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Sammanfattning 

I detta examensarbete genomförs experiment på en 1:1 kallmodell av en virvelbäddsugn i pilotskala 

belägen hos Swerea Mefos forskningscenter i Luleå. Syftet med experimenten var att lösa det 

problem som fanns med att separera matat kopparslig från sandbädden i pilotugnen, ungefär 50 % 

av sligen lämnade aldrig bädden.  

Lösningen är att öka hastigheten i fribordsdelen av virvelbädden från 0.28 m/s till 0.43 m/s, detta 

antingen genom att öka gasmänden som matas i botten eller genom att minska fribordsdiametern. 

Utöver detta har en metod tagits fram för att karaktärisera bädden i piloten genom att analysera 

tryckdata. Med dessa tryckdata kan bäddhöjden uppskattas samt vilken typ av fluidisering som sker 

utan att direkt observera bädden.  

Abstract 

In this thesis work experiments are performed on a 1:1 scaled cold model of a fluidized bed pilot 

plant located at Swerea Mefos research center in Luleå. The purpose of these experiments were to 

solve the problems experienced when trying to separate the fed copper concentrate from the sand 

bed, about 50% of the fed concentrate never left the bed.  

The solution to this problem was to increase the gas velocity in the freeboard part of the bed from 

0.28 m/s to 0.43 m/s, this can be done by increasing the gas flow in the bottom of the bed or by 

decreasing the freeboard diameter.  

In addition to this a method have been developed to characterize the bed in the pilot by analyzing 

pressure data. With this pressure data it is possible to approximate the bed height and distinguish 

the fluidization regime in the bed without direct observation.  
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1 Introduction 

1.1 Background 
Mefos is a metallurgical research centre that was started in 1963 and in 2012 Mefos was merged into 

the research group SWEREA. The main research areas are process metallurgy, process integration, 

heating and metalworking and environmental. 

In 2010 it was decided that Mefos metallurgical capabilities was to be expanded into fluidisation 

processes. More complex copper concentrates hits the market which makes direct smelting processes 

more difficult and introduces the need a pre-treatment step to keep the end product clean. Roasting 

of the concentrate is one such pre-treatments and this started a project to design and build a 

fluidisation reactor to be able to study new concentrates and develop new roasting methods. In 

addition to roasting Mefos capabilities would also extend into other fluidized bed or fixed bed 

oxidation, reduction and combustion research fields. The building started in the winter of 2012 and 

was finished in the summer of 2013. After initial testing of the bed using copper concentrate roasting 

the bed was found to absorb too much of the concentrate into the sand and too much concentrate 

was found in the sand ejection system. To expand the knowledge of this a 1:1 scale cold model was 

built using transparent Plexiglas pipes to be able to study the effects of different factors on the bed-

concentrate interactions.  

1.2 Goal and purpose  
The goal of this thesis work is to find the reason to why the bed accumulates the large amount of 

concentrate and why a disproportional amount of concentrate ends up in the sand ejection system. 

The initial hypothesis is that the problems occur due to: 

-  Disadvantageous gas and material flows in the bed. This could be due to the distributor plate. 

If the bed have a net upward motion in the centre and a net downward motion along the edge, 

the concentrate could be dragged down into the bed if inserted too close to the edges.  

- The distance between the feed position and the top of the bed might be too short or have a 

negative value. This could make charged concentrate stick in the bed sand before pneumatic 

transport is initiated. 

- The disproportionate amount of concentrate in the bed ejection system could be due to that 

the design of the ejection system promotes concentration of finer particles through some wind 

shifting action.  

The goals with the thesis work is to: 

- Map the pressure drop throughout the cold model during different process cases (changing 

gas velocities and distributor plates).  

- Using a tracer to examine the contribution on mixing and separation by bed height and gas 

velocity.  

- Compare and correlate results from the cold model with hot trials in the pilot plant.   
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2 Theory 

2.1 Roasting of copper concentrate 
The Mefos Flubet pilot plant is capable of many different processes, e.g. reduction processes, oxidation 

processes and combustion, but the process examined during the upstart and the focus of this thesis is 

the roasting of copper concentrate. Roasting of copper concentrate is done prior to an external energy 

smelting process, such as a reverbatory furnace or an electric furnace. If the smelter is of an internal 

energy type, e.g. flash furnace, no roasting is done prior to smelting since the energy burnt off is 

needed in the furnace.  

The roasting is done by burning off some of the sulphur within the concentrate using oxygen at 

temperatures below melting, reactions 1-3 shows partial roasting of a typical chalcopyrite concentrate:  

6 𝐶𝑢𝐹𝑒𝑆2 +  3 𝑂2(𝑔) → 3 𝐶𝑢2𝑆 + 6 𝐹𝑒𝑆 +  3 𝑆𝑂2(𝑔)          (1) 

3𝐹𝑒𝑆2 +  8 𝑂2(𝑔) → 2 𝐹𝑒3𝑂4 + 6 𝑆𝑂2(𝑔)                                (2) 

3𝐹𝑒𝑆 + 5 𝑂2(𝑔) →  𝐹𝑒3𝑂4 +  3 𝑆𝑂2(𝑔)                                    (3) 

 

While burning off the sulphur the temperature of the 

concentrate is raised such that elements, such as arsenic, 

is evaporated and is later retrieved in the gas cleaning. 

One example of this is the oxidation of arsenopyrite, 

reaction 4. 

12 𝐹𝑒𝐴𝑠𝑆 + 29 𝑂2(𝑔) → 4 𝐹𝑒3𝑂4 + 3 𝐴𝑠4𝑂6(𝑔) +

 12 𝑆𝑂2(𝑔)               (4)  

The roasting process has historically been pushed to the 

side since the development of internal energy furnaces, 

e.g. flash furnace and bath smelting, since the roasting 

process is a less efficient use of the internal energy of the 

concentrate. This loss of energy needs to be made up for 

in the subsequent melting process, which in that case 

would need to be either a reverbatory furnace or electric 

arc furnace or necessitate increased use of oxygen in the 

smelting furnace.  

The reason that roasting now have become an interesting 

research field is that the most high grade copper ores are 

getting rare and the copper refineries need to handle 

more and more impurities. The pre-treatment of choice 

at an internal energy furnace is leaching but not all 

impurities are removable by leaching. Having a roasting 

step before the furnace makes it possible to handle 

different impurity profiles and both approaches need to 

be researched.  

The process works using a sand bed that is fluidized by using an upward gas stream and works as a 

heat buffer. Finely ground concentrate is added to the sand bed where it heats up and disperses, the 

Figure 1 Fluidized bed schematics 
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particles that are much finer than the sand start to react and immediately leaves the sand bed. The 

degree of roasting is decided by the ratio between material feed rate and flow of reaction gas. 

The fluidized bed consists of three main parts, the wind box, the fluidized bed and the freeboard, Figure 

1. The wind box with its distributor plate makes sure that the gas is introduced to the bed as uniformly 

as possible to get a stable fluidization. The bed contains the fluidized bed sand, the height which is 

regulated by the bed sand ejection. When the concentrate hits the sand it quickly heats up due to the 

excellent heat and mass transfer conditions in the bed. The concentrate either enter the bed and 

leaves to the freeboard after a while or catches the updraft and leaves for the freeboard directly. 

