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ABSTRACT 

The thesis deals with phosphate fertilizer mixer design with respect to the assigned 

requirements. The thesis itself is divided into several sections, where the first one formulates 

objectives of the solution. Fundamental questions of the particular industry are answered with 

the accent to the variables, which affect quality of the mixing process. Next part presents idea 

solution with the set of calculations supporting both required throughput and mechanical 

design. Shaft is verified by both analytical and FEM method, resulting into similar output. 

Proposed mixer design is presented by the 3D models of its components, which were created 

by Autodesk Inventor software. The thesis includes also 2D documentation. 
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ABSTRAKT 

Diplomová práca sa zaoberá návrhom mixéru pre výrobu fosfátových hnojív s 

ohľadom na zadané požiadavky. Práca samotná je rozdelená do niekoľkých častí, kde prvá 

formuluje ciele riešenia. Základné otázky konkrétneho priemyslu sú odpovedané s akcentom 

na premenné, ktoré priamo ovplyvňujú kvalitu mixovania. Ďalšia časť práce prezentuje 

ideový návrh so sadou výpočtov, ktoré podporujú požadovaný výkon a mechanický dizajn 

mixéru. Hriadeľ je kontrolovaný analytickým výpočtom a metódou FEM, vyúsťujúc do 

zhodných záverov. Navrhnutý dizajn mixéru je prezentovaný 3D modelmi jeho súčastí, ktoré 

boli vytvorené v prostredí Autodesk Inventor. Práca obsahuje taktiež 2D dokumentáciu. 
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1 Introduction 

 „There is no more common error than to assume that, because prolonged and 

accurate mathematical calculations have been made, the application of the result to some fact 

of nature is absolutely certain."      

             Alfred North Whitehead  (mathematician, physicist, philosopher) 

 

1.1 Motivation 

Bradley Pulverizer Company is in the mineral processing market for more than a 

century. Over the years, they have gained experience which is especially in this business 

essential. The company’s know-how, passed from generation to generation together with their 

attitude to human resources, makes them perfect company to work for. Due to relation that we 

have built up, they requested to propose a solution of a mixer unit. I consider this as a chance 

to become the part of the team. To prove the basic knowledge of the company's product 

portfolio, this thesis provides a short overview of the most important devices of the fertilizer 

manufacture process. 

 

1.2 Problem Bank 

We meet various problems in the fertilizer producing industry. In the case of particular 

company, final products that we are talking about are Single Super Phosphate (SSP) and 

Triple Super Phosphate (TSP) fertilizers. These mentioned are being made from ground 

phosphate rock, sulphuric and phosphoric acid. As the compounds are corrosive and 

deleterious, safety is not to be forgotten. This brings in special requirements also for materials 

and procedures which are used for the plant manufacture. The size of the plant and its devices 

itself combined with the fact that the most of the new projects comes from African and Asian 

region brings in demand on ease of assembling and disassembling of the plant. High 

throughputs mean big wear on the parts, therefore the maintainability of the devices must be 

guaranteed. Control system and proportioning of the feed is essential, because the chemical 

reaction scaled to tons of material per hour is the case. It would be not possible to control such 

a reaction, if the feed material properties were not stable and exact as required. 

 

1.3 Nomenclature Difference 

In the following text, the thesis will use British educational language term "Sulphuric 

acid". ("The element was traditionally spelled sulphur in the United Kingdom (since the 14th 
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century), most of the Commonwealth including India, Malaysia, South Africa, and Hong 

Kong, along with the rest of the Caribbean and Ireland. Sulfur is used in the United States, 

while both spellings are used in Canada and the Philippines.")[1] 

 

 

2 Formulation of the Problem 

Increased demand on throughput in fertilizer manufacturing plants provides 

opportunity of redesigning existing devices to meet the new higher throughput requirements. 

One of the devices that is directly affecting throughput of the plant is the mixer. This device is 

being used for mixing and kneading ground phosphate rock together with diluted sulphuric 

and phosphoric acid, according to the product that we want to get. In the case of Single Super 

Phosphate (SSP), we process ground phosphate rock with sulphuric acid and in the case of 

Triple Super Phosphate (TSP) we process ground phosphate rock with phosphoric acid. The 

thesis's case is the SSP. Ground phosphate rock and sulphuric acid enter the mixer in one end 

(Fig.1).  

