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Abstract 

Draft tube circulators have been used in various industrial processes. They contain an inner tube located inside the 

reactor. An axial impeller at the top part of the inner tube pushes the fluid downwards. This reactor concept uses less 

energy to achieve sufficient mixing in the system. Outotec has developed a novel draft tube reactor which exploits 

draft tube circulator principles and consists of horizontal and vertical sections. The aim of this work was to obtain 

information on the flow and solid resuspension behavior of the test tube reactor for the design and further develop-

ment of the OKTOP®6000 reactor.  

 

Flow velocities were measured with an ultrasound measuring probe that utilizes the Doppler effect. The aim of the 

experiments was to gain information about the flow profile inside the reactor annulus from different measuring 

points. Flow velocity results were used to validate the computational fluid dynamic simulation results made earlier.   

 

Liquid-solid and liquid-solid-gas mixing was studied with electrical impedance tomography (EIT) devices, which 

measure conductivity difference in the media. Experiments were done with different solids contents, impeller rotation 

speeds and different gas feed rates to determine what kinds of mixing conditions achieve complete off-bottom sus-

pension. Slurry samples were taken from the upper part of the reactor to obtain information on how much sand flows 

to the upper part of the reactor. 

 

Based on the flow velocity and CFD simulations, the flow inside the reactor annulus is highly turbulent and the flow 

profile is time dependent. There is a recirculation area at the bottom of the reactor and the flow is pulsating to the 

upper part of the reactor. Solids suspension tests show that the reactor concept achieves complete off-bottom suspen-

sion more easily without gas feed. The gas feeding system was not optimal and some of the gas flooded from the 

draft tube and disturbed the flow inside the draft tube. Solids suspension tests confirmed the fact that the flow profile 

was pulsating and time dependent.  

 

Flow velocity and solids suspension test results can be used to dimension and further develop the novel draft tube 

reactor OKTOP®6000, which is part of the Outotec reactor family.  
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Imuputkireaktoreita on käytössä monissa erilaisissa teollisissa sovelluksissa. Reaktorin sisälle on asennettu sisäputki, 

jonka yläosassa on tyypillisesti sekoitin, joka saa aikaan liuoskierron sisäputken kautta reaktorin annulukseen. 

Sisäputken ansiosta sekoitukseen tarvittava energiamäärä on pienempi kuin perinteisissä sekoitusreaktoreissa. 

Outotec on kehittänyt sisäputkireaktoriteknologiaa hyödyntävän OKTOP®6000–reaktorin, joka koostuu vaaka- ja 

pystysuuntaisista osioista. Imuputkireaktorin avulla pyrittiin selventämään reaktorin suunnittelun ja jatkokehityksen 

avuksi virtausominaisuuksia sekä kiintoaineen suspengointiin liittyviä ilmiöitä.  

 

Virtausnopeuksia mitattiin Doppler-ilmiötä hyödyntävällä mittalaitteella eri kohdista reaktorin ulkokehää. 

Tarkoituksena oli saada tietoa virtausnopeuksista muutamassa mittauspisteessä reaktorin sisältä eri sekoittajan 

pyörimisnopeuksilla. Tuloksien avulla pyrittiin vahvistamaan virtauslaskennan tuloksia. 

 

Toisessa osassa reaktoriin lisättiin kiintoainetta ja tutkittiin sen liikkeelle lähtöä eri hiekkamäärillä, sekoituksen 

kierrosmäärillä sekä happisyöttömäärillä. Tarkoituksena oli saada tietoa milloin neste-kiintoaine- sekä neste-

kiintoaine-kaasu-systeemeissä saadaan aikaan sellaiset sekoitusolosuhteet, että kaikki hiekka joko liikkuu reaktorin 

pohjassa ja mahdollisesti virtaa reaktorin yläosaan. Mittauksessa käytettiin apuna sähköimpedanssi 

tomografiasauvoja (EIT), jotka mittaavat sähkönjohtavuuseroja väliaineesta. Lisäksi reaktorin yläosaan virtaavan 

hiekan kiintoainepitoisuutta mitattiin yläosasta otetttujen näytteiden avulla.  

 

Virtausmittausten ja –simulointien perusteella voidaan sanoa, että virtaus reaktorissa on hyvin turbulenttinen ja 

virtausprofiili vaihtelee eri ajanhetkillä. Reaktorin pohjaan muodostuu pyörteitä kun sisäputkesta tuleva virtaus 

muuttaa suuntaa. Virtaus kohti reaktorin yläosaa on hyvin sykkivää. Kiintoainekokeiden perusteella nähtiin, että 

hiekka pysyi liikkeessä kaikilla kierrosnopeuksilla ja hiekkamäärillä ilman kaasusyöttöä. Happisyöttö puolestaan 

häiritsi systeemiä ja sai hiekan laskeutumaan tietyssä pisteessä. Kaasun syöttöjärjestelmä ei ollut optimaalinen tälle 

reaktorikonseptille, sillä isommat kaasumäärät tulvivat ulos sisäputkesta virtaamatta nestevirtauksen mukana.  

 

Virtausmittaus- ja kiintoainekokeiden tuloksia voidaan käyttää OKTOP®6000–reaktorin jatkokehityksessä ja 

suunnittelussa.  
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NOMENCLATURE 
 

Aa annulus area [m
2
] 

Ad draft tube area [m
2
] 

D impeller diameter [m] 

Dd draft tube diameter [m] 

Da annulus diameter [m] 

dp particle diameter [m] 

g gravitational constant, 9.81 m/s
2
 

N  rotation speed [1/s] 

Np impeller power number 

Nq impeller pumping number 

P power [W] 

Qa volume flow in the annulus [m
3
/h] 

Qd volume flow in the draft tube [m
3
/h] 

T tank diameter [m] 

ut settling velocity for particle [m/s] 

va velocity in the annulus [m/s] 

vd velocity in the draft tube [m/s] 

X ratio of draft tube diameter and tank diameter (D/T) 

 

Greek letters 

ρL liquid density [kg/m
3
] 

ρs solid density [kg/m
3
] 

ρf fluid density [kg/m
3
] 
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1. INTRODUCTION 
 

Outotec has developed a novel draft tube reactor concept. CFD modeling and experi-

mental validation were required to determine the flow behavior, performance, and lim-

itations of this new reactor type. In this thesis, flow measurements and mixing tests 

with solid sand particles were done in a pilot-scale demonstration reactor in order to 

further develop the novel OKTOP®6000 reactor.  

The novel reactor type OKTOP®6000 has been designed for efficiently high volumes 

of solid suspensions with lower energy consumption compared to a normal atmospher-

ic stirred tank reactor (STR). Gas is dispersed into downward flowing slurry in order 

to maximize the efficiency of gas utilization. The reactor operates at moderate temper-

ature and utilizes hydrostatic pressure.  

In the theory section, the different structures used in the draft tube circulator reactors 

are presented and some basic principles for this type of reactor design are given. Alu-

mina precipitation, gold cyanide leaching and direct leaching of zinc concentrate pro-

cesses are introduced briefly as potential applications for Outotec’s novel draft tube 

circulator OKTOP®6000 reactor.  

The experimental section consists of an introduction to the test reactor and measuring 

methods. The reactor consists of an inner tube, which is attached inside the reactor. An 

axial mixer is located inside the upper part of the draft tube and creates flow circula-

tion via the draft tube to a reactor annulus.  

Experimental flow velocity values are required to validate the CFD models and for 

further development of the current draft tube reactor. In order to obtain information 

about the flow profiles inside the reactor flow velocity measurements were done with a 

measuring probe which exploits the Doppler effect. Liquid-solid and liquid-solid-gas 

experiments were done to obtain information on solid behavior. Information was col-

lected with electric impedance tomography devices and slurry samples. The results can 

be used in the design of the new reactor type and to understand the principles of flow 

phenomena inside the reactor.  
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The results of these experiments are presented and compared to computational flow 

dynamic (CFD) simulations. In the final section, there will be a discussion of how re-

sults and notices on this reactor concept can be used to develop the OKTOP6000 reac-

tor concept.  
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2. LITERATURE REVIEW 

2.1 Draft tube circulators 
 

Draft tubes are known as inner tube constructions in industrial reactors and container 

solutions. The form of draft tube varies according to the application and its purpose. In 

this work, the focus is on draft tube circulators. Draft tubes are used to produce effec-

tive top-to-bottom circulation in flow-controlled processes. They are used in mixing 

slurries in deep tanks; applications are mainly in the mineral processing industry, e.g. 

they are used in gold extraction and bauxite production but also in crystallizers and 

wastewater treatment plants. Originally, the draft tube circulator was developed from 

air-lift agitators called Pachuca, which are used in the alumina industry (Shaw, 1982). 

In these applications, gas is fed into the bottom of the reactor where it starts to rise and 

create mixing. At the same time, bubbles create a circulation between the draft tube 

and the reactor annulus. High investment and operating costs brought about the need 

to create a new reactor type to replace the air-lift agitators.  

 

The draft tube circulator is a tank which contains a draft tube inside it. The draft tube 

is typically 20-40 % of the tank diameter. In the top part of the draft tube there is an 

axial flow impeller, which pushes the slurry downwards. (Shaw, 1982, p. 49) Typical-

ly, the reactor’s height to diameter ratio is 2:1 (Brown, et al., 2013). Figure 1 shows a 

schematic drawing of the draft tube circulator. The arrows represent the flow direc-

tions inside the reactor.   
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Figure 1. Principles of the draft tube circulator 

2.1.1 General design properties 

 

Draft tube circulators are more sensitive than stirred tank reactors to process changes, 

due to their inner tube structures and the complex multiphase operations in which they 

are used. That is why the fluid level and flow velocity distributions of different phases 

should be taken into account as early as the design stage. Many times the volume of  

slurries to be treated is high and residence time in the reactors might be relatively long. 

A long residence time, relatively high solids content and increasing energy prices re-

quire that the power consumption of the mixer be minimized.  

Control of the fluid level is important in the draft tube to prevent damage in the 

equipment structures and to achieve stable and desired conditions for the process. The 

fluid level should be high enough above the inner tube that head loss does not occur at 

the draft tube opening and the coarsest particles flow into the inner tube instead of 

falling back to the annulus. Correspondingly, too high a fluid level will cause a sta-

tionary layer on the fluid surface in the upper part of the reactor. (Shaw, 1982, p. 57) If 

the fluid level is close to the draft tube inlet, a vortex may occur and cause inefficient 

operation. (Weetman, 1984, p. 1) 

Flow velocity has to be high enough in the inner tube as well as in the annulus so that 

the flow is able to keep the tank bottom clean of the sedimentation of solid particles 
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and carry the largest particles along with it. In order to achieve proper operating condi-

tions, information should be collected about the flow velocity and characteristics of 

the solids, e.g. particle size and distribution as well as solid content and bottom shape, 

which affect the flow in the tank bottom. Flow velocity should be at least double the 

free-settling velocity of the largest particle in the annulus in order to keep the large 

particles moving along the flow. Otherwise, large particles can accumulate in the an-

nulus and block the circulation between the draft tube and annulus. (Oldshue, 1983, 

pp. 470-471, 479) 

The flow through multiple reactors should be designed so that the incoming flow is 

forced to circulate through the draft tube and to circulate one entire cycle in the reactor 

before entering the next reactor. The outflow can be placed in the tank bottom where 

the large particles can be separated from the flow. In order to keep the fluid levels 

equal, flow velocities should be similar between the tanks. (Oldshue, 1983, p. 484) 

Power requirements are minimized with the correct tank diameter ratio where both 

velocities, inside the inner tube and in the annulus, are satisfied. In Equation (1) the 

inner tube flow rate is: 

Qd = 
 

 
 vd T

2 
X

2   
  (1) 

where  vd velocity in the draft tube [m/s]  

 T tank diameter [m] 

 X ratio of draft tube diameter and tank diameter (D/T) 

 

Mean velocities are calculated from total flow rates and cross sectional areas off flow. 