The mean residence time of the concentrate particles is dependent of particle inventory in the bed 

and the feed combined with the gas velocity (Natalie, et al., 1985), the freeboard need to be long 

enough to provide enough residence time for the reaction to happen.  

In the case of the Flubet pilot plant the roaster is followed up by two cyclones to separate the 

concentrate from the gas. After the cyclones the gas is rich in sulphuric substances which is burnt to 

SO2/SO3 in an afterburner to remove any explosion risk. After the afterburner the gas is cooled down 

to let the impurities precipitate and be filtered through ESP filters and a venturi scrubber. The 

remaining gas is purified from SO2/SO3 in a SO2-scrubber. 

In industrial applications gas cleaning is done by cyclones, heat collection, ESP-filter and then sent to a 

sulphuric acid plant. 

 

2.2 Bed sand ejection system 
One novel idea used in the Mefos pilot 

plan is the bed sand ejection system. 

Most large industrial fluidization 

processes use the a) type of bed sand 

ejection (Figure 2), the general principle is 

that bed sand is added to the bed in 

conjunction with the feed material and 

when the bed is too high (the pressure 

drop over the bed is too high) a valve is 

opened in the bottom which collapses the 

bed and sand pours out. This method is 

robust but not very stable over time and 

highly disruptive during bed ejection.  

The b) type is a small pipe that penetrates 

the bed and ends at a certain height, the bed will expand until the height is greater than the pipe and 

material will start to pour in. This method is less disruptive of the process than a), the biggest drawback 

is that if the material is fed from above the bed surface then most of the material ejected will be of the 

newly added bed material.  

The type used in the Mefos pilot plant is the one portrayed in c), it uses an overflow mechanism similar 

to the one of b) but it is fed from an area that is removed from the surface and hence does not remove 

the newest material. When valve i) is opened air will start flowing through the siphon dragging sand 

with it. When the sand has built up to the edge it will overflow into the side container. The mass flow 

through the siphon will correspond to the level in the bed, and if the siphon (overflow) is kept open 

Figure 2 Examples of bed sand ejection systems 



9 
 

the bed will reach a balance corresponding to the height of the overflow.  The material in the container 

is air-locked out using valves ii) and iii). If valve i) is kept close the bed height can grow unrestricted.  

The gas velocity in the siphon is not enough to fluidize the sand and hence the material transport 

mechanism is not of a flowing character but more of a spitting/slugging character along the top of the 

pipe while the bottom part of the pipe builds up to a static bed.  

2.3 Fluidization 
The main principle behind fluidized bed is the suspension of particles in a gas stream. If a gas stream 

is led up through a bed of particles at a low speed the gas will merely percolate between the particles, 

this is called a fixed bed. If the velocity is increased the particles will start to vibrate and the bed turn 

into an expanded bed.  

If the velocity is increased further soon all the 

particles will be suspended by the gas stream 

and a balance between the drag forces of the 

gas on the particles and the gravitational 

forces, Figure 3. At this moment the bed is 

considered to be at minimum fluidization and 

the superficial gas velocity (u) is called the gas 

velocity of minimal fluidization (umf) (Kunii & 

Levenspiel, 1991). 

The factors that in general affect the 

fluidization regime are the particle size and 

density; the gas composition, temperature and 

velocity and the bed geometry.  

Figure 4 show how powders are classified 

depending on the density of the material and 

the particle size and the classes behave 

according (Rhodes, 2008) (Kunii & Levenspiel, 

1991): 

C – Are very difficult to fluidize due to 

interparticle forces that are stronger than the 

forces resulting of the gas flow.  

A – Particles fluidize easily with a smooth 

fluidization at low gas velocities and transitions 

to a controlled bubbling bed when the gas 

velocity is increased.  

B – Fluidizes well but only as a bubbling bed with 

large bubbles and vigorous action.  

D – Behave erratically with large exploding bubbles, severe channelling or spouting behaviour when 

fluidized in deep beds. These materials are either treated in shallow beds or in a spouting mode.    

  

Figure 3 General principle of fluidization of a particle bed. 

Figure 4 Geldart classification of powders, yellow area is the 
density range relevant to most metallurgical processes. Umb is 
the gas velocity  
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The different regimes that can occur in a fluidized bed is presented in Figure 5 as they depend on the 

gas velocity, particle type and bed geometry. 

As the gas velocity increases from Umf (where the drag forces are in balance with the gravitational 

forces) the bed expands so that the actual velocity and the drag forces are kept in balance. When a 

certain velocity is reached the gas starts to “slip past” the particles in the form of bubbles, this 

phenomena increases as the gas velocity increases in the fashion showed in Figure 5. 

The desired fluidization regime for the sand in the case of fluidized bed roasting is turbulent in 

industrial processes. In the case of the Flubet pilot a bubbling regime is preferred in the sand bed since 

less sand follows the gas and the bubbling regime provides ample mixing of the bed. The least 

favourable regime would be the slugging regime because of the unstable bed and bed height it causes 

and a poor mixing of the bed. 

The fluidization regime for the fed concentrate is always expected to be pneumatic transport since it 

is supposed to leave the fluidized bed reactor. 

2.4 Hydrodynamic scaling   
When doing cold models of industrial processes the most notable change is the difference in gas 

properties, when going from room temperature to about 650°C the gas triples in viscosity and the 

density drops to one third. This change have to be compensated for if the hydrodynamic similarities 

are to be maintained, if the scaling is not done correctly the two models have to be treated like two 

different entities and the results from one cannot accurately be used to predict the hydrodynamic 

flows in the other (Markström & Lyngfelt, 2012).   

This theory part is solely done for scientific integrity and honesty, the experimental equipment was 

built without considering proper scaling. 

2.4.1 Buckingham’s Pi theorem  
It is useful to use dimensionless parameters to describe the hydrodynamic similarities between two 

fluidized beds. To receive these dimensionless parameters the Buckingham’s Pi theorem can be 

Figure 5 Fluidization regimes dependent of gas velocity 
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applied as a method of non-dimensionalization of the governing equations. If you have n parameters 

that independently describe the physical process and k fundamental physical quantities (e.g. mass, 

time and length) you can reduce the n parameters to n-k dimensionless parameters. This is also called 

a Pi-group. For two fluidized beds to be considered having the same physical behaviour all 

dimensionless parameters must be similar (Kunii & Levenspiel, 1991) (Markström & Lyngfelt, 2012).  

2.4.2 Scaling laws 
The full set of scaling laws are: 

 
𝑢0

2

𝑔𝐷
   Froude number 

 
𝜌𝑝

𝜌𝑔
   Density ratio 

  
𝜌𝑝𝑢0𝑑𝑝

𝜇𝑔
  Reynolds number for particle 

  
𝜌𝑔𝑢0𝐷

𝜇𝑔
  Reynolds number for tube 

 
𝐺𝑠

𝜌𝑝𝑢0
   Solids flux ratio 

 
𝐿

𝐷
   Length-Diameter ratio 

 𝜙   Sphericity  

 𝑃𝑆𝐷   Particle size distribution  

Where u0 is the superficial gas velocity, g is the gravity constant, ρp is the particle density, ρg is the gas 

density, µg is the kinematic viscosity of the gas, Gs is the solids flux, D is the bed diameter, L is the bed 

height, φ is the particle sphericity and PSD is the particle size distribution.  