 

 

     

Fig.1 Schematic diagram of the mixer, material flow, mixer inlet and outlet 

 

Mixer paddles are arranged in such a way that it takes to the content of the mixer one 

or two minutes to get to the other end. The time necessary for the chemical reaction in the 

mixer is approximately one or two minutes at typical rock fineness. At the exit end, there is an 

opening in the bottom and the reaction slurry is discharged to the Broadfield Den. The feed 

materials are continuously entering inlet end of the mixer while the reaction slurry is being 

continuously discharged from the exit end. Higher throughput cannot be reached by 
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increasing the speed of the mixer motor, as it would shorten the residence in the mixer. 

Therefore Bradley Pulverizer Co. requested to propose a concept of the mixer unit, based on 

design of their smaller class mixer solution with capacity of seventy tons per hour. Requested 

throughput is one hundred tons per hour. Design of the mixer is created by using Autodesk 

Inventor system. 

 

Fig.2 Basic devices in the fertilizer manufacturing plant 

 

The most important devices in fertilizer manufacturing process can be seen in Fig.2. 

The process complexity requires all kinds of different devices, but only the essential ones are 

mentioned.  
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3 Manufacture Process Theoretical Background 

In this part, the thesis deals with problems of the fertilizer manufacturing plant, taking 

readers deeper into the issues of feed materials, plant and process description. 

 

3.1 Feed Materials 

Feed materials are materials which are necessary for the process of manufacturing 

fertilizers. They are phosphate rock, sulphuric acid and phosphoric acid, sodium hydroxide for 

neutralisation, process and cooling water. Process water is being used to dilute strong 

sulphuric acid, which has typical concentration of 98%. The heat of dilution is removed by 

cooling water. Cooled acid can pass directly to the mixer.                                 

 

3.1.1 Sulphuric Acid 

 

It is also known as sulfuric acid, oil of vitriol, dihydrogen sulfate, having the 

molecular formula H2SO4. It is a clear and colourless viscous liquid, which is very reactive 

and corrosive. Despite that nearly 99% sulphuric acid can be made, the grade 98% is the usual 

form also described as the concentrated sulphuric acid. It has more stable storage conditions.  

 

Tab.1 The most common concentrations [2] 

Concentrated sulphuric acid is considered to be a weak acid. When it is cold, it does 

not react readily with metals like iron or copper, unlike when it is hot. In that case, it reacts 

with most of metals and also with some non-metals. It is being used also as a drying agent to 

dehydrate some compounds. Dilute sulphuric acid is considered to be strong acid and for 

example it is a good electrolyte, unlike the strong one. It has most of properties of strong 

acids.  
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There are two main ways the sulphuric acid is being manufactured: 

 Lean chamber process 

 Contact process 

 

Elemental sulphur is mainly used to manufacture other chemicals. Approximately 85% 

is converted into the sulphuric acid which is one of the world's biggest volume industrial 

chemical. Its uses are so varied that its production is sometimes used as an approximate index 

of industrial development. Agricultural fertilizers represent the largest application of sulphuric 

acid, which is being used to manufacture phosphates. In 2007 more than 54% of the world 

sulphur consumption was for fertilizers. The increasing sulphur demand in fertilizer industry 

primarily in Africa and China contributed to the continuous market growth mostly.  

 

Fig.3 World sulphur consumption in non-fertilizer and fertilizer industries [3] 

3.1.2 Phosphate Rock 

 

Phosphate rock is a worldwide accepted term that describes naturally occurring 

materials, which contain phosphate minerals. The content of phosphorus in these phosphate 

rocks is often represented by phosphorus pentoxide (P2O5).  Phosphorus is very important in 

plant's biological dynamics. It is needed for the conversion of light to chemical energy during 

photosynthesis. Therefore the dominant application of phosphorus is in fertilizers. Huge 

demand for fertilizers led to increase in phosphate production in the last thirty years of last 

century. The most common types of resources of phosphate ores are: 

 sedimentary phosphate deposits 

 igneous phosphate deposits 

 marine phosphate deposits 



17 

 

3.1.3 Phosphoric Acid 

 

It is also known as orthophosphoric acid, white phosphoric acid or sonac, having the 

chemical formula H3PO4. Pure 100% phosphoric acid is a crystalline solid. In less 

concentrated form 85% it is a colourless transparent syrupy liquid. At twenty degrees of 

Celsius and below 75% strength, it is a mobile liquid. It is corrosive and causes burns, 

according to its strength and duration of contact. 