In Equation (2) the annulus flow velocity is: 

 Qa = 
 

 
 va T

2 
(1-X)

2    (2) 

where  va velocity in the annulus [m/s]   

In the operation Qd= Qa, using equations (1) and (2), the velocity in the draft tube is 

given by Equation (3): 

vd = va  
    

  
      (3) 

where  X = √
  

     
     (4) 

(Shaw, 1982, p. 49) 
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Figure 2 shows the velocity requirements in the draft tube and in the annulus. A point 

can be found at the intersection of the curves where the power requirements are mini-

mized. (Shaw, 1982, p. 51) 

 

Figure 2. Velocity requirements in the draft tube and annulus compared to power 

consumption (Shaw, 1982, p. 51) 

 

The power required to produce a high enough velocity in the draft tube is proportional 

to the ratio of the draft tube diameter and tank diameter (D/T), according to equations 

(5) and (6) 

Draft tube velocity  P ∝ X
2  

  (5) 

Annulus velocity  P ∝ 
       

      (6) 

Power consumption optimized with proper design, e.g. impeller and draft tube, should 

be designed so that the flow and power efficiency are not diminished.  Shut-off power 

and variations in the flow velocity requirement should be taken into account when 

selecting the motor for the mixer. Shut-off power should be twice as high as the struc-

ture without resuspension slots and 1.25-1.30 times higher with resuspension slots 

compared to the operating power. 10-15 % extra in the mixer’s motor power should be 

taken into account to cover variations in operation. (Shaw, 1982, pp. 49, 53) The re-

suspension slots are presented in more detail in chapter 2.1.3.  
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2.1.2 The draft tube design and structures in the upper part of the reactor 

 

The most important structures in the draft tube operation are in the upper part of the 

reactor. It is important that the structures close to the impeller are properly designed to 

maximize the pumping efficiency. Process variables are not stable all the time and 

structures should enable flexibility for different process conditions. Structures such as 

baffles, flow guides and floating apparatus improve efficient flow distribution in the 

draft tube and prevent undesired vortices. In shutdowns and start-ups, the ability to use 

mixing with different fluid levels is advantageous but this also holds true for flexible 

operation. Often solids are used in the reactor and it is desirable to prevent particle size 

segregation and to get solids moving to the upper part of the reactor too. Some pro-

cesses use gas feed and it should be arranged so that it does not disturb the pumping 

and fluid circulation.  

Baffles are used above the draft tube to prevent vortices and to control swirling 

(Oldshue, 1983, p. 478). There may be a certain notch around the impeller that in-

cludes a flow guide above and below the impeller. This structure prevents back flows 

and thus improves the impeller efficiency. The notch diameter is wider than the impel-

ler diameter in this solution. Smooth structures prevent solids from accumulating in 

them. (Watson, 1970, p. 3) A flow guide rib under the impeller straightens the flow 

and a limit ring prevents radial movement in the flow. A venturi tube is used to in-

crease flow velocity. (Shaw, 1982, pp. 51-52) Figure 3 shows alternative structures in 

the draft tube entrance schematically.  

The floating ring has been designed to prevent vortices and is located inside the draft 

tube structure where it is supported to keep it in place. Vanes under the ring help the 

ring to control circulation and prevent the ring from dropping into the draft tube. The 

structure allows effective operation at different fluid levels because mixing and slurry 

flow are not disturbed by any vortex. Under the impeller there are vanes that are con-

nected to the diffusion cone. The diffusion cone flares downward around 7 degrees. 

(Weetman, 1984, pp. 5-6) 
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Figure 3. Draft tube structures, adapted from (Weetman, 1984) 

 

Vortices are also prevented by means of impeller placement; the optimal place is 1.5 

times the impeller diameter below the upper edge of the draft tube. Tip speed may be 

limited if impeller erosion is to be avoided. Typically, the impeller is a three or four 

flat-blade axial-flow or an airfoil impeller with accurate blade profiles and pitching 

occurs. The impeller should be chosen depending on the process; in some processes 

shear energy should be avoided and in some processes, flow should be maximized. 

Nevertheless, radial flow should be avoided.  (Oldshue, 1983, pp. 474-475, 483, 485) 

According to Lane’s article (2006), a Lightnin C110 impeller is used in alumina pre-

cipitation processes. In stirred tanks with draft tubes, helical screw and hydrofoil are 

other types of impellers used.  

If the fluid level changes during operation, another inlet can be placed in the draft 

tube. Secondary inlets are situated just above the impeller within widening the draft 

tube walls and having openings there. Slurry can flow there as a direct by-pass to the 

circulation and through the impeller. 70–80 % of the flow comes from the upper part 
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of the draft tube and 20-30 % above the impeller with lower liquid levels, e.g. in start-

ups 40-50 % of the flow if an alternative inlet is used. With this structure, mixing is 

continued longer when emptying the reactor. An alternative way to continue mixing 

with lower liquid levels is to have a movable upper part of the draft tube which rises 

when the liquid level decreases, so that the liquid can flow directly to the impeller. 

The draft tube diameter is typically different above and below the impeller, but never-

theless the upper part of the draft tube should be wider and the ratio between the draft 

tube diameters (lower/upper) should be 0.8–1.0. (Weetman, 1984, pp. 6-7) 

A draft tube circulator requires a gas feed that does not decrease pumping efficiency 

and otherwise disturb the fluid circulation in the draft tube. Mixing affects backflow in 

the impeller blade ends if the gas is fed close under the impeller. The clearance be-

tween the draft tube walls and the impeller should be minimized to decrease turbu-

lence close to the impeller. Rising gas bubbles may cause impeller flooding if the im-

peller cannot push the gas downward. Connolly et al. (1996) showed that if tips are 

added to the impeller blades, gas dispersion may be increased by 10 % due to im-

proved downward pumping efficiency. They compared the capabilities of mixers to 

handle gas without losing the capability to handle a primarily liquid flow. Even though 

the gas dispersion capability increased by 10 %, the power consumption also increased 

slightly. In the tests used, the impeller diameter was 218 cm. Figure 4 shows the tips 

added under the impeller.  

 

Figure 4. Diagram of the tips attached under the impeller blades, adapted from 

(Connolly et al., 1996) 

 

According to Jameson (1992), it is better to use several smaller nozzles instead of one 

big one and to locate them in the upper part of the tube. When feeding gas into the 

draft tube, the mixing energy required for gas-liquid mixing is smaller. Small jets form 
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smaller bubbles and their coalescence is not so problematic. Smaller bubbles also have 

a larger surface area, which increases mass transfer. Nozzles should be faced down-

ward so that gas is fed along the flow.  

Draft tube solutions are used with hydraulic turbines where the gas is fed into the fluid 

to increase the dissolved oxygen content in water. Désy and Grenier (2004) invented a 

gas feed structure which is located under the turbine impeller and around the draft 

tube. According to the patent, the new structure decreases the side effects of pulsating 

gas feed and cavitation problems. Gas spreads from multiple holes and is fed into the 

structure via an air supply line which goes through the draft tube. One or more gas 

feed locations can be used. Gas outlet shrouds help the gas flow out from the structure. 

Under the shroud wall, it is inclined to provide a venturi arrangement. Gas distribution 

can be increased with baffle structures. Figure 5 shows a gas feed structure used in a 

hydraulic turbine.  

 

Figure 5. Gas feed structure in the hydraulic turbine draft tube solution, adapted 

from (Désy & Grenier, 2004) 

 

Draft tube circulators are also used in wastewater treatment applications but these dif-

fer from the structures presented, as they have an air feed countercurrently in the draft 

tube. The flow is slow enough that gas bubbles can rise upward but slurry can flow 

similarly as in the presented solutions.  

A typical feature of draft tube circulators is that solids segregate inside the reactor be-

tween the draft tube and annulus depending on particle size. Optimal particle size de-



 

11 

pends on the process where the draft tube is going to be used. In areas where the flow 

changes direction, particles especially accumulate in the flow areas; fine particles in 

the upper inlet region and coarse particles in the lower outlet of the draft tube. Very 

fine and coarse particles can be removed via draw pipes and recirculated to other pro-

cess steps. (Weetman, 1984, pp. 2,11) 

2.1.3 The draft tube design and structures in the lower part of the reactor 

 

The bottom part of the draft tube circulator and reactor is essential for solids suspen-

sion and resuspension after shutdown. Dimensioning the draft tube outlet and reactor 

affects solids suspension. Specific structures are designed to resuspend settled solids. 

They help to start operation and are widely used in draft tube solutions. Structures also 

affect power consumption and enable higher solids loads in operation. Dissolution 

processes are normally operated higher than room temperature and heating structures 

are needed to keep the temperature stable. There are two different heat exchanger 

structures designed for draft tube solutions. They are used inside the draft tube but it is 

also possible to use conventional heat exchanging structures in the reactor annulus.  

In alumina precipitation processes it is known that the draft tube ends approximately 

one draft tube diameter above the tank bottom. (Shaw, 1982, pp. 51-52) To avoid sol-

ids sedimentation, the reactor bottom should be rounded. The bottom shape can be 

truly rounded or filleted from the corners.  (Oldshue, 1983, pp. 478-479) Change in the 

flow direction from downward to upward flow in the draft tube outlet causes ineffi-

ciency in the flow. Different flow guides and rims in the draft tube are used to prevent 

undesirable turbulence. (Weetman, 1984, p. 2) In alumina precipitation reactors, a con-

ical reactor bottom is used but there are also planar reactor bottoms with rounded cor-

ners and a small cone in the middle of the reactor bottom. See Figure 5, Figure 7 and 

Figure 10.  

Resuspension vents are designed to help start-up after shutdowns when solids settle 

and can block the draft tube head and prevent the flow. In the bottom part of the draft 

tube there are vertical slots which channel a part of the flow out along the draft tube 

walls, whereas the main part of the flow flows normally through the draft tube. A by-

pass moves settled solids in start-ups before the solids level is under the draft tube. 

Slots also equalize the pressure difference inside and outside the draft tube in start-ups. 
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(Landberg, 1969, pp. 5-7) Draft tube failures may occur in start-ups if gravity pressure 

is unequal inside and outside the draft tube. (Howk & Giralico, 2006, p. 3) Figure 5 

shows the principles of resuspension vents and other structures inside the draft tube 

schematically.  