The scaling factor, which determines the size of the cold model, is received by combining the Froude 

and Reynolds number into: 

𝑓 = (
𝜌𝑔 𝜇𝑔|𝐻𝑜𝑡⁄

𝜌𝑔 𝜇𝑔⁄ |𝐶𝑜𝑙𝑑
)

2
3⁄

 

Using the full scaling laws is not always practical as they will force a certain size on the model, which 

might be problematic due to lab space or cost, so from the full scaling laws a simplified set has been 

developed as: 

 
𝑢0

2

𝑔𝐷
 

 
𝜌𝑝

𝜌𝑔
 

 
𝑢0

𝑢𝑚𝑓
 

 
𝐺𝑠

𝜌𝑝𝑢0
 

 
𝐿

𝐷
 

 𝜙 

 𝑃𝑆𝐷 

Where umf is the superficial velocity of minimum fluidization. This simplified set assumes two things: 

that ρfu0D/μf can be ignored, and that if the system is operated under flow regimes where the Reynolds 

number are either negligible or dominant,  then ρpu0dp/μf can effectively be replaced with u0/umf, called 

the flow number. 
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2.5 Measurement techniques  
The measurement techniques used in cold fluidization beds range from non-intrusive pressure gauges 

to intrusive suction probes and optical probes to try to quantify the effects in the bed. 

Since the cold bed is to be compared with the hot model, the measurement techniques used to 

characterize and correlate the beds need to be able to withstand high temperatures. Non-intrusive 

pressure probes are useful for this as they can be placed a distance away from the hot bed and have 

been shown to be able to characterize the fluid dynamic conditions of fluidized beds.  

2.5.1 Analysis of high frequency pressure measurements 
P.A. Farrell mentions in his PhD thesis (1996) that analysis of the high speed fluctuations in the pressure 

of the bed is an easy and accurate way of comparing hydrodynamics between two beds.  

van Omnen et al. made a comprehensive review of the state of time-series analysis of pressure 

fluctuations in gas-solid fluidized beds, some of the methods that exists are: 

- Standard deviation and higher order moments 

- Probability density function of pressure increments 

- Frequency domain analysis  

- Attractor reconstruction 

These kinds of pressure analysis can give information about:  

- Current fluidization regime (Bai, et al., 2005) (van Omnen, et al., 2011) 

- Show early signs of agglomeration (van Omnen, et al., 2011) 

- Bed void fraction and bubble size distribution (Bai, et al., 2005) (van Omnen, et al., 2011) 

- Correlation between two beds (Farrell, 1996) 

In this thesis work the standard deviation and probability density functions are used to assess the 

fluidization regimes in different cases. 

2.6 Initial problems 
Since the used cold model is built in a 1:1 scale using the full scaling laws is impossible because the 

scale factor is locked to 1, this limits the scaling to using the simplified set. The reason for building the 

model in a 1:1 scale was that it was thought that it would give the best results, but unfortunately that 

is not accurate. 

But even using the simplified set gets problematic and expensive. Since the density ratio play an 

important role (Farrell, 1996) either the density of the gas must be changed to correspond to the hot 

state or the density of the bed material must be changed to counter the rise of density experienced 

when going from hot to cold. This gives two possibilities: 

2.6.1 Steel powder 
The first possibility is to increase the density of the solids by using steel powder, the problem with 

using steel powder is the cost of the bed material and the concentrate. Steel is a good fit to use as a 

bed material (Table 1) and is relatively cheap to buy as a powder. As a concentrate the only feasible 

option is molybdenum since better fits either have high costs or high toxicity.  If getting material was 

a one-time cost it could work, but there is no realistic way to separate the bed material from the 

concentrate material and thus creating a virgin bed. 
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Table 1 Dense material description 

Role Material Density, kg/dm3 
(Fit, %) 

Particle size, µm 
 

Bed  Steel 7.8       (100) 131 

Concentrate Molybdenum  10.28  (81,6) 20 

 

2.6.2 Helium gas 
The other possibility is to get the same gas density as air at 650 °C using a mixture of helium and 

nitrogen. This gives the possibility to use whatever material wanted in both hot and cold application, 

only needing to screen the material down in size to take in consideration the viscosity change. The 

problem with this is that this needs extensive alterations of the cold model, making it air tight, adding 

cyclone, bag filter and a compressor system capable of >1500 l/min continuous flow. These are costs 

not acceptable at this stage of the project.  

2.6.3 Solution 
The only viable option at this stage is to ignore the density ratio and have realistic expectations on the 

results when studying the separation of concentrate from bed material. But when studying the bed 

behaviour and doing a pressure profile both pure sand and steel powder can be used as no mixing will 

be done and the cost can be kept low. High speed pressure fluctuation comparison between hot and 

cold bed to determine hydrodynamic similarities is best to be done using steel powder in the cold bed.  

2.7 Proper scaling of reactor  
For comparison all considered options are presented in Table 2, their parameters and comparison of 

the dimensionless numbers. Two full scaling examples are done, one using air and one using helium.   

Table 2 Different scaling methods for cold model 

 Parameter Original Cold 
model 

Cold 
model 
Helium 

Cold 
model 
Steel bed 

Proper 
scaling 1  

Proper 
scaling 2 

Scaling Scale factor 1 1 1 1 0.62 0.29 

 
 

Bed 

Material Sand Sand Sand Steel Sand  Steel 

Density 
(kg/dm3) 

2.6 2.6 2.6 7.8 2.6 7.8 

Particle size 
(µm) 

330 230 231 131 210 96 

Gas Mixture Air @ 
650 °C 

Air 77% He 
23% N2 

Air 77% He 
23% N2 

Air 

 
Dimensionless 
numbers 
(fraction of 
original) 

Density 
ratio 1.00 3.00 1.00 1.00 1.00 1.00 
Froude 1.00 1.03 1.00 1.00 1.00 1.00 
Rep 1.00 1.49 1.43 2.52 1.03 1.00 
ReD 1.00 6.43 2.05 6.34 1.00 1.00 
Archimedes 1.00 4.53 1.43 2.53 1.08 1.00 
Flow  1.00 1.00 1.00 1.00 0.95 1.00 
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2.8 List of abbreviations 
D  Bed diameter 
f Scaling factor 
Gs  Solids flux 
L  Bed height  
PDF Probability density function 
PSD  Particle size distribution 
ReD Reynolds number for vessel  
Rep  Reynolds number for particle 

u0  Superficial gas velocity 
umf  Gas velocity of minimal fluidization 
ρp  Particle density 
ρg  Gas density 
µg  Kinematic viscosity of the gas 
φ  Particle  sphericity 
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3 Experimental 

3.1 Material 

3.1.1 Cold test rig 
The cold test rig is modelled after the Flubet pilot 

plant at Swerea Mefos. The model is 1:1 but do not 

have the entire freeboard. Since no reactions are 

happening in a cold state the freeboard can be cut 

short.  