There are two main ways the phosphoric acid is being commercially manufactured: 

 Thermal process 

 Wet process 

The first mentioned is being used in applications where higher purity of acid is 

required to manufacture high grade chemicals. Nowadays, approximately 15% of production 

of phosphoric acid is being manufactured using this method. 

The second one, wet process, is being used in the fertilizer industry where the 

phosphoric acid is produced by phosphate rock reacting with sulphuric acid (H2SO4). The 

phosphate rock is ground to achieve better conversion rates and then continuously fed to the 

mixer together with sulphuric acid. 

Phosphoric acid has various range of usage. It starts with metal surface treatment, 

pharmaceutical industry, waste water treatment, cleaning products, food industry, etc. Despite 

that, around 85% of phosphoric acid is being used in the fertilizer industry to produce Triple 

Super Phosphates (TSP) 

Production of phosphoric acid grows every year due to demand on fertilizer market. 

The most demanding regions of the world are Africa, Asia and North America. 

 

 

Fig.4 Regional phosphoric acid production trend [3] 
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3.2 Chemical Reactions 

There are several options of how to combine chemical reaction equations after mixing 

phosphate rock and sulphuric acid together. This might be caused also because of the variety 

of phosphate rocks. Depending on the creation conditions or the location in the world, the 

most common compounds present in the phosphate ores can vary slightly. Chemical equations 

describe only the major chemical reactions. Insoluble fluorapatite, the major constituent of 

phosphate rock, reacts with the sulphuric acid to produce soluble mono calcium phosphate 

and calcium sulphate in two stages. 

In the first stage, some part of the phosphate rock reacts with the sulphuric acid to 

produce phosphoric acid. Another product of this reaction is the calcium sulphate which tends 

to coat the un-reacted rock particles. (Particle surface influence is described in chapter 

4.3.2.3) This is a negative phenomenon which  slows down the reaction between rock 

particles and sulphuric acid. These reactions usually last one or two minutes and are occurring 

mainly in the mixer. The reaction is exothermic and releases steam, carbon dioxide (CO2) and 

silicon tetrafluoride (SiF4). 

  

HFCaSOPOHSOHPOFCa  44342345 535)(  

 

[4]  (1)  

In the second stage, phosphate rock reacts with the formed phosphoric acid which is 

diffusing into the pores of the rock particles. As a result, mono calcium phosphate is 

produced. This reaction usually lasts between thirty or forty minutes and is mainly occurring 

in the den. Calcium sulphate crystallizes out either as the anhydrite (CaSO4), the hemihydrate  

(CaSO4 0.5H2O) or the dihydrate (CaSO4 2H2O), known as the gypsum. 

 

   

HFPOHCaPOHPOFCa  24243345 )(57)(  

 

[4]  (2)  

where 

 345 )(POFCa   - Fluorapatite 

 42SOH   - Sulphuric acid 

 43POH   - Phosphoric acid 

 4CaSO   - Calcium sulphate 

 HF    - Hydrogen fluoride 

 242 )( POHCa   - Mono calcium phosphate 
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3.3 Fertilizer Plant and Process Description 

This chapter deals with the most important devices that are generally used in the plants 

for phosphate fertilizers manufacture. Devices and processes are described individually to 

create an overview of the whole process. Knowledge of the process is necessary to design a 

mixer unit in the way it meets all technical requirements. 

 

3.3.1 Acid Dilution 

 

Along with the particle size, other very important factors affecting reaction results are 

sulphuric acid concentration and temperature. To provide maximum reaction rate and 

conversion between ground phosphate rock and sulphuric acid, concentrated sulphuric acid 

(H2SO4) of 98% strength, stored in the stock tanks needs to be diluted to 70% (H2SO4) 

concentration and cooled to 40C. This usually happens in a graphite heat exchanger. 