 

Figure 5. Draft tube resuspension vents and other structures inside the draft 

tube; in the figure S.S. stands for settled solids (Oldshue, 1983, p. 481) 

 

It has been measured that the bypass from the slots is less than 10 % in operating con-

ditions and it improves upward flow in the annulus. Slots diminish the required power 

by 20-30 % so smaller motors decrease investment costs. (Oldshue, 1983, pp. 481-

482) Figure 6 shows the effect of the slots on flow and power consumption. The con-

tinuous line represents the situation with slots and the dash line the situation without 

slots. The most significant effect on power consumption is in small flows.   
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Figure 6. Effect of slots on power consumption and flow (Shaw, 1982, p. 57) 

 

The structures of resuspension are more expensive to build but, due to lower power 

requirements, a circulator with vents is more cost-effective. All in all, investment costs 

are higher with the draft tube structure but power costs are 50-70 % lower compared to 

the conventional stirred tank reactor.  (Oldshue, 1983, pp. 483, 490) 

According to Scott, the draft tube inlet and outlet have been designed so that they are 

shaped like a flaring water drop in the radial direction. Shaping reduces turbulence 

close to the draft tube heads. Flow straightening vanes are designed to minimize the 

rest of the recirculation close to the draft tube outlet. (Scott, 1995, pp. 1, 3) Figure 7 

presents the structures. A shaped draft tube can be used in both heads and vanes are 

additional structures. 

In Scott’s CFD simulations, resuspension slots are used in the draft tube and the fluid 

contains solids. According to the results, the new draft tube design can reduce the size 

of the turbulence close to the draft tube and lower power consumption by 13-38 % 

units. Solids content can be increased from 600 g/l to 800 g/l in the presented struc-

tures compared to the conventional draft tube design, so that solids stay in motion. 

(Scott, 1995, pp. 7-8, 13)  



 

14 

 

Figure 7. Schematic drawing of draft tube configurations. On the left drop shap-

ing in the draft tube end and on the right flow straightening vanes, adapted from 

(Scott, 1995, pp. 19, 33) 

 

Bouchard et al. have designed a heat exchanger layout inside a draft tube, where the 

exchanger elements are arranged radially inside the draft tube or placed around the 

draft tube walls where flowing slurry keeps the exchanger surfaces clean. The water 

circulation inlet is located in the central support pipe where it can also act as a heat 

exchanger. This type of heat exchanger is designed for use in the alumina precipitation 

process. (Bouchard et al., 1992, pp. 1-2) Figure 8 shows the principles of the design 

schematically.  

 

Figure 8. Heat exchanger structure inside the draft tube, adapted from 

(Bouchard et al., 1992) 

 

Water outlet 
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Wood and Crisp (1996) have designed a heat exchanger differently than Bouchard. In 

Wood and Crisp’s heat exchanger, plates are placed into the wall of the draft tube 

where they do not impair the flow and have good heat transfer efficiency. In another 

form, plates can be positioned in pairs along the draft tube so that the pair levels are 

across each other and the pairs are connected in series. Exchanger plates are apart from 

each other so that resuspension vents can be used in the draft tube. The heat exchange 

rate of the plates can be controlled by using all of them or some of them at the same 

time. Figure 9 presents the operation principles of the heat exchangers.  

 

 

Figure 9. Heat exchanger layout in the draft tube on the left and crosscut of heat 

exchanger’s position in the draft tube on the right, adapted from (Wood & Crisp, 

1996) 

2.1.4 Factors affecting the properties of a suspension 

 

When mixing solids in a liquid medium, there are three different stages in mixing: first 

a partial suspension is formed where a part of the solids are moving but some particles 

stay immobile in the tank bottom. When the agitation speed increases, more particles 

start to move and a complete off-bottom suspension is formed when the particles stay 
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on the bottom no longer than 1 second. A homogenous suspension is formed when all 

of the solid particles are divided equally in the liquid medium. (Lempainen, 2012) 

A particle starts to move when the force of the fluid motion is greater than or equal to 

the weight of the particle. Njs (just suspended) is one value which is used to evaluate 

mixing; it gives the lowest agitation speed to enable complete suspension. Cloud 

height refers to the surface level of suspended solids.  

Many parameters affect flow characteristics and solids distribution but in this reactor 

system the most important is the flow velocity from the draft tube. This can be affect-

ed by mixing properties such as impeller type and placement, rotation speed, and also 

the diameter and shape of the draft tube head.  

Particle size distribution and other properties of the particles and liquid also affect the 

solids distribution in the reactor. The larger the particles, the more energy needed to 

set them in motion due to the higher settling velocity. Also the higher the particle spe-

cific density, the more energy needed to keep the solid particles in motion. The parti-

cle settling velocity is a parameter which is used for studying suspension homogeneity 

and it is the summarizing parameter of particle properties. It is affected by particle size 

and density difference between the solid and liquid. The settling velocity for a turbu-

lent flow (1000<Rep<200 000) can be calculated by equation (7) 
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        √
          

  
     (7) 

where  g gravitational constant, 9.81[m/s
2
] 

 dp particle diameter [m] 

ρs solid density [kg/m
3
] 

ρL liquid density [kg/m
3
] 

 (Lempainen, 2012, p. 11) 

2.1.5  Operational aspects 

 

The operating life of an impeller can be increased with hard materials, coating and 

proper design, especially of the blade profile and pitching to prevent blade erosion. 

(Oldshue, 1983, p. 483) In shutdowns, solids settle in the tank bottom and before start-

up the operator either has to wait until the solids settle below the draft tube, or to feed 

air into the annulus in order to move the solids. (Oldshue, 1983, p. 484)  

Start-ups cause challenges to operation because solids settle when mixing is stopped. 

Alternative ways to handle start-up difficulties are presented in Howk and Giralico’s 

patent (2006). Fluid and settled solids around the draft tube head can be sucked out of 

the draft tube. When the draft tube head is clear, mixing can be started and the re-

moved material can be added back into circulation. Another technique is to place pipes 

in the bottom of the tank and feed gas through the settled solids bed so that liquid can 

move into the solid material. Alternatively, the draft tube length can be designed so 

that the draft tube head is above the settled solids bed.  

Howk and Giralico’s (2006) new resuspension method is based on reversal mixer rota-

tion. Resuspension slots are used in the draft tube and the start-up mixer is first agitat-

ed so that the flow goes downward for a period of time and then the agitation direction 

is changed and the slurry is circulated in the opposite direction. Flow reversal should 

be continued until enough solids are in motion. Resuspended solids have a greater ef-

fect on moving settled solids due to the higher density of the slurry.  

A draft tube reduces the variation in process parameters, e.g. concentration, density 

and viscosity. (Paul et al., 2004, p. 351) Draft tube circulators are suitable for applica-

tions where the volume of slurries to be treated is high. Tanks may be narrow and high 

where mixing power consumption may be a good reason for considering a draft tube 
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circulator. Draft tube circulators enable the control of the shear and velocity gradient 

more than with regular stirred tank solutions. However, the system is not suitable for 

situations where the flow rate changes a lot due to the fact that the slurry level must be 

kept constant above the inner tube. In some cases, it has been reported that an unslot-

ted draft tube has collapsed due to improper process operation in start-ups.  (Oldshue, 

1983, pp. 483-484) 
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2.2 Applications 
 

Some processes are presented here which are suitable for operation with draft tube 

circulators and are potential options for the Outotec hydrostatic pressure reactor. Pro-

cesses have been chosen where draft tube circulators or similar structures are already 

used in these processes and are thus particularly potential applications. The draft tube 

circulators presented above are already in use in alumina precipitation processes and in 

cyanide leaching of gold ores. A similar draft tube solution is already used in the direct 

leaching reactors of zinc concentrate ore, where a larger impeller is located under the 

draft tube and the slurry flow is similar to the draft tube circulator. Tank reactors with 

draft tubes are used, but not widely, in Pachuca-type in atmospheric alkaline precipita-

tion processes for uranium. Alternatively, draft tube circulators are widely used for 

regular stirred tank applications.  

2.2.1 Alumina precipitation 

 

The Bayer process is a common production route to produce alumina from bauxites. 

The alumina production process comprises three main process steps: digestion, precip-

itation, and calcination. First, bauxite is digested so that aluminate transforms in liquid 

form into Al(OH)4
-
. Boehmite seeds are added to the precipitation process and alumi-

nate is hydrolyzed to produce crystalline alumina tihydrate (Al2O3
.
 H2O, also known 

as gibbsite) at 55-60 
o
C and at ambient pressure. (Kontopoulos & Panias, 1997, pp. 2, 

4, 6) The following reaction takes place in the precipitation step:  

Na
+
Al(OH)

-
4 → Al(OH)3 + NaOH  

(Hind et al., 1998, p. 362) 

Alumina monohydrate may be the final product in the precipitation stage, which leads 

to energy savings in the calcination process. Yield in the precipitation process is 35-40 

% and the crystal granulometry is -47 µm. (Kontopoulos & Panias, 1997, pp. 2, 4, 6) 

The flow velocity inside the draft tube is 1-2 m/s. (Scott, 1995, p. 6) After the crystal-

lization step, aluminum hydroxide is washed with water in a drum filter and then 

gibbsite is calcined at 1000 to 1200 
o
C to produce aluminium. (Metalliteollisuuden 

keskusliitto, 2002)  
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Alumina precipitation tanks are typically 10-12 m in diameter and 40 meters in height. 

In Lane’s (2006) CFD simulations based on real industrial solutions, a draft tube di-

ameter of 4.6 m and two different tank sizes were used; in the smaller tank a liquid 

height of 27.5 m and a draft tube height of 19 m and in the taller tank, a liquid height 

of 36 m and a draft tube height of 27 m. The tank was designed so that there is a sta-

tionary layer above the draft tube where the solids can settle and clarification of over-

flow can be achieved. The circulating flow in the tanks is 67 000 m
3
/h. 

According to Scott (1995), the following parameters were used in the alumina precipi-

tation simulations: solids content 210 g/l, solids density 2 420 kg/m
3
 and viscosity 15 

cp. Correspondingly, the same parameters for the liquid were a density of 1260 kg/m
3
 

and viscosity 1.4 cp. The particle size was 90 microns and the flow rate 40 000 m
3
/h.  

The alumina precipitation reactors that were simulated by Lane and Scott differ from 

the draft tube circulators, in that they have a cone in the bottom of the reactor. Figure 

10 represents the shape of the draft tube and the bottom structure in Lane’s simula-

tions. 

 

Figure 10. Turbulent intensity inside the alumina precipitation reactor. Adapted 

from (Lane, 2006) 
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2.2.2 Gold cyanide leaching processes 

Carbon-in-pulp (CIP) and carbon-in-leach (CIL) are processes which are used to leach 

gold from ore. The processes are fairly similar but in the CIP process, leaching and 

carbon adsorption are in different process steps and gold dissolution is completed be-

fore the adsorption stage. In the CIL process, leaching and carbon adsorption take 

place simultaneously. The process flow chart is shown in Figure 11.  

 

Figure 11. Gold leaching process block diagram. The blue box shows alternative 

ways to leach gold, either by the Carbon-in-pulp (CIP) or Carbon-in-leach (CIL) 

process. The dashed line represents the carbon circuit. 

 

The carbon-in-pulp (CIP) process starts with crushing and milling ore. After the first 

step, the ground material is D80 75 µm to ensure that the gold is leachable by cyanide. 