The bed is 1800 mm high and 200 mm in diameter, 

the freeboard part is 350 mm high and 300 mm in 

diameter and the transition is 200 mm high. The gas 

feed system is connected to a 6 bar N2 outlet and is 

reduced to 1.5 bar. The flow is measured with a 

rotameter and the flow is controlled with a control 

valve. The pressure is measured both before and 

after the control valve.  

One tested distributor plate have tuyeres of the 

nozzle-type variety which are designed and 

distributed according to appendix 1. Another tested 

distributor plate is a perforated plate where the 

plate have been perforated by holes in a hexagonal 

pattern with 25 mm between each hole, a mesh is 

added in the distributor plate to hinder the sand 

from leaking into the wind box between tests.  

 

The pressure in the lower part of the bed can be  measured using two rows of 9 pressure probes which 

are spaced 10 cm apart starting from 10 cm from the bottom. One row of pressure probes are fixed to 

be flush with the wall of the bed and the other row can be extended into the bed to reach as far as the 

middle of the bed. 

There is also a pressure probe in the freeboard part of the model and a manometer in the wind box. 

The off-gas and elutriated particles can either be collected by using a vacuum cleaner connected to the 

model or ejected by using a central vacuum system of the facilities. The underpressure in the top of 

the reactor can be regulated by leaking air into the suction of the vacuum cleaner. 

Material can be air-locked in through the feed pipe and out of the bed ejection. Alternatively material 

can be fed unrestricted if the top of the bed is kept at a slight underpressure.  

Figure 6 3D model of the 1:1 cold test rig 
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3.1.2 Bed material 
Two different bed materials are used during the 

experiments in the cold model. Rådasand m0.23 and 

Boliden normal production sand. In the Flubet pilot plant 

Rådasand m0.33 is used. 

As a concentrate actual Boliden copper concentrate is 

used in both hot and cold experiments. 

Particle size distribution and other data about the 

material used can be found in appendix 2 

3.1.3 Powder rheometry 
During powder rheometry tests a FT4 Powder 

Rheometer from Freeman Technology Ltd, UK was used. 

A powder rheometer inserts a propeller into a small 

vessel containing a powder and registers the energy 

exerted on the propeller by the particles (Figure 7). This 

can be done while air is injected through the bottom of 

the vessel. The more fluid like the powder becomes less 

energy is exerted on the propeller.  

3.2 Ease of fluidization 
A powder rheometer was used to compare the sand used in the pilot plant and in the cold model, as 

well as looking at the sand used in the Boliden Rönnskär roasting process. It was also used to assess 

the effect of concentrate mixing into the sand.  

3.2.1 Method 
A reference sample was done on pure Rådasand m0.23, Rådasand m0.33, Boliden process sand and 

pure concentrate. After that two blends was done containing Rådasand m0.33 with 10% and 20% 

concentrate. Fluidization is achieved when the energy curve flattens out and thus Umf is at the knee of 

the curve  

Figure 7 Powder rheometry test setup 
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3.2.2 Results and discussion 

 

Figure 8 Reference tests 

Comparing the different screened sand in Figure 8 it is obvious that smaller particle sizes are easier to 

fluidize as less energy is needed at each tested velocity. But it is also obvious that having a wide particle 

size distribution is beneficial for fluidization since the Boliden sand fluidize more easily than the m0.33 

used in the Flubet pilot plant.  

The calculated Umf for m0.33 is 98 mm/s which is not reached in this test. Other tests runs show that 

Umf is closer to 60 mm/s (appendix 3) 

The calculated Umf for m0.23 is 48 mm/s which is close to the actual value of about 40 mm/s. 

Due to a large difference in particle size it is not possible to calculate the Umf for the Boliden sand with 

a formula but the experiment show that the actual Umf is around 30 mm/s 

The concentrate is very easy to fluidize by its own and the stepping is to large to capture the exact 

minimum fluidization velocity. The calculated Umf for the concentrate is 3 mm/s and the test shows <5 

mm/s. 
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Figure 9 Comparison different blends 

Figure 9 show that fluidization properties improve drastically when a fine fraction is added to a particle 

distribution. Umf is lowered to about 30 mm/s with 10% added concentrate and about 15 mm/s with 

20% added concentrate. This shows that a process is not impeded by using a sand with a narrow 

distribution but that the concentrate will fill up the role of a fine fraction before reaching steady state 

(Natalie, et al., 1985) 

3.3 Cold experiments 

3.3.1 Sand elutriation in cold bed 
To be able to get enough suction in the freeboard it was shown that the provided vacuum cleaners 

were not good enough as the filters got full immediately since the concentrate have a fine particle size 

distribution. To remove this problem it was suggested that it might be better to use the central vacuum 

system and assume that only the concentrate leaves the bed. This makes it possible to weigh the bed 

before and after the experiment and from that get a calculated mass balance. But to make the 

assumption that a negligible amount of sand gets elutriated the actual amount needs to be 

determined.  

3.3.1.1 Method 

A bed containing only sand is fluidized for 30 minutes. This is done according to Table 3. All points of 

exit for the gas (feed pipe and leakage air valve) is closed except for the vacuum cleaner, forcing all gas 

and elutriated sand to enter the vacuum cleaner. The mass of the elutriated sand is measured.  

 

 

  

0

100

200

300

400

500

600

0 5 10 15 20 25 30 35 40 45

En
e

rg
y 

(m
J)

Gas Velocity (mm/s)

Radasand m033

Rada-10% conc.

Rada-20% conc.

Boliden-concentrate



19 
 

3.3.1.2 Results and discussion 

The results is presented in Table 3. 

Table 3 Experiment setup and results for sand elutriation 

Experiment Bed mass (kg) Gas flow (Nm3/h) Results (g/h) Fraction of bed (%) 

1 10 70 40 ± 5 0.40 

2 20 70 40 ± 5 0.20 

3 30 60 20 ± 5 0.07 

4 30 70 110 ± 5 0.18 

5 30 80 480 ± 5 1.60 

Since in worst case scenario less than 2% of the bed mass is elutriated and the amount of concentrate 

that is to be added is 30 kg/h it can be approximated that all the material that leaves the bed is 

concentrate.  

3.3.2 Distributor plate 
Early undocumented experiments in the cold model have suggested that the jet nozzle type distributor 

plate used in the pilot plant gave a slugging bed with a spouting action when used in the cold model. 

The spouting action gives a large upward transport of bed material in the middle and a downward 

transport of bed material in the periphery of the bed. This is proposed to be the reason why the 

concentrate does not separate from the bed in the pilot plant but gets stuck instead. To examine this 

a comparative experiment is done using the same process parameters but different distributor plates.  

3.3.2.1 Method 

The two different distributor plates can be seen in appendix 1. The bed is run at normal process 

parameters, 70 Nm3/h gas and 30 kg/h concentrate, and the experiments are run for 30 minutes. The 

bed is weighted in at 30 kg sand and is weighted out at the end of the experiment. 