Compounds entering the exchanger are concentrated sulphuric acid, process and cooling 

water as shown in Fig.5. Sulphuric acid is being diluted with process water, generating heat 

that is referred to as the heat of dilution. This process is an exothermic reaction and the heat 

needs to be removed. Therefore the cooling water with certain maximum temperature enters 

the exchanger to remove generated heat. It exits as a hot water back to the cooling tower. The 

generated heat in a standard size production model is removed by six hundred tons per hour of 

cooling water passing through the heat exchanger. Diluted sulphuric acid is then prepared to 

enter the mixer to react with ground phosphate rock. 

 

 

 

Fig.5 Diagram of the heat exchanger, showing inlets and outlets  
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3.3.2 Grinding and Separating Devices 

 

Very common and usual setting is that raw phosphate rock from storage is fed by belt 

conveyor to the mill feed hopper. These are equipped with rotary airlocks to keep the system 

air tight at this end. The phosphate rock is fed to the mill from feed hopper, using certain kind 

of feeders. The feed rate must be adjusted automatically to keep the mills at constant load. 

Commonly used mills for these applications are: 

 Ball mills 

 Pendulum roller mills 

 

3.3.2.1 Ball Mills 

 

In general, ball mill consists of two main supports, holding a cylindrical horizontally 

orientated shell, driven by electromotor with gearbox. The mill is filled partially with grinding 

medium, commonly represented by stainless steel or ceramic balls (sometimes also flint 

pebbles) and material to be ground as shown in Fig.6. The material is fed to the mill at one 

end, inside an internal cascading effect grinds the material to fine powder, leaving the mill at 

the other one. Ball mill is usually followed by a classifier, recycling oversize particles back to 

the mill and separating required sizes for next processing.  

 

 

 

Fig.6 Schematic diagram of ball mill [5] 
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3.3.2.2 Pendulum Roller Mills 

 

Pendulum roller mill is a mill with vertically installed roll heads which is used to grind 

materials into extremely fine powder. A roll head carrier in Fig.7 which is connected to the 

main shaft, carries roll head assemblies, each with a plough in front. The duty of the ploughs 

is to serve the rock material continuously from the bottom plate in between the die ring and 

the roll head. The rotational joint between the carrier and the roll head assembly is realised in 

such a way, that when torque applied to the main shaft, centrifugal force acts against the roll 

head assembly and it acts against the fixed circular die ring, creating the grinding force. The 

contact surface between the roll head and the die ring is a place where the grinding itself takes 

the place. Process air enters the mill base tangentially at the bottom, carrying ground particles 

upwards dynamic classifier placed on the top of the mill.  

 

Fig.7 Pendulum Roller Mill base with carrier and roll heads 
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Classifier in Fig.8 recycles oversize particles back to the mill and required sizes are 

carried from the mill for next processing. The speed of the rotor of the classifier, which 

controls the product size, is adjusted by an external inverter. Ground phosphate rock is then 

stored in silos and ready to enter the mixer to react with diluted sulphuric acid 

 

3.3.2.3 Fineness of Grind Influence 

 

The effective surface of the phosphate rock available to react with sulphuric acid 

influences the reaction time in significant way. In general, it could be said, that the greater the 

surface, the faster the reaction proceeds. The surface is increased by grinding the rock to a 

smaller average particle size. Thus the particle size is an important attribute. The power 

needed to reach very fine particle sizes is another important factor to be considered. Therefore 

to achieve a satisfying reaction results, considering also power consumption aspect, a 

compromise between the particle size and reaction time needs to be identified. Nowadays, a 

commonly used parameter is 93% of all particles below 150 microns. Ground phosphate rock 

is delivered from the mill classifier to a silo, where it is being stored. From there, usually a set 

of weight screw conveyor, elevator and screw conveyors transport it continuously to the 

mixer.  

