
Date Datum Date 20.03.2003
Print tested by Ausdruck gepruft von impression testé par 6829

Endress +Hauser

N
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Appendix C —Calibration of Pressure Transducers

A.Dyrogy

SD 062F/00/a3/03.99
Pamyyy

Endress+Hauser GmbH+Co
Postfach / P.O. Box 1261
D-79690 Maulburg

(Cerabar M
TAG-No.
Commission / pos
Instrument type
Serial number
Sensor fimits

range
Electronic type

Adjusted measuring

Calibration Report
Kalibrationsprotok

oll

Proceés verbal de controle de calibration

Endress+Hauser confirms that all measuring equipment used to assure the quality of our products has been
calibrated and is traceable to national and international standards

Endress+Hauser bestatigt, daB die zu Qualitatsprifungen des Erzeugmsses eingesetzten MeRmittel gultig
kalibriert waren und aut nationale bzw internationale Standards und Normen rickfohrbar sind

Endress+Hauser certifie que la calibration des appareils a été effectuée avec des instruments de mesure
étalonnés selon les normes nationales et internationales.

| Mefstelle

i Kommission / Pos

| Gerate Typ

! Seriennummer

| Sensor-MeBgrenzen
Eingestellter
MeBbereich

; Elektronik-Typ

point de mesure
commission / pos.

type de |"appareil

numéro de série

gamme de mesure cellule
gamme de mesure ajustée

type d’électron

45708653/0010
PMC41-RE25CBJ11R1
53027501020

-100 - 100 mbar pe i
i
|

0 - -50 mbar
4-20 mA

Measurement at ambient temperature 23 °C + 5 °C
Messung bei Umgebungstemperatur 23 °C £ 5 °C
Mesure a température ambiante 23 °C + 5 °C

Error pressure [%)
Abweichung 04 b of cal. range
Erreur Druck (%)
D ﬂ!} I % 02- kal. Bereich
1§ of ref | pression [%]
der Ref gamme cal
de ref 00 0 9 9 =)
! 25 50 75 100
H 0.2 4
AREN
044
I
:t ref. pressure | actual target actual error I
pressure output output
Ref. Druck Istdruck Sollausgang | Istausgang | Abweichg
I pression de | pression sortie théor. | sortie réelle | erreur
HH réf. reelle
% (mbar ) (mbar ) ( mA) ( mA) (%) span
99 | -49.2942 -49.2812 19.774 19 770 -0.038
75 | -37.3471 -37.3464 15.951 15.951 -0.00 i
49 | -24.7094 -24.6985 11,907 11.904 -0.02 1
25 | -12.4709 -12.4513 7.991 7.984 -0.04 !
-0 0.0076 0.0148 3.998 3.995 -0.01
Date Datum Date 20.03.2003
Quality made by Print tested by Ausdruck geprtft von Impression testé par 6829
Endress+Hauser
ISO 9001

m————
Uberwacht vom
E+H-Kalibrationslabor
DKD-K-13001

Endress+Hauser
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Appendix C —Calibration of Pressure Transducers

A.Dyroy

SD 062F/00/a3/03.99
PaMYYY

Endress+Hauser GmbH+Co
Postfach / P.O. Box 1261

D-79690 Maulburg

Calibration Report

Kalibrationsprotokoll
Procés verbal de contrdle de calibration

Endress+Hauser confirms that all measuring equipment used to assure the quality of our products has been
calibrated and is traceable to national and international standards.

Endress+Hauser bestatigt, daB die 2u Qualitatsprifungen des Erzeugnisses eingesetzten MeBmittel galtig
kalibriert waren und auf nationale bzw. internationale Standards und Normen riickfihrbar sind.

Endress+Hauser certifie que la calibration des appareils a été effectuée avec des instruments de mesure

étalonnés selon les normes national

les et internationales.

Cerabar M

TAG-No. Mefstelle point de mesure

Commission / pos. Kommission / Pos commission / pos. 45708653/0010
Instrument type Gerdte Typ type de |"appareil PMC41-RE25CBJ11R1
Serial number Seriennummer numéro de série 53027601020

Sensor limits Sensor-Mefigrenzen | gamme de mesure cellule | -100 - 100 mbar P7
Adjusted measuring | Eingesteliter gamme de mesure ajustée

range MefBbereich 0 - -50 mbar

Electronic type Elektronik-Typ type d’électron. 4-20 mA

Measurement at ambient temperature 23 °C + 5 °C
Messung bei Umgebungstemperatur 23 °C + 5 °C
Mesure a température ambiante 23 °C + 5 °C