15 kg concentrate is added batch wise to the bed by hand in small amounts and the gas flow is turned 

off 10 seconds after the last of the concentrate is added. 

3.3.2.2 Results and discussion 

The results are presented in Table 4. 

Table 4 Results for distributor plate test 

Type Concentrate 
in bed 

Concentrate 
elutriated 

Accumulation 
in bed 

 kg kg % 

Jet nozzle 8.83 6.17 58.9% 

Perforated 
plate 

8.515 6.485 56.8% 

It can be determined that the distributor plate is not the single reason for why the bed retains large 

amounts of concentrate. The difference is only about 2 %-units and is not significant enough to be 

considered an improvement, but making observations during the tests showed that the jet type plate 

had a rather large dead volume of sand near the bottom of the bed and the perforated plate showed 

no such phenomena. Thus it was decided that the rest of the tests should be done with the perforated 

plate as it did not have this dead volume.  

It would be possible to further improve the gas distribution within the bed by using a porous plate 

instead as the reactor is small enough for it to be a viable option. But as in these experiments it might 

be needed to change the gas velocity very much, and in that case it is easier to enlarge the holes in a 
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perforated plate rather than ordering a new porous plate. In the end a porous plate might be a good 

option for the pilot plant as soon as the wanted gas velocity is determined.  

3.3.3 Variation of process parameters 
Different operation parameters were varied separately to determine the separations sensitivity to the 

individual parameters, not taking to account any combined effects of variables. The variables tested 

are:  

- Gas flow rate, Nm3/h 

- Feed rate, kg/h 

- Bed height, kg 

The idea is that the gas velocity determines how large particles that can be elutriated and might 

increase the number and size of bubble explosions which decides how much of the bed is exposed to 

the free flowing gas phase.  

The feed rate might show how the saturation of particles in the gas can be a limiting factor. The gas 

can only hold a certain amount of concentrate (kg/Nm3) and if this is the limiting factor in this case it 

would become apparent if the feed rate is varied.  

By varying the bed height the amount of large sand particles is varied, this gives the captured 

concentrate a larger or smaller impact on the particle distribution of the bed. This can show if the lack 

of fine particles in the sand hinders elutriation from happening as the residence time is a function of 

the particle size distribution of the bed (Natalie, et al., 1985).  

3.3.3.1 Method 

The centre point chosen is 70 Nm3/h of gas flow, 20 kg of sand and a feed rate of 30 kg/h. These 

parameters are varied according to Table 5. The sand bed is weighed in and added to the model before 

fluidization while the concentrate is added by hand batch wise in small amounts during the 

experiment. The false air intake in the gas outlet and feed valve are adjusted to provide a -2.5 mBar 

mean pressure in the top of the model with minimal false air from the feed valve. The feeding of 

concentrate is done for 30 minutes and the process is allowed to run for about 10 seconds after last 

feeding is done so that pressures can be noted. The pressure at the bottom of the bed is noted before 

and after the experiment.  

3.3.3.2 Results and discussion 
Table 5 Results of variation or process parameters, "*" marks centre point repeats 

NUMBER SAND GAS 
FLOW 

FEED 
RATE  

TIME CONCENTRATE 
AMOUNT 

ACCUMULATION IN 
BED 

% ACC 

 kg Nm3/h kg/h h kg kg % 

1 10 70 30 0.5 15 8.595 57.3% 

2 20 60 30 0.5 15 10.68 71.2% 

3* 20 70 30 0.5 15 8.625 57.5% 

4* 20 70 30 0.5 15 9.425 62.8% 

5* 20 70 30 0.5 15 10.265 68.4% 

6 20 80 30 0.5 15 8.795 58.6% 

7 30 70 30 0.5 15 8.515 56.8% 

8 20 70 20 0.5 10 5.815 58.2% 

9 20 70 40 0.5 20 12.82 64.1% 

HOT 
(750OC) 

23 23  30  148 82.2 55.5% 
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Table 5 shows the results from the experiment done in the cold model as well as a mass balance from 

an experiment run at the Flubet pilot plan the 2 April 2014. The stars note the centre points and the 

crossed over run is an outlier. Nr 5 is considered an outlier because the concentrate was dried and 

safety screened in a different order than the other experiments and an uneven feed of material in the 

end of the experiment due to human factors.  

The good part is that the results from this experiment is very close to the results achieved in the Flubet 

plant which means that the same problem probably exists in both processes and if it is solved in one it 

should solve it in both. The bad part is that the problem is not sensitive to the changes done in this 

experiment. The two runs that have any significant changes is number 2 and 9 which were both 

hypothesised to make it worse. The runs that could be believed to make it better (1,6 and 8) show no 

large changes.  

 

Figure 10 Variation of initial bed mass 

Splitting up the experiments into individual process parameters show which ones could be significant. 

Figure 10 show that the fraction of the concentrate that actually leaves the bed requires very little 

saturation within the bed to leave it since a tripling in bed mass does no difference even during the 

relatively short time of 30 minutes.  
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Figure 11 Variation of gas flow 

Looking at variation of gas flow in Figure 11 show a trend to accumulate more when the gas flow is 

decreased. This could indicate that the gas velocity obtained is not enough to achieve pneumatic 

transport throughout the whole particle size distribution of the concentrate and instead a wind 

screening action is performed where the finer fraction is removed and the coarse fraction is left behind. 

 

 

   

Figure 12 Variation of concentrate feed rate 

Figure 12 show that the accumulation is greater as a fraction if the feed rate is higher. This could be a 

saturation problem where the gas only can carry out a certain mass flow and thus creates more 

accumulation. Though it is more probable that the steady-state mass content of the transportable 

fraction in the bed is higher due to the higher feed rate since a doubling in feed rate only give a change 

of six percentage points. 
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Table 6 Pressure increase due to bed accumulation 

NUMBER  BOTTOM 
PRESSURE 
START 

BOTTOM 
PRESSURE 
FINAL 

 BED 
ACCUMULATION 

PRESSURE 
INCREASE 

 mBar mBar                kg mBar/kg 

1 10 40 8.56 3.49 
2 40 75 10.68 3.28 
3 42 68 8.63 3.01 
4 40 70 9.43 3.18 
5 43 74 10.27 3.02 
6 40 70 8.80 3.41 
7 75 105 8.52 3.52 
8 40 60 5.82 3.44 
9 40 83 12.82 3.35 

10 10 28 6.30 2.86 

11 11 31 6.80 2.94 

12 10 25 4.90 3.06 

13 10 16 2.98 2.02 

14 10 25 4.42 3.40 

15 10 13 2.385 1.26 
   Average: 3.23 

 The pressure in the bottom of the bed was recorded before and after each run and can be correlated 

to the bed inventory. The pressure was recorded using a manometer with 10 mBar steps and is not 

particularly exact, but even though the somewhat inaccurate measurement technique the results are 

very consistent. Two of the results are excluded from the average due to erratic behaviour during the 

experiments, this was probably due to blockage in the pressure tubing.  

3.3.4 Elutriation without continuous feed 
To enhance knowledge about the separation within the bed it was loaded with a predetermined 

amount of concentrate and sand. This mixture was allowed to fluidize until the separation had 

stagnated. 