 

Fig.8 Mill & classifier assembly, showing process air inlet, outlet and feeder inlet 
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3.3.3 Broadfield Den 

 

Despite the fact, that the mixer is the next device in the process right after the mill and 

classifier, this chapter deals with the Broadfield Den. Mixers are closely described in chapter 

3.3.5. Broadfield Den is in the process after the mixer. There are several techniques and 

devices which can do the required job, but the most common and spread one is continuous 

Broadfield Den type. 

 

 

Fig.9 Diagram showing mixer, den, cutter and movement of the slurry 

 

The output from the mixer is solidifying reaction slurry. The chemical reactions, 

which follow after the one mainly occurring in the mixer, are mostly time reactions. They 

proceed more slowly and are accompanied by solidification and drying of the mass in the den, 

as shown in Fig.9. This process can take from 10 to 60 minutes, depending on the fineness of 

grinding, rock type and physical conditions (temperature, arrangement of the slurry, etc.), 

under which the reaction proceeds. Standard den residence time is somewhere between 

mentioned values.  

Actual broadfield den can be described as a massive steel construction with moving 

endless slat conveyor, built from sprockets and chain as shown in Fig.10. Floor of the 

conveyor is commonly formed with steel slats. It is necessary to prevent the slurry from 

sticking to the den sides at the mixer exit area. This could be done either by using 

reciprocating sides or by making the den slightly narrower in this place. The conveyor moves 

slowly forward and conveys the mass of Single Super Phosphate towards a set of revolving 

knives or cutters. These shave off the SSP into a coarse or finely divided state, according to 
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the speed of rotation of the revolving cutter units. SSP then falls to a belt conveyor. The 

construction and all of its components are completely covered by sheet metal plates. This 

together with den setting, which keeps the reaction mass in one block, provides smaller heat 

loss which helps to the dynamics of the reaction. The transfer point between cutter housing 

and belt conveyor is sealed to minimize air ingress. The den and the mixer are kept under 

strong suction by means of a powerful fume exhaust fan, which withdraws as much of the gas 

and steam evolved during chemical reactions as possible. 

Chemical processes in Broadfield Den could be described as follows [6]. During 

reaction of the phosphate rock with sulphuric acid, hydrogen fluoride evolves and reacts with 

the silica contained in the phosphates and forms gaseous silicon-tetrafluoride (SiF4) and fluo 

slicic acid (H2SiF6). Broadfield Den is therefore enclosed so the fumes of these compounds do 

not escape into the working place. The fluorous gases containing H2SiF6 vapors are 

withdrawn through an opening in the den roof into a three stage scrubber system, utilized for 

making sodium fluo silicates 

Suction considerably helps to affect more intimate chemical reaction between 

sulphuric acid and ground phosphate rock and to reduce the moisture content in the resultant 

product. Another reason is to keep the emissions as low as possible to comply with the terms 

of environmental regulations. 

 

 

 

Fig.10 Representing the load-bearing parts of den construction, length 34m, cutter 
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3.3.4 Scrubbing Unit 

 

The reaction produces gaseous by-products, as mentioned in the previous chapter. The 

gas needs to be scrubbed to remove solids and fluorine compounds before discharge to the 

atmosphere. This can be done by several approaches. In the following text, the three stage 

scrubbing system will be described.  

 

First stage is a wet venturi scrubber which brings the gas stream and re-circulated 

liquor into an intimate contact in a high intensity impact turbulence zone, the venturi's throat, 

as shown in Fig.11. The gas breaks the fluid into little droplets, mixing them with itself. 

Droplets absorb Silicon tetrafluoride (SiF4) to produce a solution of Hexafluorosilicic acid 

(H2SiF6) and a deposit of Silicon dioxide (SiO2).  

 

 

Fig.11 First and second stage gas stream and liquor flow diagram [7] 
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Second stage is a cyclone scrubber, which removes droplets from the gas stream. It 

could be represented as a high big diameter cylindrical container with the spray nozzles inside 

of it. These are located in certain distance pattern, all the way up along the stream flow, 

spraying the re-circulated liquor into the stream flow. The droplets and precipitated silica are 

then collected in the circulation tank. The liquor strength increases until the concentration 

reaches certain level, commonly 15% of hexafluorosilicic acid (H2SiF6). The whole process is 

continuous and the liquor is continuously fed to the mixer to eliminate the liquid effluent. 