Error pressure [%]
Abweichung 0.4+ of cal. range
| Erreur Druck [%)
D!Bm % 0.2 kal. Bereich
"l of ref. ’ pression (%)
der Ref. gamme cal.
de ref. 0.0 - — A =
T
! i % % Yo
[ 02
T
04
ref. pressure | actual target actual error
pressure output output
Ref. Druck Istdruck Sollausgang | Istausgang | Abweichg.
pression de | pression sortie théor. | sortie réelle | erreur
| 5% réf. réelle
% {mbar ) (mbar ) ( mA) ( mA) (%) span
99 | -49.2942 -49.2685 19.774 19.766 -0.05
75 | -37.3471 -37.3225 15.951 15.943 -0.05
49 | -24.7094 -24.6834 11,807 11.899 -0.05
25 | -12.4709 -12.4441 7.991 7.982 -0.05
-0 0.0076 0.0304 3.998 3.990 -0.05
Date Datum Date 20.03.2003 l
Quality made by Print tested by Ausdruck gepruft von Impression testé par 6829
Endress+Hauser -
dress-+H
Foarwasitvom Endress+Hauser
E+H-Kalibrationslabor -
DKD-K-13001 ,”
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APPENDIX D
PCT PATENT OF THE AS-SYSTEM
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Appendix D ~PCT Patent of the AS-System

A.Dyray

au 200

PCT WORLD INTELLECTUAL PROPERTY
Inlemationa] Bureau

029503

A%4
ROMDR
ORGANIZATION \’.»j}.'flj.s"v

INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(22) International Filing Date: 25 February 2000 (25.02.00)

(30) Priority Data:
19990998 1 March 1999 (01.03.99) NO

(71) Applicant (for all designaied States except US): NORSK
HYDRO ASA [NO/NO}; N-0240 Oslo (NO).

(72) Inventors; and
(75) Inventors/Applicants (for US only): KARLSEN, Morten

DYR@Y, Are [NO/NOJ; Langgaten 53, N~3920 Porsgrunn
(NO).

(74) Agent: BERG, Andr¢; Norsk Hydro ASA, N-0240 Oslo (NO).

(S1) International Patent Classification 7 : (11) International Publication Number: WO 00/51924
B65G 65/32, 69/04 // (B65D 88/72, B65 Al
53:52) > (B65D ’ G (43) International Publication Date: 8§ September 2000 (08.09.00)
(21) International Application Number: PCT/NO0O/00066 | (81) Designated States: AE, AL, AM, AT, AU, AZ, BA, BB, BG,

INO/NOJ; Ardalsvegen 19, N-6884 @Gvre Ardal (NO). | Published

BR, BY, CA, CH, CN, CR, CU, CZ, DE, DK, DM, EE,
ES, Fi, GB, GD, GE, GH, GM, HR, HU, 1D, IL, IN, IS, JP,
KE, KG, KP, KR, KZ, LC, LK, LR, LS, LT, LU, LV, MA,
MD, MG, MK, MN, MW, MX, NO, NZ, PL, PT, RO, RU,
SD, SE, SG, SI, SK, SL, TI, ™™, TR, TT. TZ, UA, UG,
US, UZ, VN, YU, ZA, ZW, ARTPO patent (GH, GM, KE,
LS, MW, SD, SL, SZ, TZ, UG, ZW), Eusasian patent (AM,
AZ, BY, KG, KZ, MD, RU, TJ, TM), European patent (AT,
BE, CH, CY, DE, DK, ES, FI, FR, GB, GR, IE, IT, LU,
MC, NL, PT, SE), OAPI patent (BF, BJ, CF, CG, CI, CM,
GA, GN, GW, ML, MR, NE, SN, TD, TG).

With international search report.

Before the expiration of the time limit for amending the
claims and 10 be republished in the event of the receipt of
amendments.

(54) Title: METHOD AND AN ARRANGEMENT FOR FILLING A SILO

\_
AN

8 7
| S s
36 !
o
a0 -'*"';_H
121/ ‘ 15
|
I

L yi Filter or raw material plant ]

(57 Abstract

The present invention concerns a method and an arrangement for filling a silo (1) with a fluidisable material. The arrangement
comprises means (5, 9) for supplying material to an upper area of the silo and also comprises. a central material .dlstnb\.ltor (IO).. The
material distributor comprises a tank (29) which has an inlet (28) and one or more distributor pipes (26, 26’) for distributing material to
one or more feed units (11, 11y which convey the material down towards the surface of the maierial in the silo.
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Appendix E —Installations of the AS-System A.Dyroy

APPENDIX E
INSTALLATIONS OF THE AS-SYSTEM
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Appendix F —Test set up for AS-System A.Dyroy

APPENDIX F
TEST SET UP FOR AS-SYSTEM
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