3.3.4.1 Method 

20 kg of sand and 15 kg of concentrate is mixed before adding to the bed. Two experiments were 

performed, one with the feed valve open and the other with the feed valve closed to have better 

control over the total amount of gas entering the system. The gas exhaust is adjusted to keep -2.5 

mBar mean pressure. The pressure is measured with a manometer connected to a pressure outlet 10 

cm from the bottom of the bed. The pressure and time is noted at even pressures or 5 minute intervals.  

The open valve experiment were done using a bed from a previous experiment where 2.2 kg of 

concentrate were added to make up for previous losses, the closed valve experiment were done using 

a completely fresh feed.  
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3.3.4.2 Results and discussion 
Table 7 Mass balance, no continuous 
feed experiment 

 Closed 
valve 

Open 
valve 

Conc. left 
in bed (kg) 

8.05  8.70  

% of added 53.7  58.0 

Pressure 
drop 
(mBar/kg) 

2.59 2.77 

 

The mass balance is presented in 

Table 7 The pressure 

measurements done with the 

manometer can be found in 

appendix 4. When looking at the 

mass balance both experiments 

are relatively close where the 

fresh feed have lost 4 % more of 

the material. But the open valve does not seem to have such a large impact on the results.  

The pressure drop per kg of concentrate is calculated to 2.59 and 2.77 mBar/kg which is considerably 

lower than in earlier experiments. This could be because the initial pressure is taken at 2 minutes due 

to slow reaction in the pressure equipment, since the elutriation is the largest at the start a lot of 

material can have been removed during this time and lowered the perceived initial pressure.  

A time plot can be seen in Figure 13, which shows that the 

elutriation is the greatest at the start and as time passes the 

pressure becomes constant. At this stage the mass transport is 

decreased to near zero and the concentrate left in the bed will not 

for some reason leave the bed. This reason becomes illuminated 

when you visually observe the material in the bed. 

The experimental setup consists of the freeboard and the bed 

where the bed is 200 mm in diameter and the freeboard is 300 mm 

in diameter. This gives an area growth of 123% and hence a gas 

velocity decrease of 55.2 %, the gas velocity change gives four 

distinct material classes which have been visually observed and are 

illustrated in Figure 14.  

The finest of the material will pass through the reactor as 

pneumatic transport is maintained throughout the whole reactor 

and is represented with the straight green lines.  

The red lines represents the material where the gas velocity in the 

bed is clearly enough for pneumatic transport but as the gas 

velocity gradually decreases the particles will get suspended at a 

height corresponding to the grain size. This will at first work as a 

Figure 14 Circulation of material in bed 
and freeboard 
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wind screener, but as the material is forced toward the edge of the reactor it will work more like a 

lamella thickener where the material bunches up and shoots down along the wall. When the material 

falls over the edge it will immediately catch the upward gas stream and cycle again.  

The blue lines represent the particles that barely achieve pneumatic transport in the bed or is helped 

out of the bed material through bubble explosions and local surges in gas velocity. This is a busy area 

and a lot of material resided here after mass transport had ended. Larger particles can reach as far as 

the freeboard through large bubble explosions but fall down straightaway. The rotational action in this 

area is because the gas velocity is naturally lower at the periphery.  

The fourth material class is the material that makes up the bed itself. This is the sand and the 

concentrate that is too large to leave the bed except for temporarily during bubble explosions. The 

large amount of material that doesn’t leave the bed indicates that the gas velocity specified when 

developing the Flubet pilot plant is too low to effectively treat the materials that is wanted. 

To confirm this hypothesis particle size analysis (wet laser diffraction) was performed on material from 

a test on the Flubet pilot plan the 2 April 2014. The materials tested are the product collected at the 

cyclones, untreated concentrate and the bed material. To remove the sand from bed material and 

remove any aggregates from the concentrate they were screened to <63 µm.  

As it can be seen in Figure 15, the product is enriched in fine particles and the bed is largely depleted 

of fine particles. This enforces the idea that the gas velocity is not high enough to efficiently transport 

the fed material out of the bed.  

3.3.5 High velocity fluidization 
Earlier experiments have suggested that the gas velocity is the limiting factor, the problem is then to 

find out at which velocity sufficient separation is achieved. Higher velocity fluidization is more violent 

and will at some point require a return of bed material (Figure 5), this is something that has been 

discussed as an option in the pilot plant but is not implemented.  
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3.3.5.1 Method 

To be able to perform high velocity tests the distributor plate was modified to allow a higher flow with 

maintained pressure drop. To minimize sand losses the bed is limited to 10 kg of sand and to feed 

material at a reasonable height relative to the bed height a new feed pipe was installed in place of the 

bed extraction system. As earlier feed rate of concentrate is 30 kg/h and the tests run for 30 minutes.  

Two additional experiments were done with concentrate fed through the pilot plant screw feeder to 

get the same material texture in the cold tests as in the pilot. This was done since a lot of agglomerates 

from the concentrate survived the pressure and attrition in the shallow bed and these agglomerates 

are greatly reduced in the screw feeder.  

3.3.5.2 Results and discussion 

Figure 16 depicts the results from the high gas velocity experiments combined with the old results (60-

80 Nm3/h). 

 

Figure 16 High gas velocity experiments 

As it can be shown in Figure 16 raising the gas flow greatly diminishes the accumulation of concentrate. 

Though as mentioned earlier some of this material will to a larger extent be sand as the gas flow is 

increased, it can clearly be seen in the bed that the fine fraction of the sand is transported out of the 

bed at higher gas flows.  
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One thing that can be mentioned when using a small bed (10 kg of sand) is that the abrasive action of 

the sand is significantly reduced, and hence a larger fraction of the concentrate is left in the bed as the 

agglomerates created during the safety screening, seen at the left in Figure 17. Safety screening is 

performed to hinder any large unknown objects (e.g. bolts and nuts) from destroying the feeding 

system.   

Since the concentrate passes through a screw feeder before entering the reactor in the pilot plant a 

lot of the agglomerates should be crushed during the feeding. Because of this the agglomerates should 

not be a problem and the results from the concentrate that is only screened might be misleading (dots 

in Figure 16) 

Running the material through the screw feeder before running the cold experiment shows even more 

promising results (squares in Figure 16) and the bed is almost completely without agglomerates after 

the experiments (to the right in Figure 17) 

The experiments with the feeder concentrate shows that 84% separation is achieved at 110 Nm3/h 

which corresponds to a gas velocity in the freeboard of 0.43 m/s. To achieve this in the pilot plant 

either the gas flow needs to be increased from 23 Nm3/h to 36 Nm3/h or the freeboard diameter 

needs to be changed to 240 mm from 300 mm.  

A problem with pinning down a precise gas flow from the experiments conducted is the fact that the 

feed pipe is always open and the reactor is at a slight underpressure. This makes continuous feeding 

possible but it also introduces false air. Calculations show that a 20 mm round orifice will leak about 

30 Nm3/h of air with a -5 mBar underpressure, but these calculations are in ideal conditions while the 

model have oscillating pressure where the pressure even goes to the positive. The results from the no 

feed elutriation experiment showed no significant difference between an open and a closed valve 

which is positive, but the possibility of the leakage air having an impact needs to be taken into 

consideration when running confirming experiments on the Flubet pilot plant. 