Flocculants and reagents are used as required in the thickening stage where the slurry 

is thickened from 6-12 % solids by mass to 50 % solids by mass before the leaching 

step. Water-solids ratios of 1.0-1.1 have been observed to be the most effective in gold 

leaching.  (Stange, 1999, pp. 13, 15, 17) 

The pH of the slurry is adjusted to 9.5-11 before leaching to avoid cyanide and hydro-

gen cyanide loss. In the leaching step, cyanide and air or oxygen are added to the 

leaching reactors where the following reaction takes place: 

4 Au + 8 NaCN + O2 + 2 H2O → 4 NaAu(CN)2 + 4 NaOH 
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Oxygen is used in the leaching reaction but also organic and other inorganic compo-

nents consume oxygen which is fed at a sufficient rate into the process. (Stange, 1999, 

p. 17) 

Gold leaching requires agitation and studies show that low agitation causes poorer 

leaching results. (Stange, 1999, p. 17) Nevertheless, carbon attrition and attenuation 

diminish the gold recovery and affect carbon losses. For this reason, process equip-

ment should be chosen appropriately for the process and the power used for mixing 

minimized. (Mular et al., 2002, p. 1651) 

Residence time in the leaching step is 20-48 hours and there are 6-12 mechanically 

agitated reactors in series. After leaching, the pulp is fed into the adsorption tanks of 

the CIP process. A tank train consist of 6-8 tanks in series and the residence time in 

each tank is approximately one hour. 10-25 grams of activated carbon is fed per liter 

of slurry so that the carbon volume in the flow is 0.5-1.2 %. (Stange, 1999, pp. 15, 17) 

Slurry flows by gravity through the tanks and carbon is pumped periodically counter-

current to the slurry flow (Mular et al., 2002, p. 1651). Gold recovery varies from 90 

to 99 %. Carbon particles degrade during the adsorption process and particles are 

screened to a size of 0.6-0.8 mm. (Stange, 1999, pp. 15, 17) 

Activated carbon becomes loaded with gold and the operating range is from 300 to 20 

000 grams of gold per metric ton of carbon. Some of the loaded carbon is removed 

from the first adsorption reactor and routed to further treatment, e.g. carbon elution 

and regeneration. (Stange, 1999, p. 15) 

In the carbon-in-leach (CIL) process, lower capital costs are required due to the small-

er number of agitation reactors needed, but larger tanks are needed to confirm a suffi-

cient leaching time when the process steps are integrated. When treating complex ores, 

gold recovery is higher with an integrated process but the adsorption operation is more 

difficult due to the decreased carbon concentration. (Stange, 1999, p. 16) 

Draft tube circulators are already used in CIP processes but regular stirred tank reac-

tors are also utilized. Carbon attrition can be controlled due to the quite short residence 
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time at the impeller and stable flow profile in the reactor. In these solutions, an airfoil 

impeller is preferred (Oldshue, 1983, pp. 484,486). 

The base case of a CIP gold plant contains 2 leaching vessels of 960 m
3
, 6 adsorption 

reactors of 450 m
3
 where the carbon content is 20 g/l. The carbon residence time is 24 

hours. (Stange, 1999, p. 21) 

2.2.3 Atmospheric leaching of zinc concentrate 

Besides the zinc sulfide roasting and leaching process, various leaching methods have 

been designed to produce zinc from concentrate. These processes can be used integrat-

ed with the roasting process or used individually.  (Filippou, 2010, pp. 205-206) 

Outotec has developed an atmospheric pressure leach process where zinc ferrite leach-

ing and jarosite precipitation from iron are combined in the same process step. See the 

process block diagram in Figure 12. Other option is that zinc concentrate is leached 

directly without having roasting treatment. 

 

Figure 12. Zinc concentrate direct leaching combined with roasting process, de-

veloped by Outotec  

 

Slurry from jarosite conversion is fed together with the zinc concentrate and spent 

electrolyte to the leaching reactors. Dissolved ferric iron from the previous process 
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steps dissolves sphalerite and oxygen is fed into the reactors to oxidize ferrous to fer-

rite. (Filippou, 2010, pp. 213-214) The following simplified copper catalyzed reaction 

takes place in the reactors (Haakana et al., 2008, p. 76) 

 

MeS (s) + H2SO4 + ½ O2 → MeSO4 + H2O + S
0 

where  Me = Zn, Fe, Cu, Co, Ni, Cd, Pb 

 

Zinc ferrites react as follows: 

ZnO 
.
 Fe2O3 + 4 H2SO4 → ZnSO4 + Fe(SO4)3 + 4 H2O 

 

The temperature in the leaching stage is kept close to 100 
o
C and the sulfuric acid level 

at 10-40 g/l. Leaching time is 20 h when 96-99 % zinc recovery from both leaching 

steps can be achieved. Elemental sulfur and jarosite are removed in flotation in the 

next process step and the zinc-rich solution is routed to neutral leaching and purifica-

tion before electrowinning. (Filippou 2010, pp. 213-214) (Fugleberg & Järvinen, 1998, 

p. 8) 

At the Boliden Kokkola zinc plant, concerning the particle size distribution from 20 

different concentrate samples, the D50 varies from 5.83 µm to 45.6 µm and the aver-

age size is 25.75 µm and correspondingly the D90 varies from 28.65 µm to 177.46 µm 

and the average size is 70.5 µm. The solids content in the process is close to 160 g/l 

(Rytioja, 1997, pp. 43, 49) 

Union Minière Company has developed a similar atmospheric process where iron is 

rejected as goethite (α-FeOOH). In the process, zinc ferrite is leached to sphalerite in 

strong acid at 90 
o
C. Oxygen is fed into the leach reactors so that ferrite or sphalerite 

regenerates the oxidant. The leaching time is 7.5 hours and zinc yield achieves 95 % 

when cupric ions are used as a catalytic agent. In the Minière process, a certain draft 

tube stirrer reactor is used. (Filippou, 2010, pp. 209-212) 

In this thesis the focus is on the reactors in which the impeller is in the top part of the 

reactor, although there are already solutions similar to this in Outotec’s zinc direct 

leaching processes. The main difference is that the large impeller is located under the 

draft tube but the flow direction is similar to draft tube circulators. Figure 13 shows 
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the principles of the reactor schematically. The reactor volume can be up to 900 m
3
. 

(Outotec Plc., n.d.) 

 

Figure 13 . Outotec OKTOP 9000 reactor, (Outotec Plc., n.d.) 
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2.3 Outotec’s hydrostatic pressure reactor 
 

The novel reactor type developed by Outotec contains a tall tower of up to 80 m high 

with a cylindrical horizontal section below the vertical tower section. In the patent 

claims, the reactor is described as follows. The vertical section is many times higher 

than its diameter, consisting of two tubes within each other. The slurry flows down-

wards inside the inner tube and upwards in the outer tube. (Hultholm et al., 2010, pp. 

1, 8) 

Figure 14 shows the principles of the reactor design. The arrows represent the flow 

directions inside the reactor. From two to ten reactors can be connected to each other 

for example from the horizontal sections. Slurry cannot flow freely from one reactor to 

another although there is a distribution wall between the reactors. Both the horizontal 

and the vertical sections of the reactor are equipped with baffles close to the mixers. 

(Hultholm et al., 2010, pp. 4-5) 

 

Figure 14. Principles of reactor design. Adapted from (Hultholm et al., 2010) 
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The mixer is located in an expansion in the top part of the horizontal section, where it 

pushes the slurry downward. The downdraft mixer is located inside the inner tube and 

it is approximately 90 % of the inner tube diameter. The expansion is 2-20 times wider 

than the vertical section diameter, depending on how much gas it is desired to remove. 

Slurry flows from the vertical section annulus to the inner tube of the vertical section. 

The flow velocity stays at the same level in the expansion as in the base of the vertical 

section. (Hultholm et al., 2010, pp. 1, 3-5, 9) (Hultholm et al., 1984, p. 8) 

Above the inner tube there is a rim which channels the flow back to the inner tube. 

The slurry level is above the inner tube and the rim when the reactor is operating. The 

slurry flows downward at 0.9-1.2 m/s. Gas is fed underneath the impeller but it can 

also be fed from other places along the inner tube. Gas dispersion into slurry is im-

proved with a venturi tube. (Hultholm et al., 2010, pp. 1, 4, 6, 9) 

The upper part is connected to the lower section so that the inner tube goes slightly 

inside the horizontal section, which is pressurized by hydrostatic pressure. Mixers can 

be located in the top part of the horizontal section to help the slurry flow upwards in 

the annulus of the vertical part. The volume of the horizontal section is designed so 

that all of the solids have space to settle during shutdowns and that the draft tube is not 

blocked. The volume of the horizontal section is thus approximately 50 % of the total 

volume of the reactor. The mixers in the horizontal section can be for example pitch 

blade or foil type depending on the characteristics desired, effective or energy efficient 

mixing or, if gas is fed into the horizontal section, good gas dispersion.  (Hultholm et 

al., 2010, pp. 1-2, 6, 11-12) 

2.3.1 Mode of operation 

 

The reactor operation can be divided into three parts; first gas is dispersed into the 

slurry and, secondly, gas starts to dissolve in the slurry when reactions start. This oc-

curs mainly in the inner tube of the vertical reactor. Chemical reactions are fastest in 

the horizontal part of the reactor, which is pressurized by hydrostatic pressure. In the 

third part, slurry starts to rise in the annulus of the vertical section and unreacted and 

inert gas bubbles start to separate from the slurry. Gas bubbles can be separated in the 

top part of the reactor if desired. (Hultholm et al., 1984, p. 3) 
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The reactor takes advantage of the counter bubble effect. This means that when gas is 

fed into the top part of the reactor it flows along with the slurry, and bubbles tend to 

rise upwards due to buoyancy. This creates a velocity difference between the slurry 

and bubbles and makes mass transfer more efficient from the bubbles to the slurry. It 

also improves turbulence in the flow. The difference in velocity makes the bubbles 

vibrate and diminishes the diffusion range, which reduces the need for mixing energy 

for gas dispersion. The flow brings poorly oxygenized slurry downward and creates a 

high concentration gradient between the bubbles and slurry. In the bottom of the reac-

tor, most of the gas is either dissolved or bubble sizes are reduced. (Hultholm et al., 

1984, p. 4) 

An increase in pressure has a positive effect on oxygen solubility in water, which 

drives the reactions forward. Oxygen concentration increases in the gas bubbles when 

the pressure increases and the temperature stays at the same level. Also, the bubble 

size is reduced when the pressure increases and the gas surface tension decreases. The 

smaller the bubbles, the better the mass transfer. (Latva-Kokko & Riihimäki, 2012, pp. 

336-337) 

The mixer in the top section disperses gas effectively into the slurry and keeps the 

slurry in motion whereas, in a conventional stirred tank reactor, more energy is re-

quired to disperse gas into the slurry. The mixing energy consumption in the novel 

reactor design is approximately 0.1 kW/m
3
. The energy consumption in a conventional 

stirred tank reactor, which is designed for efficient gas dispersion, is around 1 kW/m
3
. 