The third stage is a mist eliminator which traps all the ultra fine droplets that have 

escaped from the cyclone scrubber. It also protects the fan from solids containing droplets. 

After this process, the gas can be discharged to the atmosphere. 

 

Fig.12 Representation of all devices of the three stage scrubbing unit 
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3.3.5 Mixer Unit 

 

Process of mixing itself is a complex large-scale problem. It starts from mixing sugar, 

milk and coffee in a cup and ends by mixing different reactants that are to undergo reaction by 

exact rate, while the mass transfers its phases. Mixing can be described as a process which 

transfers several substances into one, with the aim to reach the highest homogeneity. 

 

 

3.3.5.1 Preparation Stage 

 

In the process of development of a new case study, it is essential to collect as much 

information as possible. Good knowledge of the process and of the requirements is 

fundamental for next proceeding. First of all, it is necessary to decide which combination of 

phases is the particular case. The most frequently occurring ones are: [8] 

 gases with gases 

 gases into liquids (dispersion) 

 gases with granular solids (drying, pneumatic conveying) 

 liquids into gases (spraying and atomization) 

 liquids with liquids (dissolution, emulsification, dispersion) 

 liquids with granular solids (suspension) 

 pastes with each other and with solids 

 solids with solids (mixing of powders) 

 

 

After defining combination of phases, following questions about parameters need to be 

answered. 

 to analyse feed materials and product physical properties, important for 

designing the device 

 conditions and process description, changes in viscosity and other 

properties 

 requirement for throughputs (capacity of the device) and from this 

consequent vessel dimensions 

 requirement for the operation mode, continuous or discontinuous 

 single or multiple products to be manufactured 

 mixing dynamics to be considered, because mass transfer and chemical 

reactions are interacting  
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When summarizing of knowledge of the process requirements is finished, very 

common procedure to design a new mixer device, integrating  three approaches can start.  

 

 Process engineering and knowledge base 

 Computational fluid dynamic (CFD) 

 Experiments with models   

 

 

Fig.13 Synergy of different approaches [9] 

 

Afterwards, results are usually transferred to build a pilot plant, where the 

functionality is tested in a larger scale. Only after the results are proven, the solution can be 

scaled-up for industrial use. Scaling-up is a process, where we try to design a larger scale 

device, which will achieve the same results as the laboratory or pilot plant one. In most of the 

industrial mixing publications, there are separate chapters dealing especially with this method. 

Some of the scaling-up methods are:  

 

 geometric similarity 

 power per unit volume 

 torque per unit volume 
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3.3.5.2 Mixer Types 

 

This chapter describes basic differentiation of the mixers. There are several aspects of 

how to compare different mixer types. Presented are the most common. 

 

According to the construction type: 

 tumbling mixers (with rotating chamber) 

 static mixers (no moving parts) 

 mixers with agitators (static chamber) → the one of our interest 

 devices used for other processes, but where mixing occurs (pneumatic 

devices, mills, etc.) 

 

3.3.5.2.1 Tumbling Mixers 

 

The main characteristic of this device is that the whole mixer is put into a rotary 

motion. An experiment with increasing tumbling speed revealed several regimes which cause 

mixing effect. According to the rotation speed, they are slipping, avalanching, rolling, 

cascading, cataracting and centrifuging. [10] Horizontal tumbler mixer with grinding medium 

inside is very well known as the ball mill. 

 

 

Fig.14 Example of tumbler mixer [11] 
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3.3.5.2.2 Static Mixers 

 

The main characteristic of this in-line device is that it consists of motionless elements, 

which are mounted in a pipe, creating different flow patterns and radial exchange. Differences 

between being manufactured types are in the internal elements shape and the flow patterns 

that they create. Some well known models are: [10] 

 KMS (twisted ribbon or bowtie type, with alternating left and right 

hand twists) 

 KMX (a series of inclined retreat curve rods, forming an X lattice) 

 HEV ( a series of four tabs spaced around the pipe) 

 SMV (several stacked sheets of corrugated metal running at 30 or 45 

to the pipe axis) 

 and others like SMX, SMXL, SMR, KVM, KHT, SMF, etc.  