3.3.6 Pressure mapping 
Experiments were performed to examine how the pressure profile of a fluidized sand bed is influenced 

by altering the bed height and gas flow.  

Figure 17 After experiment: Bed using safety screened concentrate (left) and bed using concentrate fed once through a 
screw feeder (right) 
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3.3.6.1 Method 

Two runs were performed, one with 20 kg sand and one with 30 kg sand. The sand was added to the 

bed and all material inlets were closed before gas was injected from the bottom of the bed. A 

differential pressure transmitter was used to record the pressure between the bed and the 

atmosphere at 9 different heights ranging from 10 to 90 cm from the bottom.  

Between each batch of measurements the gas flow was increased 10 Nm3/h between 70 and 120 

Nm3/h and each time the top pressure were adjusted to about -2.5 mBar.  

3.3.6.2 Results and discussion 

Figure 18 and Figure 19 depicts the results from the pressure profiles. What is clear is that when raising 

the gas flow over 100 Nm3/h the pressure gets lower, this is because the finer fractions of the sand 

starts to leave the bed. Other than that it seems like the pressure increases marginally as the gas flow 

is increased from 70 to 100 Nm3/h in both cases.   

 

Figure 18 Pressure profile 20 kg sand 

 

Figure 19 Pressure profile 30 kg sand 
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In the comparison between 20 and 30 kg shown in Figure 20 it can be seen that in both cases the 

pressure increases in an almost linear fashion for all pressure points that is continually submerged.  

In the 20 kg case the pressure points 60-90 cm is not always submerged and diverges until it reaches 

the pressure found in the freeboard.   

 

Figure 20 Pressure profile comparison, 100 Nm3/h 

The results from this indicates that it is possible from two or more pressure points with known heights 

approximate the bed height. By creating a straight line and find the point where it intersects the 

freeboard pressure.  

The results also further prove that the bed sand do not stay in the bed at flows over 100 Nm3/h 

3.3.7 Statistical analysis of pressure fluctuations 
To provide a method of comparing the cold model and the pilot in the future a statistical approach is 

taken to the pressure fluctuations in the bed. Statistical analysis can also be used to characterize the 

pilot plant without looking at it.   

3.3.7.1 Method 

The bed is filled with either 20 or 30 kg of sand and the gas flow is set to 70 Nm3/h and the top pressure 

is adjusted to -2.5 mBar with all feed valves closed. Each pressure measurement is performed for about 

3 minutes and at a 1 kHz polling rate. After the measurement the gas flow is increased by 10 Nm3/h 

and the procedure is repeated until 120 Nm3/h is reached. 

The pressure signal is passed through an analog low-pass filter at the Nyquist frequency (half of the 

sampling rate) and recorded. The standard deviation of the signal is recorded and a probability density 

function (PDF) curves are done for pressure differences at 5, 10, 50 and 500 milliseconds.   

A probability density function plots the probability for a certain pressure difference to occur, in the 

pressure difference is set as the x-axis and the probability is the y-axis. For ease of reading the plots 

are normalised so that the maximum probability is 1, normally the area under the plot is set to 1. 
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3.3.7.2 Results and discussion  

Table 8 shows that the standard deviation of the pressure signal for different gas flows had two 

different weights. As expected the standard deviation rises as the gas flow increases, this is because 

the bed is thrown higher and more vigorous as more gas passes through and thus the amplitude of the 

gas pressure variations gets higher.  

When adding 50 % more sand the amplitude more than doubles. This is partly because more mass is 

thrown around but this could also be because of a regime change from bubbling bed to a slugging bed 

where the mass works more in unison. It is difficult with this results to draw any solid conclusions from 

the standard deviation since between the two different bed heights both a mass change and regime 

change happened at once, and no regime change is experienced in the gas flow spectrum used. More 

experiments need to be done to know what kind of change in standard deviation is to be expected 

during a regime change 

Table 8 Standard deviation for pressure fluctuations (mBar) 

 70 Nm3/h 
Air 

80 Nm3/h 
Air 

90 Nm3/h 
Air 

100 Nm3/h 
Air 

110 Nm3/h 
Air 

120 Nm3/h 
Air 

20 kg sand 12.85 13.51 13.70 14.35 13.51 13.68 

30 kg sand 27.90 29.78 31.34 32.41 31.69 31.00 

 

When comparing the probability density functions they are largely the same within the same bed 

height and all results can be found in appendix 5. But comparing the same gas flow but two different 

bed heights a large difference can be seen. 

 

Figure 21 Probability density function, comparison 20 kg and 30 kg 

In Figure 21 it can be seen that the tip of the 500 ms probability curve is moved to the left for the 30 

kg PDF, when comparing this to the typical regimes in Figure 22 it is clear that the bed have moved 

from a multiple bubble regime to a single bubble regime (slugging). This also corresponds to perceived 

regime when looking at the bed. The direction of the shift does not correspond between Figure 21 and 

Figure 22 but this is only a mathematical issue of the order of subtracting either P(t+∆t) or P(t) from 

the other.   
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Figure 22 PDF plots of typical fluidization regimes, plotted on semi logarithmic scale and shifted upwards for clarity, (van 
Omnen, et al., 2011). 

This method of using the PDF curve can prove useful when evaluating the sand bed in the Flubet pilot 

plant. As a single bubble regime is disadvantageous for mixing within the bed it might prove necessary 

to take measures to prevent this, such as having a more shallow bed. But earlier experience show that 

low mixing is not a problem in the Flubet pilot plant.   

4 Final discussion 

4.1 Hypotheses  
The initial hypothesis of disadvantageous gas and material flows in the bed was true but not the main 

cause of the separation problem. To increase the material throughput at the bottom of the bed and 

somewhat decrease the concentrated centre flow the distributor plate can be changed from the jet 

type to a perforated plate type.  

The distance from the feed position to the bed have been examined by having three different bed 

heights (bed mass) and no difference were seen. So the material sticking in the bed is not caused by 

feeding directly into the sand before the concentrate contacts the gas. Throughout the experiments it 

has been seen that the material collects a lot of speed in the feed pipe and traverses the entire 

diameter of the pipe just to be distributed over the inner surface of the pipe and dragged into the sand. 

This is not the cause of the accumulation of concentrate but changing the feed system to feed the 

material vertically into the centre of the bed makes the concentrate face the strongest upwind and 

might provide better separation. Centre feeding of material is normal praxis in industrial processes.  
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The third initial hypothesis was that the concentrate could be selectively fed through the bed ejection 

system due to the fine grained nature of it. This has not directly been examined but later analysis of 

the bed material in the Flubet pilot plant show that the bed and the bed ejection material is of the 

same composition and no disproportionate ejection was made. The experiments done cold without 

bed ejection show that the bed collected concentrate anyway in similar proportions. 