(Latva-Kokko & Riihimäki, 2012, p. 339) 

The reactor is open from the top and utilizes hydrostatic pressure; the taller the reactor, 

the higher the hydrostatic pressure. If the slurry does not have a high solids content, 

the pressure increase is approximately 1 bar / 10 m and with a high solids content (~50 

mass %), it is 1.5 bar / 10 m. Gas dissolves into slurry in the inner tube of the vertical 

section and the reactions occur fastest in the pressurized conditions in the horizontal 

section. The reactor’s structure is divided into two different sections to help to length-

en the residence time between the slurry and gas in the reactor.  (Hultholm et al., 2010, 

pp. 1, 5, 8) (Hultholm et al., 1984, p. 8) 
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After the horizontal section, the slurry starts to rise in the annulus of the vertical sec-

tion. Unreacted gas and inert gas start to create bubbles again and help the upward 

flow due to buoyancy. (Hultholm et al., 1984, p. 5) 

The biggest challenge with this kind of reactor is shutdowns, when the solids can settle 

and create a thick solid layer which may be difficult to resuspend during start-up. Dur-

ing operation, all particles should be in motion. Therefore it is feasible to minimize the 

structures which cause pressure loss. This situation has been taken into account in the 

design and for example the inner tube has been shaped as a wedge and solids can be 

resuspended with a pulsating pump. The horizontal section can also be emptied before 

start-up. (Hultholm et al., 2010, pp. 1-2) (Hultholm et al., 1984, p. 8) 

2.3.2 Special features 

Only the horizontal section is naturally pressurized so the construction is easier in the 

vertical section. One great advantage of this reactor is the volume, which is suitable 

for potential processes because the volume of the slurries to be treated is high. Also 

when gas and slurry are mixed inside the inner tube, the contact time between the flu-

ids is maximized. (Hultholm et al., 2010, pp. 2, 18) 

Normally in autoclave reactors, the reactor volume is filled to 80 % of the total vol-

ume. The reactor exploits pressurized conditions but the horizontal section can be fully 

filled. (Hultholm et al., 2010, p. 3) The operating temperature is below 100 
o
C and 

maximum pressure is around 10 bar because of the structure. Due to temperature and 

pressure limitations, the reactor concept is not suitable for applications where high 

pressure or temperature is necessary. Reactor volume can be up to 5 000 m
3
. (Latva-

Kokko & Riihimäki, 2012, pp. 340-341) 

2.3.3 Potential applications 

The new reactor type is designed for hydrometallurgical solutions where the solids 

content of the process fluid is high and high oxidizing efficiency is required. When the 

solids content is 40-70 %, it is difficult to bring gas and slurry into contact without 

increasing the residence time or pressure to undesirable levels.   (Hultholm et al., 

2010, p. 7)  
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The reactor is a potential technology for example in mines where the metal content is 

too low for conventional technologies or for enabling the processing of mine tailings 

for further metal extraction. If sulfurous materials are used, the temperature is raised 

close to the boiling point. With uranium ore dissolution, ferro-iron can be oxidized to 

ferri-iron and sulfide from sulfide ore dissolution processes can be oxidized to ele-

mental sulfur or further to sulfate.   (Hultholm et al., 1984, p. 9) Conventional concen-

tration technologies are inefficient for instance for refractory gold and nickel laterite 

ores. Large investment and operating costs make conventional tank leaching uneco-

nomic.  (Latva-Kokko & Riihimäki, 2012, p. 336) 
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3. EXPERIMENTAL PART 

3.1 Test reactor  
 

The test reactor is a fiber reinforced plastic (FRP) tank reactor with a volume of 9 m
3
. 

Its main dimensions are given in Figure 15. The blue line represents the water level 

and the black dash arrow the location of the oxygen feed spargers. When the reactor is 

in operation, its fluid volume is 8.4 m
3
 so that the surface of the solution is 20 cm 

above the draft tube and around 74 cm from the tank cover. The test reactor had been 

used previously as a regular stirred tank reactor and was modified for these experi-

ments by installing a draft tube inside the reactor and changing the mixer motor. No 

other structures apart from the draft tube have been designed for this purpose.  

 

The impeller is located in the top part and inside the draft tube. The tested impeller is a 

wide blade hydrofoil impeller (OKTOP®3200) with a diameter of 367 mm. Appendix 

1 shows a photo of the impeller used. There are baffles in the upper part of the draft 

tube that also attach the draft tube to the reactor cover. Below the impeller there are 

grid baffles to straighten the flow after the impeller. There is a venturi tube below the 

grid baffles to increase the turbulence of the flow. Attached to the venturi tube, there 

are three oxygen feed nozzles (spargers) with diameters of 3 mm, 5 mm, and 20 mm. 

The spargers are directed horizontally and in these experiments the 3 mm sparger was 

used. 

 

The draft tube is 3.2 m tall, its diameter is 350 mm in the straight part, and the diame-

ter of the draft tube head is 200 mm. The draft tube head is located 790 mm above the 

tank bottom. Cooling pipes and baffles (four of each) are located radially in the reactor 

annulus and the emptying valve is located in the centre of the tank bottom.  
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Figure 15. Test reactor design, the blue line represents the water level and the 

dashed line the location of the spargers 

 

The mixer motor power is 5.5 kW. Process information, e.g. mixing power, tempera-

ture inside the reactor, and oxygen flow rate, can be collected from the Proscon pro-

cess controlling system. Data from the Proscon system is saved as a one-minute aver-

age.  
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3.2 Experiments and experimental arrangements 

3.2.1 Flow measurements 

 

Upward flow velocity was measured with a SonTek FlowTracker handheld ADV 

measuring device. The measuring probe uses the ultrasound Doppler effect to evaluate 

the flow velocity. Depending on how the measuring probe is placed in the flow, all 

three flow component directions (xyz directions) can be measured but at one time the 

measuring bar gauges two flow component directions in 2D. Figure 16 presents the 

measuring probe.  

 

Figure 16. Measuring probe 

 

The flow velocity measuring probe consists of a sound transmitter and two acoustic 

receivers. The receivers are directed at 120 degrees to each other so that the sampling 

area is 10 cm outside the sound transmitter. The transmitter sends short pulses of 

sound which are reflected from particles in the water. The particles change the fre-

quency of the sound measured by the receivers. Therefore the fluid must contain parti-

cles but if there are bubbles in the measuring area sound pulses can pass the sampling 

area and the bubbles can reflect the sound in different directions than the receivers.  

(SonTEK/YSI, 2009, pp. 31-32) 
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There are not many devices which can be used to measure flow in an open channel so 

that the measuring device itself does not disturb the flow. With this measuring device 

the accuracy is good and its size is valid due to the relatively narrow structures inside 

the reactor. It needs neither changes to the structures nor expensive measuring devices.  

The SonTek flow velocity measuring device has already been used in reactor flow 

velocity tests and has been efficient. The device is easy to use and accurate if used 

properly. It can measure flow velocities from 0.001 m/s to 4 m/s and the error in 

measurement is ±0.0025 m/s (SonTEK/YSI, 2009). The cable length in the device is 

only two meters so flow velocities could not be measured very deep in the reactor. The 

device measures average flow velocities from defined time periods. It can show raw 

velocity data but it does not save the data so variance in flow cannot be recorded. 

Figure 17 shows the measuring points inside the reactor. The measuring points are 

either 10 cm or 30 cm from the area where the measuring probe has been immersed 

into the water from the reactor cover. The diameter of the opening in the reactor cover 

is 6 cm and the measuring rod could not be attached to the cover every time in the 

same way so the flow velocity values are not represented by exact xyz points.  

There are three different holes in the reactor cover; one of those used is close to the 

draft tube and thus in a good location. One is located at the other edge of the reactor 

cover and close to the reactor wall. This opening was too far away for the measuring 

bar to be attached to the cover. The third opening is approximately midpoint in the 

reactor annulus in the gas intake line. Use of this opening would have entailed disas-

sembly and therefore was not used. The one-week leasing time limited the period that 

the measuring probe could be used.  
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Figure 17. Measuring points inside the reactor 

 

Measuring depths were 1.2 m and 1.5 m from the reactor cover, i.e. 3.8 m and 3.5 m 

from the reactor bottom. Figure 18 presents the measuring depths. During the flow 

velocity measurement, the reactor was filled with river water containing very fine solid 

particles to ensure proper measuring conditions.  
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Figure 18. Measuring depths for flow velocity tests 

 

The test matrices for the flow velocity tests are presented in the tables below. In the 

first test series, the aim was to determine how the flow velocity changed from the im-

peller height to a point 30 cm lower and at different radius points. The test matrix is 

shown in Table 1. Table 2 it is shown the test matrix for tests where different oxygen 

feed rates were used. The flow velocity was measured at the impeller level and differ-

ent points of the frame as shown in the Table 3.  
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Table 1. Test matrix for flow velocity measurement at different depths and radius 

points 

 

Table 2. Test matrix for flow velocity measurement at different gas feed rates 

 

Table 3. Test matrix to measure flow at different frame points at the same depth 
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At every measuring point, the flow stabilized 15 minutes before the actual measuring. 

First, the 10-minute average of the flow velocity was measured and then maximum 

and minimum flow velocity values were collected from the raw flow velocity data for 

a one-minute period.  

The aim of the flow measurements was to obtain information about the flow condi-

tions inside the tank annulus. The measured values were used to validate the accuracy 

of the computational flow dynamics simulations. The flow velocities were also used to 

determine the flow velocity inside the draft tube. In previous experimental tests, it had 

been noted that the impeller does not pump gas downward at low rotation speeds but 

exact information on when the gas starts to flow with the liquid could not be collected. 

Therefore one aim was to obtain information about the flow conditions with the gas 

feed. 

The theoretical flow velocity inside the draft tube can be calculated by the following 

equation (Brawn, 2003): 

vd = 
       

 

  
     (8) 

where vd is the flow velocity inside the draft tube [m/s] 

 Nq is the pumping number 

 N is the rotation speed [1/s] 

 Dd is the draft tube diameter [m] 

 Ad is the draft tube area [m
2
] 

 

Correspondingly, the flow velocity inside the annulus can be calculated (Brawn, 

2003): 

va =  
       

 

  
    (9) 

The tip speed for the impeller can be calculated from the rotation speed and impeller 

diameter, see equation (10). It is a value which is used e.g. to evaluate the erosion 

probability for impeller blades (Brawn, 2003).   

 Tip speed = N π D    (10) 

where D is the impeller diameter [m] 
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The theoretical power consumption can be calculated as follows (Post, 2010): 

 P =      
        (11) 

where Np is the impeller power number  

 ρf is the fluid density [kg/m
3
] 

 N is the rotation speed [1/s] 

 

3.2.2 Solids suspension measurements 

 

Electrical impedance tomography (EIT) is a measurement method which exploits con-

ductivity differences to determine different phases and their concentration profiles as 

well as volumes and masses. An EIT device consists of three units: electrodes, a hard-

ware device, and a computer. Electrodes are attached e.g. as a circle shape to a rod. 

Electrodes send current impulses and measure the voltage which is formed in the re-

sistance medium inside the tank. The EIT hardware sends impulses to the electrodes 

and processes the incoming data. Mathematical modeling is done on computer, based 

on the measured data. Measuring disturbs the system only a little and is suitable for 

use with different phases and also with gas-liquid-solid solutions. (Lempainen, 2012, 

pp. 2-3) 

There are several forms of EIT measuring devices, e.g. electrodes which are attached 

to the tank walls. In this thesis, rod-shaped and rectangular measuring devices were 

used. The EIT measuring devices were designed and manufactured by Outotec. The 

rectangular-shaped measuring device, hereafter called a bottom EIT probe, was at-

tached to a baffle and its bottom was 5 cm above and the lowest electrode was 7 cm 

above the reactor bottom. The probe contains 24 electrodes and the measuring height 

is 50 cm. The rod-shaped measuring probe is 4 m tall and was immersed in the tank. It 

has 22 round electrodes, 9.5 cm apart from each other. The lowest electrode was 150 

cm above the reactor bottom and in total the measuring height was 2 m. The rod 

measures changes in the movement of solid particles approximately 15 cm around the 

bar. Figure 19 is a schematic picture of the location of the measuring devices in the 

reactor. More accurate photos of the devices are shown in Appendices 2 and 3.  
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Figure 19. Location of EIT measuring devices inside the reactor.  