 

 

 

Fig.15 Example of spiral static mixer and flow diagram [10][12] 
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3.3.5.2.3 Mixers with Agitators 

 

The main characteristic of this device is its stationary chamber and mixing process 

caused by rotational motion of the agitating element inside of the chamber. The orientation 

can be either horizontal or vertical. Homogenization effect is generated by combination of 

both shear and convection mixing occurring within the mixer. According to the type of 

agitator, these mixers could be divided into several categories, but two of them are mentioned: 

 ribbon mixers 

 paddle mixers 

 

Ribbon mixers use screw line ribbon shape agitators which are mixing the compounds 

by pushing them along the shaft axis in both directions, displacing them and creating 

centrifugal force. The agitator shape is being modified according to the mixed product and the 

dynamics of mixing. Range of different shapes of agitators is available on the market. This 

type of mixer is being used for free flowing to cohesive products, but it is not suitable for 

mixing sticky products. Disadvantage of this type is difficult cleaning procedure due to small 

clearance between ribbons and the chamber. 

 

 

 

 

Fig.16 Horizontal ribbon mixer [13] 
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Paddle mixers use paddles and ploughs to agitate the compounds within the mixer. 

Impact of the paddles imparts shear forces, creating new shear planes, resulting into the 

mixing of the product. Motion of the content of the mixer, caused by the paddle shape, results 

in convective mixing. Its intensity is proportional to the rotational speed of the agitator, in this 

case the paddles. An application is often for free flowing to slightly cohesive compounds.  

 

 

 

Fig.17 Single shaft paddle mixer [10] 

 

 

Construction of these two is very similar. The body is usually welded construction, 

sitting on a frame. The most common body shape is U-through. The frame needs to be solid 

design due to large weight of the mixer itself and the material inside. Sealing of the agitator 

shaft is another very important element. The motor with gearbox is usually connected to the 

frame. For high speeds the dynamic aspect needs to be considered due to natural frequencies.  

 

For particular field, common concept is that the feed end is wider and deeper and 

serves as the primary mixing section of the mixer. It is claimed that the main part of mixing 

takes place there, while the rest of the mixer serves more like a kneading and conditioning 

section. Shearing action of the paddles also keeps the content fluid, as it tends to be 

thixotropic. "Thixotropy is the property of certain gels or fluids that are thick (viscous) under 

normal conditions, but flow (become thin, less viscous) over time when shaken, agitated, or 

otherwise stressed."[14] 
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3.3.5.3 Operation Mode 

 

Essential factor when designing mixer unit is to realise, whether the manufacturing 

process where we want to implement the mixer require continuous or discontinuous mixer 

operation. This brings in different requirements for the device, as regards the construction of 

the mixer. Consequently, the feeding of materials is different for each of mentioned processes. 

According to the required operation mode, mixing process can be divided: 

 batch mixing 

 semi-batch mixing 

 continuous mixing 

 

3.3.5.3.1 Batch Type 

 

Is based on mixing components in individual batches, thus it is discontinuous process. 

It consists of three sequential steps. Before the components enter mixer, they need to be 

weighted. The second one is agitating them in the mixer for some period of time, until they 

are homogenously distributed. In the third one material is discharged from the mixer. This 

type of mixing is more preferred in small to medium capacities. Some of the advantages are 

that the batches are traceable and lower installation cost. 

 

3.3.5.3.2 Semi-batch 

 

Also known as fed-batch, is a process, where feed materials can be added at different 

stages of the mixing process 

 

3.3.5.3.3 Continuous 

 

Is based on mixing components which are being continuously fed to the mixer on feed 

end. The mixing takes place as the components travel from feed end to the exit end, from 

where they are continuously discharged. This brings in special requirements for feeding 

devices, as they must deliver continuously precise amount of materials to the mixer. To 

control such a system is more demanding, but the reward is larger throughput. Therefore, this 

system is being used in processes, where large throughput is required. Some advantages are 

that the residence time in continuous mixers is lower or that it is suitable for automation. As 

the feeding and discharging is automatic, minimal labour is required. 
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4 Design Concept 

Design idea is to use proven and working solutions, minimising that way most of 

unpredictable problems. In such a turbulent process, when designing a device, the sensible 

estimation based on experience is required. This regards especially shaft and motor design.  