The working hypothesis that was developed by observing the flow phenomena during the no feed 

experiments was that the gas velocity in the freeboard was too low to carry the concentrate, this is 

either due to too large freeboard diameter or too low gas feed. This hypothesis was further reinforced 

by analysing the different products from a Flubet pilot run (Figure 15). This realisation spurred a 

reconstruction of the cold model to allow for higher gas flows and the results can be seen in Figure 16. 

This is now thought to be the primary problem causing the accumulation of concentrate in the bed and 

confirmation test will be run in the pilot plant 

4.2 Goals 
One of the goals of this thesis work was to profile the pressure drop using the pressure probes at 

different heights and depths, initial testing showed that there was no use to probing different depths 

in the horizontal plane since the pressure differences were small and random and hence were left out. 

Instead pressure profiles were done at two different bed heights and six different gas flows which are 

presented in chapter 3.3.6. The pressure profiles show that the bed pressure is close to linear in the 

probes that are always submerged. This means that the pressure can be used to estimate the bed 

height if both pressure and probe location is known.  

In addition to pressure profiles, analysis was done on high speed pressure fluctuations. These were 

done to increase knowledge and provide a bridge between hot and cold cases. During the thesis work 

no experiments have been done on the Flubet pilot plant which have provided opportunity for 

comparative analysis, but the work done on the cold model opens up for future work. A model for 

analysing the pressure has been created through standard deviation and probability density curves, 

more statistical tools exists and can be implemented in the future.  

The iron powder part of the pressure measurements have been left out due to time constraints and 

lack of equipment. Since the gas flows required in the end was so high that the sand left the bed the 

same is partly to be expected by the iron powder, to make the experiments less costly a cyclone needs 

to be added to the cold model to separate the expensive iron powder from the gas stream. 

The other goal of the thesis work was to use a “tracer” to look at the separation of bed material and 

concentrate. In the end it was decided to use Boliden concentrate as a tracer. The advantages of this 

was availability and cost. The drawback of this is the lack of scaling, since the density of the gas but not 

the concentrate is changed they don’t correspond in the same way hot and cold. And since the 

concentrate already is so fine grained it is not possible to change the grain size as was done with the 

sand to correspond better with the used gas velocities.  

The positive thing about having used too coarse concentrate is that the results found in the cold model 

should be even better when translated to the pilot plant. The opposite correlation was found when 

going form hot to cold when the separation went from 45 % to about 40 % and should hold also when 

going from cold to hot.  
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4.3 Results and recommendations 
The final conclusion to why the concentrate does not leave the bed is that the gas velocity in the 

freeboard is too low. Results in the cold model show that in order to increase the separation to 84 % 

the gas velocity need to be increased from 0.28 m/s to 0.43 m/s. This can either be done by increasing 

the gas flow (hot) from 23 Nm3/h to 36 Nm3/h or by decreasing the freeboard diameter from 300 mm 

to 240 mm. Or a combination of both.  

Problems encountered by increasing the freeboard gas velocity seen in the cold model is that the 

elutriated amount of sand went from nil to about 6% (from pressure profile experiment). This is 

probably not such a large problem in the pilot since the freeboard is a lot longer and sand launched 

from bubble explosions have a chance to return.  

In the long run it might be a better idea to decrease the freeboard diameter as it widens the possible 

process window. If the velocity increase only comes from raising the gas flow the process window is 

limited from the bottom by the pneumatic transport of concentrate and from the top by the gas 

cleaning equipment which will be strained by the gas flow increase. It might also be a limitation in the 

kinds of experiments that can be performed in the pilot, if experiments using oxygen enriched air is 

needed it is not possible to add extra nitrogen to provide lift for the concentrate for example.  

In the short run it would be best to confirm the findings in this thesis by only increasing the gas flow 

to determine the exact required gas velocity in the hot state. This should be done since it is a large 

investment to change the freeboard pipe and it is a short experiment to confirm or correct the findings 

in this report.  

4.4 Future work 
Confirming tests on the pilot plant should be performed by trying out different gas flows and 

monitoring the bed and product. 

Further process development using the cold model can be done. By implementing more statistical 

models more information can be received from the pilot plant. One of the more interesting tools to 

investigate is attractors where p(t) is plotted against p(t+Δt). Using this method one can catch some 

events before they become a problem. One of these events are agglomeration that, if taken to the 

extreme, can become a danger.  

Cyclones should be fitted to the cold model so that particles leaving the bed can be caught, 

alternatively a large filter. This opens up to using materials in the cold model that you don’t want to 

lose but might give good information. Like iron powder which may mimic the behaviour of the pilot 

plant better but is expensive to lose in the process.  

If interest develops to in more detail examine the bed dynamics it might be worthwhile building a 

properly scaled model and redo the pressure analysis work. A properly scaled model is a more powerful 

tool for predicting bed behaviour.  
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Appendix 1: Distributor plates 

 

Figure 23 Jet type ditributor plate. The type used in experiments have 5 jet touyers 

  

   

Figure 24 Perforated plate ditributor plate, the larger holes are for fitting two plates together with a mesh inbetween 
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Appendix 2: Bed and feed material 
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Figure 25 Routine particle size analysis of Boldien concentrate 
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Appendix 3: Rheometer results 

 

Figure 26 Rheometer results, large gas velocity steps 

 

Figure 27 Rheometer results, small gas velocity steps 
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Appendix 4: Pressure measurements no continuous feed experiment 
Table 9 No feed experiment, old feed and open valve 

 In     

Old 
Concentrate 

12.82 kg Time Pressure 

New 
Concentrate 

2.18 kg min mBar 

Sand 20 kg 2 89 

 Out  5 88 

Bed 28.7 kg 7 85 

Concentrate 8.7  10 82 

Bed retention 58.00%  14 80 

mBar/kg 2.78  15 79 

   20 78 

   25 77.5 

   30 76 

   35 75 

   40 74 

   45 72.5 

   50 72 

   55 72 

   60 72 

   65 71.5 

 

Table 10 No feed experiment, new feed and closed valve 

 In    

Concentrate 15 kg Tid  Tryck 

Sand 20 kg min mBar 

 Out  2 88 

Bed 28.05 kg 5 85 

Concentrate 8.05  11 80 

Bed 
Retention 

53.67%  15 78 

mBar/kg 2.59  20 77 

   25 76 

   27.5 75 

   30 73.5 

   35 72 

   40 71 

   45 71 

   48 70 

   55 70 

   65 70 
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Appendix 5: Probability density function results 

 

Figure 28 PDF, 20 kg 70 Nm3/h 

 

 

Figure 29 PDF, 20 kg 80 Nm3/h 
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Figure 30 PDF, 20 kg 90 Nm3/h 

 

Figure 31 PDF, 20 kg 100 Nm3/h 
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Figure 32 PDF, 20 kg 110 Nm3/h 

 

Figure 33 PDF, 20 kg 120 Nm3/h 
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Figure 34 PDF, 30 kg 70 Nm3/h 

 

Figure 35 PDF, 30 kg 80 Nm3/h 
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Figure 36 PDF, 30 kg 90 Nm3/h 

 

Figure 37 PDF, 30 kg 100 Nm3/h 
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Figure 38 PDF, 30 kg 110 Nm3/h 

 

Figure 39 PDF, 30 kg 120 Nm3/h 