Water was used as the liquid and quartz sand as the solid. The particle size of the sand 

was between 50 µm and 200 µm. A more detailed particle size distribution of the sand 

is given in Appendix 4 and some numerical information on the process parameters is 

listed in Table 4.  
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Table 4. Variables and parameters in the solid suspension measurements 

 

Various rotation speeds were used to study how the flow velocity from the draft tube 

affects the solids distribution of a suspension. Different solids content and oxygen feed 

rates were used in the experiments. The test matrix of the solids suspension tests is 

shown in Table 5.  

Table 5. Solids suspension test matrix 
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The EIT devices were used to detect the level of suspended solids in the tank bottom 

and in the tank annulus. Devices can detect only marked differences in the solids con-

tent and thus a clear boundary is needed to determine the solids level.  

At the beginning of the solids suspension tests, it was noticed that sand also moves at 

low rotation speeds and no clear solids level was formed in the reactor bottom. In or-

der to gain more information, manual samples were taken from the reactor surface. At 

every measuring point three 5 dl samples were taken at exactly the same point. The 

samples were weighed and filtered. The filter papers with sand were dried and 

weighed to determine how much solids also flow to the upper part of the reactor. 

Measuring was repeated so that two test series were done.  

The openings in the reactor’s upper part were small so solids suspension samples were 

difficult to take from places other than from the chosen location. Two test series were 

done so that samples were taken approximately from the middle of the reactor annulus. 

These series were done at the highest solids load and without gas feed.  

The particle size distribution of some samples was screened to find out what kind of 

particles move into the upper part of the reactor. Particle size distribution was screened 

from the solids suspension test samples. Three samples from the same test were sent to 

the laboratory where the samples were screened. The solids mass of the sample varied 

from 53 grams to 164 grams depending on the solids content. The data on the screened 

samples is given in Table 6. 
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Table 6. Test matrix for solid particle distribution screening with highest solid 

load 

 

The points where the sand started to settle were detected by reducing the rotation 

speed of the mixer in 10 rpm steps to close to the settling point. After the change in 

rotation speed, flow was allowed to stabilize for ten to fifteen minutes and if the sand 

continued to move, the rotation speed was reduced again until it started to settle. Sam-

ples of solids content from the reactor surface were also taken at other rotation speeds 

than shown in the test matrix if the solids started to settle between the test points.  

The mixer power consumption data was collected from the Proscon process control 

system and high solids level values were collected using the EIT measuring device .  
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4. RESULTS AND DISCUSSION 

4.1 Flow measurements  

 

In this section, the flow velocity measurement results are presented from different 

measuring points. The flow velocity results from the solids suspension tests with gas 

feed are not presented in detail because the flow velocity measuring method was not 

fit for purpose. In the following chapter, the flow velocity measurement results are 

compared to the CFD simulations.  

Flow velocity at measuring point 1 at different rotation speeds is shown in Figure 20. 

The measuring point was 3.8 m from the reactor bottom and 41 cm from the center 

point of the reactor. In the figure, the blue line represents the 10-minute average flow 

velocity at a certain rotation speed. The green and red lines represent the top and low-

est flow velocity values in a one-minute reference period at the same points as the av-

erage flow velocity values. The flow velocity increased fairly linearly from 200 rpm to 

450 rpm, after which the measured velocity decreased. At the same time as the average 

flow velocity increased, the difference between the highest and lowest flow velocity 

values also increased, which indicates that turbulence inside the tank annulus had in-

creased. Since the flow velocity inside the inner tube is directly proportional to the 

impeller rotation speed according to equation 8, it is unlikely that the average upward 

velocity in the reactor annulus had decreased after 450 rpm. The most probable expla-

nation is that a local swirl formed close to the measurement point, which decreased the 

measured velocity. Repeatability of the flow velocity measurements was good as can 

be seen in the figure. At the same rotation speed, the 10-minute averages were for the 

same points as in the first measuring series.  
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Figure 20. Flow velocity at measuring point 1, 3.8 m from the reactor bottom and 

41 cm from the center point of the reactor 

 

When comparing flow velocities at two depths in Figure 21, one at the impeller height 

(3.8 m from the reactor bottom) and the other 30 cm deeper (3.5 m from the reactor 

bottom), at the deeper point the flow was slower than at the higher point. The measur-

ing point is approximately in the center of the venturi part of the draft tube, meaning a 

wider flow channel, which explains why the flow velocity is lower than at the higher 

point. 
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Figure 21. Flow velocity at depth 2 at measuring point 1, z=3.5 m from reactor 

bottom and 41 cm from the center point of the reactor 

 

The flow velocity at measuring point 2 is shown in Figure 22. The point was located 

3.8 m from the reactor bottom and 61 cm from the center point of the reactor. As can 

be seen, the flow decreased when moving closer to the tank walls where the baffles 

and cooling pipes are located. The difference between the lowest and highest velocities 

increased relatively more with a different rotation speed increase than in the main flow 

channel close to the draft tube.  

At some point, the flow velocity became negative indicating that the flow direction 

was downwards. This is a sign of turbulent behavior and that there is also circulation 

in the upper part of the reactor.  
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Figure 22. Flow velocity at measuring point two, 3.8 m from the reactor bottom 

and 61 cm from the reactor center point 

 

The flow velocity values at measuring point two (closer to the wall) at different meas-

uring heights are compared in Figure 23. The flow velocity decreased with the rotation 

speed but the difference in maximum and minimum velocities increased quite signifi-

cantly. The measuring point was located quite close to the baffle where the baffle af-

fected the flow and increased turbulence.  The flow channel was also wider at this 

point than at the upper point as mentioned earlier. 
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Figure 23. Comparison between flow velocities at measuring point two at two 

different heights, both 61 cm from the center point and one 3.5 m and the other 

3.8 m from the bottom. 

 

 

One measuring series was done at different frame points and the results can be seen in 

Figure 24. The different frame points mean that the points are measured from the same 

circle but their distance to the baffles and the cooling pipes varies. The points were 30 

cm left and right of the main measuring point. At the left point, the flow velocity was 

lower than in the main flow channel, caused by its closer location to the baffle. In con-

trast, at the right point the flow velocity followed the flow velocity values in the main 

flow channel until 400 rpm. The baffles and cooling pipes affected the midpoint less, 

as it is further from the reactor structures. However, the left point was closer to the 

baffle than the right point was to the cooling pipe structure, which explains the differ-

ence in the flow velocities.  
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Figure 24. Flow velocity values at different frame points 

The upward flow velocity numerical values at measuring point one, 3.8 m from the 

reactor bottom and 41 cm from the center point, are presented in Table 7. The table 

lists the flow velocity values shown in Figure 21 and the principles and observations 

have been presented earlier.  The flow velocities inside the draft tube are calculated 

from the local upward flow velocity values. Power consumption values are also 10-

minute averages which have been collected from Proscon. Below 400 rpm, the tip 

speed values are low enough to avoid impeller erosion. Although in normal process 

operation higher tip speed values are not used, a higher rotation speed was tested in the 

experiments. Theoretical flow velocity values are calculated using the impeller pump-

ing number Nq=0.48. The pumping number was chosen so that it fits the measured 

values best. Theoretical flow velocity values above 450 rpm represent the actual flow 

velocity better than the measured values, due to turbulent flow behavior.  
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Table 7. Measured flow velocity and power consumption values at measuring 

point one. Other values are calculated from measured values. 
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4.2 Results from CFD simulations and comparison of ex-

perimental results and CFD simulations 

 

Computational flow dynamic (CFD) simulations have been done to investigate how 

fluid flows inside the reactor. The CFD simulations were performed by senior re-

searcher Jiliang Xia, whose specialty field is CFD modeling. Water flow modeling 

was done at rotation speeds of 400 rpm and 200 rpm and with different configurations, 

either with or without heating pipes. The reactor design was identical to the real reac-

tor configuration but the heating pipes were rectangular in shape instead of round and 

some small components, e.g. baffle holders, were not included in the simulations.  

Turbulent water flow was simulated using AnsysFluent with a standard k-e turbulence 

model where the mass, momentum and transport equations along with suitable bound-

ary conditions are solved. No slip in the wall boundary was used and high-order nu-

merical algorithms were used to solve fluid behavior. The free surface was modeled 

using symmetry boundary conditions. Around 1 200 000 cells were used, close to the 

wall and an impeller finer mesh was used.  

In this thesis, the results with heating pipes are presented so that some of the main 

flow velocity profiles from the whole system are shown although the main purpose is 

to compare the flow velocity results to the simulation results. The flow velocity profile 

inside the reactor is shown in Figure 25. It can clearly be seen that there are large re-

circulation loops in the bottom of the tank where the flow direction changes from 

downward to upward. Velocity profiles are not equal on different sides of the reactor, 

indicating that the flow is not stable and varies markedly with time.   
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Figure 25. Flow velocity vector profile inside the reactor, N=400 rpm and units 

are m/s (Xia, 2013) 

Figure 26 shows the contour picture from the impeller level, which is approximately 

3.8 m from the reactor bottom. In the figure it can be seen that the flow velocity varies 

at different places in the profile. For example, above the baffles and cooling pipes, the 

flow profiles are not identical and flow can even be downward, and close to the next 

baffle the profile can be a fast upward flow.  Flow velocity at the measuring point is 

approximately 0.05 m/s in this picture, which is close to the measured value.  
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Figure 26. Contour of axial velocity N= 400 rpm and z=3.76 m. The black line 

represents the approximate location of flow velocity tests. Units are m/s.  Adapted 

from (Xia, 2013) 

 

Flow velocity in the reactor annulus is compared to the theoretical values in Figure 27 

at measuring point one, 3.8 m from the reactor bottom and 41 cm from the center point 

of the reactor. The purple curve is an estimation of the pumping number value that 

gives the best estimation for flow velocity compared to the measured flow velocity. 

The estimated Nq is 0.48. Another theoretical curve was calculated with a CFD simu-

lated pumping number at 400 rpm. The simulated Nq is 0.396.  

Figure 26 shows that the flow velocity profiles inside the reactor flow velocity vary a 

lot according to the examination point. The measured values are local values and 

simulated values are estimated for the whole reactor. The theoretical values vary from 

the measured values but are nevertheless inside the range of measured flow velocity 

amplitude. For this reason, it can be said that the measured values match the simulated 

result. 
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Figure 27. Flow velocity in the reactor annulus compared to theoretical flow ve-

locity values 

 

Simulated average flow velocity at the same height as measuring point one is repre-

sented in Figure 28. In the figure it can be seen that the simulated flow velocity at the 

experimental measuring points is approximately less than 0.05 m/s at a rotation speed 

of 400 rpm. The measured values at these points were 0.089 m/s at 41 cm from the 

center point and 0.047 m/s at 61 cm from the center point. The measured flow velocity 

values are close to the simulated values since the latter are approximations for the 

whole intersection.  

At a rotation speed of 200 rpm, closer to the draft tube (41 cm from the center point) 

the measured flow velocity value was 0.028 m/s and the simulated value 0.036 m/s. 

Closer to the reactor cover, the measured flow velocity was 0.012 m/s and the simulat-

ed value 0.0125 m/s.  
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Figure 28. Radial change of axial velocity at 3.8 m from the reactor bottom, 

N=400 rpm. 0 m is the center point of the reactor diameter (Xia, 2013) 

 

Figure 29 is a closer view of the figure above. It shows the flow velocity profile from 

the inner tube wall to the reactor wall. It can be stated that the flow velocity decreased 

as it approached the reactor wall and the highest flow velocity was achieved close to 

the draft tube.  

 

 

Figure 29. Axial velocity profile at impeller height at N=400 rpm in radial direc-

tion (Xia, 2013) 



 

56 

 

Figure 30 shows the flow velocity at the outlet height of the draft tube, which is 0.77 

m from the bottom of the reactor. At 400 rpm, the simulated outlet velocity is 2.34 m/s 

whereas when calculated from the measured values it is 1.771 m/s. The flow velocity 

value at 200 rpm is 1.18 m/s for the simulation and 1.71 m/s for the value calculated 

from the measured values.  

 

Figure 30. Radial change in axial velocity at draft tube outlet, N=400 rpm. 0 m is 

the center point of the reactor diameter. (Xia, 2013) 

 

The power consumption of the agitator is presented in Figure 31. The measured values 

are collected from the flow velocity tests where no gas feed was used. The calculated 

power consumption curve is an estimation calculated with the pumping number which 

fits the measured power consumption best. The Np value is 0.60. In the CFD simula-

tions, the power numbers at 200 rpm were estimated to be 0.628 and at 400 rpm 0.621. 

The power consumption is calculated and presented in the figure based on the values 

at a higher rotation speed. As can be seen, the simulations estimated the actual power 

consumption accurately. At low rotation speeds, power consumption is higher than the 

theoretical values but in real life solutions frictional losses are relatively higher at low 

rotation speeds than at higher, which may explain the greater difference in the lower 

rotation speed.  
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Figure 31. Agitator power consumption comparison between measured and cal-

culated values 

 

In the Table 8 lists the values of the measured flow velocities and simulated flow ve-

locities in different locations of the reactor presented in earlier figures. The calculated 

values are calculated from locally measured flow velocity values from measuring point 

1. Impeller constants are estimated so that the value chosen is that which suited the 

measured values best.  
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Table 8. Comparison between measured and simulated flow velocity and impeller 

constants  

 

It seems that the measured values match the measured values better at lower rotation 

speeds. There is less turbulence in the flow at a lower flow velocity and fewer changes 

in the flow. At higher rotation speeds, there is more variation in the flow in terms of 

both time and place. Lane (2006) and Scott (1995) have found that there is a large re-

circulation loop in the bottom of the reactor with a similar reactor configuration. Lane 

(2006) has also found that a highly turbulent and unstable recirculation zone appears 

in the lower part of the annulus. The flow pattern is unsteady and varies over time. 

Simulations also show that turbulence pulsates towards the surface.  
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4.3 Solids suspension tests 

4.3.1 Manual solids sample measuring 

This section presents the results from the solids suspension tests. The main focus is to 

show how sand has flowed in the upper part of the reactor at different solids contents. 

Due to the manual solids sample measuring method, the results exhibit large devia-

tions. However, the results give some prediction of the solids content in the upper part 

of the reactor where EIT measurement was not used. The first test series was done 

starting at the first gas feed and then rotation started from 200 rpm. In real process 

operation, rotation is normally started without gas feed. After a couple of test series, 

solids suspension tests were done in reverse order starting from 550 rpm and moving 

downwards.  

The reverting of the rotation speed step order did not give significant differences. A 

difference of twenty revolutions in the rotation speed was seen when the solids started 

either to move or to settle in the reverse test series.  For example, with a 2.5 Nm
3
/h gas 

feed, the sand started to move at 300 rpm and in the reverse order, it started to settle at 

280 rpm with a 50 g/l solid load.  

The solids suspension tests were done with different solids contents: 50, 100, and 128 

g/l. The measuring height in the bottom EIT probe was from 5 cm to 55 cm from the 

reactor bottom. 128 g/l was the highest solids load where the device could measure the 

solids level. Figure 32 shows the solids content at the surface of the reactor with the 

highest solids load. 

Two separate test series were done with six solids content samples at every measuring 

point. The blue line is the calculated flow velocity. The calculated flow velocity curve 

is an estimation with the pumping number which suited the measured values best. 

Based on the flow velocity tests, it can be said that turbulence increased at higher rota-

tion speeds and the assumption is that more sand flowed into the upper part of the re-

actor. 

It can be said that at the lower rotation speed the variation between samples was not so 

big but along with the increase in turbulence increase, the variation between samples 

increased. Visual observations support this phenomenon. When the rotation speed was 
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high, the sand flow in the upper part of the reactor was pulsating and depending on 

how the flow came up, more sand would accumulate in the test bottle. Sand made 

quite a tight concentration boundary close to the upper part of the draft tube, which 

may have resulted from a channeling flow due to the sand at high rotation speeds; at a 

lower rotation speed the boundary was not so clear.  

 

One phenomenon can be seen from most of the figures in that the decrease in solids 

content stabilized at around 400 rpm, so that there is some kind of curve in the figures 

with different solid loads and gas feed rates. The explanation can been found in the 

pulsating and turbulent flow conditions: if there is some kind of circulation around 400 

rpm which affects the flow in such a way that the sand flow is disturbed at that point.  

 

Figure 32. Solids content in the reactor's upper part without gas feed at 128 g/l 

 

In Figure 33 the same flow principles can be seen as at other gas feed rates. The blue 

line represents the flow velocity measured at a 2.5 Nm
3
/h gas feed rate. The flow ve-

locity measuring worked until the gas started to flow with the gas bubbles inside the 

reactor and reached the flow velocity measuring probe. After that point, the measured 

flow velocity values collapsed which means that the measuring no longer functioned. 

In reality, the flow velocity increased when the rotation speed increased. At less than 

300 rpm, gas flowed upward and the impeller was at least a little flooded even though 
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some downward flow existed because some sand was moving in the upper part of the 

reactor.  

With a gas feed of 5 Nm
3
/h, the gas started to flow along with the flow at around 350 

rpm and correspondingly at 450 rpm with 10 Nm
3
/h. Even though the flow velocity 

measurements were not reliable with the gas feed, this would explain why the solids 

started to settle at a specific rotation speed. 

 

Figure 33. Solids content in the reactor's upper part with 2.5 Nm
3
/h and 128 g/l. 

Flow velocity values are from flow velocity measurement 

 

The solids content varied a little between the measuring series depending on the gas 

feed rate. Figure 34 shows the solids content in the upper part of the reactor at differ-

ent gas feed rates with a 128 g/l solids load. Gas feed affected the solids suspension so 

that the sand started to settle at different agitation speeds. Without gas feed, the solids 

started to settle at 230 rpm, with 2.5 Nm
3
/h at 280 rpm, with 5 Nm

3
/h at 320 rpm and 

with 10 Nm
3
/h at 450 rpm. Even though the suspension behavior deviated at different 

gas feed rates, the solids content in the upper part of the reactor was similar at the 

highest rotation speeds. Figure 35 shows the same situation as in the previous figure 

but expressed in terms of power consumption. The dashed line has been made manual-
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ly by the author to help to visualize the change in solids content at different rotation 

speeds. 

 

Figure 34. Solids content at different gas feed rates with 128 g/l 

 

Figure 35. Solids content in the upper part of the reactor at different gas feed 

rates with the highest solids load 
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 Figure 36 shows how much sand could be moved with different solids loads and dif-

ferent power consumption values. Average power consumption increased from 3 012 

W via 3 150 W to 3 217 W at the highest rotation speed from the lowest solids load to 

the highest solids load. For comparison, power consumption with pure water was 2 

996 W. Smaller changes can also be seen at lower rotation speeds. Power consumption 

depends on the density of the fluid as can be seen in equation 11. When the solids con-

tent increases, the density of the mixing fluid increases, which raises the power con-

sumption. Correspondingly, when the gas feed rate increases, the average density of 

the fluid increases and power consumption decreases. Most of the time when a 10 

Nm
3
/h gas feed rate was used, the power consumption values were significantly lower 

than with lower gas feed rates or without gas feed rate, which indicates that the impel-

ler is flooding.  

 

Figure 36. Power consumption at different solids loads and solids content meas-

ured from slurry samples 

 

The average values of the solids suspension in the upper part of the reactor without gas 

feed are shown in Figure 37. In every test series, the amount of sand in the upper part 

decreased when the rotation speed was decreased. Either the solids content did not 

reach the theoretical homogenously mixed solids amount in the upper part so that all 

of the sand flowed along with the fluid even at the highest rotation speed. Relatively 
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more sand flowed along with the flow at lower solids loads than the highest solids 

load.  

 

The average solids content did not reach the homogenous suspension concentration for 

any of the solids loads, even at the highest agitation speed. Figure 33 shows that single 

measurement points reached homogeneous suspension values. The variation between 

the parallel measurements varied by as much as 70 g/l, which indicates the strong tur-

bulence flow in the upper section of the reactor. Consequently, it was not possible to 

get single non-variable samples. There was a lot of variation in the solids loads be-

tween the single samples and the average values, so the average values should be taken 

as indicative trends.  

 

  

Figure 37. Solids content variation at different solids loads without gas feed 

 

Correspondingly, the solids contents with different solids loads and at a gas feed of 2.5 

Nm
3
/h are presented in Figure 38. The measured points are averages from six different 

samples at each measuring point. Vertical lines show the settling point when the sand 

started to settle in reverse measuring order. With 50 g/l, sand started to settle at 240 

rpm, with 100 g/l at 265 rpm, and with 128 g/l at 280 rpm. 
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The solids amounts in the samples at a gas feed rate of 5 Nm
3
/h are shown in Figure 

39. Solids started to settle at 280 rpm with 50 g/l, 318 rpm with 100 g/l, and at 320 

rpm with 128 g/l. The points where the sand started to settle varied slightly, for exam-

ple with a 100 g/l solids load, the settling point varied from 310 rpm to 325 rpm in the 

three tests.  

The same results at a 10 Nm
3
/h gas feed can be seen in Figure 40. The settling points 

were 402 rpm with the lowest solids load, 416 rpm with a 100 g/l solids load,  and 450 

rpm at the highest solids load. The current reactor draft tube concept and gas feeding 

system are not suitable for such high gas feed rates. It can be seen from the reactor’s 

upper section that gas also flowed upward at high rotation speeds because the fluid 

level in the reactor splashed a lot.  

 

Figure 38. Solids content in the upper part of the reactor at a 2.5 Nm
3
/h gas feed 

rate 
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Figure 39. Solids content in the upper part of the reactor at 5 Nm
3
/h 

 

Figure 40. Solids content in the upper part of the reactor at a 10 Nm
3
/h gas feed 

 

Two tests series were done to gather information on whether there was a difference 

between the solids loads when samples were taken in the middle of the annulus, 

around 30 cm from the draft tube inlet. The results can be seen in Figure 41. The test 

series was carried out without gas feed and with the highest solids load of 128 g/l. 

Even though it seemed that the solids content was highest close to the draft tube, ac-

cording to the test results it was not. The solids content in the first test series was quite 

close to that of samples which had been taken close to the draft tube but the second 
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test series differed a lot from the other results. This verifies the fact that the flow is not 

stable and is time dependent. Visual observations partly explain the variation between 

the samples in the test series but not the difference between the test series performed 

on different days.  

 

Figure 41. Solids content at the measuring point and in the middle of the annulus 

 

4.3.2 Particle size distribution in the manual solids samples 

 

Figure 42 shows the particle size distribution in the surface samples at different rota-

tion speeds with the highest solids content. At the lowest rotation speed, the coarsest 

particles did not flow to the surface along with the flow.  It can be stated that the 

coarsest particles also flowed to the surface at higher rotation speed values. The finest 

particles did not flow into the sample bottle at higher agitation, which distorts the 

screening results.  
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Figure 42. Particle size distribution at different rotation speed values with a 128 

g/l solids load 

 

Particle size distribution curves are presented in Figure 43 for different gas feed rates. 

As in the previous figure, there is a difference of around 20 µm in the particle size 

distribution from the moved particles and originally added particles. Regardless of the 

gas feed rate, all particle sizes moved to the upper section of the reactor at higher agi-

tation speeds.  
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Figure 43. Particle size distribution at different gas feed rates with a 128 g/l solids 

load 

4.3.3 Results from EIT measuring devices 

 

Figure 45 shows one example of the settled solids bed level values from one test with 

the highest solids load of 128 g/l and a gas feed rate of 2.5 Nm
3
/h. At the beginning, 

the level of the sand bed was close to 50 cm and between 550 rpm and 300 rpm there 

was no solids bed in the reactor bottom. This can be seen as noise in the picture. The 

settling of solids was seen when the rotation speed was decreased to 280 rpm. The bed 

level settled at around 9.5 cm and when the rotation speed was decreased again to 250 

rpm, the bed level settled to 26.5 cm. When rotation was stopped, the bed level re-

turned to close to 50 cm.  

Table 8. Average rotation speed values when sand started to settle with different solids 

loads and gas feed rates shows the rotation speed values when the sand started to settle 

at different rotation speeds and gas feed rates. Generally, EIT devices were used to 

evaluate the rotation speed when the sand started to settle. Other experiments at differ-

ent gas feed rates were similar to the previous example. The higher the gas feed rate, 

the earlier the solids started to settle. This is a result of the gas feeding system; the 
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impeller could not push all of the gas downward at high gas feed rates. The increase in 

solids settling points between the gas feed rates did not vary between the solids loads.  

Table 8. Average rotation speed values when sand started to settle with different 

solids loads and gas feed rates 

 

 

Figure 44. Bed level in the EIT device located in the bottom of the reactor at 

different rotation speeds at 2.5 Nm
3
/h and with a solids load of 128 g/l  

Figure 45 shows the operational conditions and average conductivity values from the 

cloud height EIT probe of the test presented in Figure 44. When agitation was started, 

conductivity decreased due to the lower conductive sand which started to move. Close 

to the settling point at 300 rpm, the conductivity values started to increase. Even 

though sand settling started at 280 rpm, average conductivity went up by another step 

showing a step decrease in solids content. At 250 rpm, the rest of the sand also settled 

from the upper part of the reactor and the average conductivity curve started to ap-

proach the non-solids containing values.  
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Figure 45. Average conductivity in cloud height EIT probe at different rotation 

speeds at 2.5 Nm
3
/h and with a solids load of 128 g/l  

 

Based on visual observations and information from the EIT measuring devices, it can 

be concluded that, close to the settling point, sand settled in the bottom part of the re-

actor but did not settle in every test series. The average settling rotation speed values 

and power consumption values from the different test points are collected in Table 9. 

Relatively high flow velocities are needed to move all of the solids in the reactor bot-

tom.  
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Table 9. Sand settling points and power consumption values at different test 

points 

 
 

There was a volume under the rod-shaped EIT measuring device of approximately 2.5 

m
3
 where information about suspension behavior could not be measured. According to 

the bottom EIT probe, at lower agitation speed values there was an area where the sol-

ids moved but did not flow into the upper section of the reactor. Table 10 shows the 

calculated solids suspension concentration estimated to be under the rod-shaped meas-

uring device measuring range when solids are moving but not flowing into the upper 

part of the reactor. The solids concentrations are estimations of when solids are mov-

ing but not mixed in all parts of the reactor.  
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Table 10. Solids content under the rod-shaped measuring device 
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4.4 Comments and sources of discrepancy 
 

On the whole, the flow velocity measurements and solids suspension test went well 

and there were no problems in the performance of the experiments. In the flow veloci-

ty tests, the different location of the measuring device may have caused some error. It 

was difficult to attach the measuring bar to the reactor cover and it was not attached in 

the same way every time. The repeated tests nevertheless showed that it was not so 

important if the measuring bar location changed slightly between measurements.  

In the solids suspension tests, the manual measuring methods were not very reliable 

because the sand could accumulate in the bottle even though the settling time was 

short and also finer solids could flow over the sample bottle. The measuring place was 

approximately the same every time but sometimes the flow to the draft tube was strong 

and the measuring rod started to move along with the flow.  

Some error came from the measuring location and from the bottle. Due to the small 

widening and other structures in the reactor cover, the measuring bottle sometimes hit 

the structures and liquid from the bottle splashed a little. When the samples were car-

ried to the laboratory, they swayed and some liquid flowed out of the bottle. These 

errors are not significant either.  
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5. CONCLUSION AND RECOMMENDATIONS FOR 

FURTHER DRAFT TUBE REACTOR DEVELOPMENT  
 

Flow velocity tests showed that the flow inside the reactor is highly turbulent and rela-

tively high flow velocity values are needed to move the settled solids from the reactor 

bottom. To increase efficiency, the upper part of the reactor should be upgraded. A 

wider impeller pushes fluid more energy efficiently downward and possible erosion 

problems can be avoided.  

In the draft tube structures presented in the theory section, no venturi tube was used in 

the draft tube structures or was used as a short part under the gas feed system. In the 

tested reactor concept, the venturi tube was a relatively big part and increased ineffi-

ciency in the pumping. Improvements in the upper part of the reactor can lead to a 

more efficient flow in the reactor. The gas feeding system should be arranged differ-

ently. Instead of one horizontal sparger, several spargers directed downward could 

achieve a better oxygen utilization rate and less disturbing conditions in the fluid flow.  

Solids loads under the cloud height EIT probe are closer to the operational solids loads 

when the solids moved but did not flow into the upper section of the reactor. By com-

bining these observations with power consumption values, it can be evaluated how 

much power is needed to move solids in the reactor bottom. It is important that all of 

the solids move in the bottom of the reactor even though they do not flow into the up-

per part. Approximate information from the solids load tests can be used to evaluate 

how much of the solids in the bottom can be suspended at different rotation speeds.  

A suspension of the sand on the bottom was also achieved at lower rotation speed val-

ues without gas feed. Flow velocities higher than 1 m/s from the draft tube were high 

enough to keep the suspended solids in motion. In the experiment where mixing was 

started from 200 rpm, a flow of 2.5 m/s from the draft tube head was needed to move 

all of the solids from the reactor bottom. As stated earlier, the gas feed disturbed the 

reactor system and at a gas feed of 2.5 Nm
3
/h  an outlet velocity of 3.7 m/s is required 

to keep the solids moving with this reactor configuration. Correspondingly, an outlet 

velocity of 4.2 m/s at a 5 Nm
3
/h gas feed rate and 5.6 m/s at 10 Nm

3
/h is necessary to 

keep the solids moving. If agitation is started with gas feed from a lower rotation 

speed, even higher outlet velocities are needed to keep the solids in motion.  
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The flow velocity measuring method was quite reliable but gained information only 

from the upper section of the reactor. It would be interesting to collect information 

from different depths of the reactor and also information on flow in different directions 

and time dependencies. The flow velocity measuring probe measured only two of the 

flow velocity components and showed that the flow is highly turbulent. Therefore it 

would be interesting to see all of the flow components’ velocity values and directions 

to evaluate the CFD model more accurately.  

The EIT probes worked well but in further tests the bottom EIT probe could be at-

tached higher from the reactor bottom. The cloud height EIT device did not give that 

much information, so a deeper location could be better. If the aim is to use higher sol-

ids loads, the draft tube head should be higher above the solids level or solids suspen-

sion slots should be considered.   

The tests also showed that the test reactor configuration is workable. With some de-

velopment on this reactor, it could easily be used. This reactor type can achieve a bet-

ter oxygen utilization rate and maintenance can easily be arranged due to the accessi-

ble location of the mixer.  

 



 

77 

6. SUMMARY 
 

Outotec has developed a novel draft tube reactor concept. To find out the flow behav-

ior, performance, and limitations of this reactor type, CFD modeling and experimental 

validation were required. The test reactor studied in this work was modified from a 

regular stirred tank reactor (STR) for these purposes by installing a draft tube inside 

the reactor and changing the impeller and mixer motor to a smaller size. The reactor 

volume was 9 m
3
.  

Flow velocity tests were done with an ultrasound SonTek measuring probe which uti-

lizes the Doppler effect to evaluate the flow velocity inside the reactor. Flow velocity 

tests were done with different rotation speed values, different measuring points and 

different gas feed rates.  

Flow velocity measurements gave valuable information about the flow conditions in-

side the reactor. The results were comparable to CFD simulations. At the higher agita-

tion values measured, the minimum and maximum flow velocity values started to vary 

significantly, which indicated high turbulence in the annulus. A gas feeding system 

was not optimal for this reactor concept and caused impeller flooding at higher gas 

feed rates. The measuring probe was not applicable in gaseous systems but it provided 

information when the gas started to circulate in the reactor.   

Solids suspension tests were examined using electric impedance tomography (EIT) 

devices at different solid contents, gas feed rates and rotation speed values. In addition 

to the EIT measurements, samples were taken from the upper section of the reactor to 

gain information on how much sand flowed into the upper part.  

The experiments provided information to evaluate the solids suspension properties and 

the gas feed capacity of the draft tube design used. The tests confirmed that the reactor 

concept is capable of moving the required solids loads and dispersing moderate gas 

feed rates. Relatively high flow velocities are required from the head of the draft tube 

to suspend solids. However, a homogenous suspension was achieved in all cases when 

agitation was high enough.  
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Previous test work had shown that this reactor concept could achieve a better oxygen 

utilization rate with lower power consumption values than a conventional stirred tank 

reactor (STR). The test reactor design was not optimized for gas feeding so there is 

still a need for improvements in gas capacity. In addition, some improvements should 

be made in the upper section of the draft tube, e.g. a wider impeller to increase the 

pumping capacity. This reactor type has been proven to be workable and could operate 

in the direct leaching of zinc concentrate process, for instance. The further design of 

the reactor should be optimized for maximum performance. Improved downward flow 

and gas dispersion characteristics can be designed with a CFD model and validated 

with further experimental tests. 
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8. APPENDICES 
 

Appendix 1. OKTOP®3200 impeller, diameter 367 mm 

Appendix 2. Photo of the rectangle like solids suspension measuring device  

Appendix 3. Photo of similar rod shape device used in solids suspension tests 

Appendix 4. Quartz sand particle size distribution 
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Appendix 1. OKTOP®3200 impeller, diameter 367 mm 
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Appendix 2. Photo of the rectangular solids suspension measuring device 
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Appendix 3. Photo of a similar rod shape device used in solids suspension tests 
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Appendix 4. Quartz sand particle size distribution 

 

 