 

Demand on high throughput and aspect of the manufacture process are determining 

selection of the mixer operation mode to the continuous mixer. The chosen type of mixer is 

mixer with mechanical agitator. Proven design is to use paddle mixer. The material inside of 

the mixer is viscous and thixotropic and at the exit end it is solidifying slurry. With such 

properties it is not suitable for ribbon type. The body of the mixer is to be welded construction 

with U-through shape. The feed end is to be wider and deeper, being the main mixing section 

of the mixer. Mixer will be handling corrosive acid, thus inside of the body is to be lined with 

anti-corrosive bricks. Mixture inside of the mixer evaporates gases therefore the mixing 

chamber will be completely covered. The frame is to be solid welded construction from 

normalized profiles. The shaft cross-section is to be square, as the paddle subassemblies will 

be mounted on. One end is to be grooved for mounting a hub for manual operation. Agitators 

are paddles consisting of advancers and retarders to guarantee proper mixing operation. 

Special anti-corrosive materials are chosen to meet the requirements. Motor and gearbox are 

to be mounted on the frame, on the exit end. Connection between gearbox and the shaft is to 

be secured by shrink disc. Motor is to be controlled by inverter to provide the speed 

regulation. 

 

Fig.18 Design concept, mixer body and some of the main parts 
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5 Mixer Parameter Calculations 

This chapter describes calculation step by step in logical design sequence. It is divided 

into number of subsections, each dealing with different design issue.  

 

5.1 Mixer Paddles 

Indirect variables affecting dimensions of mixer paddles are densities of mixed 

ingredients and the content rate of each ingredient represented in the mixture. The density of 

the mixture could be calculated only if the mixing rate is known and for this purpose it was 

specified by the company. Required throughput of the mixer which is represented by the 

capacity of the mixer in tons per hour and physical parameters of the system are variables 

directly affecting paddle dimensions. Once the density of mixture of all ingredients is known, 

volume of material which has to pass through the mixer in certain time can be calculated.  

 

5.1.1 Volume Performance 

 

Calculation is based on the knowledge of mixture density and required throughput. It 

is an important factor for further calculations.  

 

3kg.m1600 MIXTURE  

1kg.h000100 MQ  

 

Thus the volume to be transferred through the mixer in one hour is calculated. 
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[15]  (3)  

 

where  ρ MIXTURE [kg.m
-3

] - mixture density 

  QM                 [kg.h
-1

] - mass performance 

  QV                  [m
3
.h

-1
]  - volume performance 

    

 

 



36 

 

5.1.2 Preliminary Minimal Diameter 

 

Once the mass performance is known, minimal diameter of mixer paddles can be 

calculated. With respect to the literature [15] minimal diameter of the paddles is calculated 

according to the relation: 
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[15]  (4)  

where  DMIN [m]    - minimal paddle diameter 

  s [m]    - lead 

  ψ [ - ]    - feeding factor 

  n         [s
-1

]    - speed of rotation 

  cH            [ - ]    - incline factor 

  

 

For large diameters, lead is approximated as follows. 

 

MINDs  8,0  

 

  (5)  

Operating position of the mixer is horizontal with zero incline angle thus the incline 

factor is set to value cH = 1. Feeding factor is set to value ψ = 0,15. Speed is variable, but for 

calculation purposes it is set to value n =30 min
-1 

= 0,5 s
-1

 as it is a value within the range of 

commonly used speeds. After inserting equation (5) to the equation (4) minimal paddle 

diameter can be expressed as. 
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5.1.3 Reynolds Number 

 

Reynolds number ReSV is a dimensionless number which in fluid mechanics gives the 

measure of ratio of inertial forces to viscous forces. Consequently it quantifies relative 

importance of these two force types for given flow conditions. 

 

For stirred vessel, Reynolds number can be calculated according to the relation. 
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[16]  (7)  

where  ReSV  [-]  - Reynolds number for stirred vessel 

  ρMIXTURE [kg.m
-3

]  - mixture density  

  n  [s
-1

]     - speed of rotation 

  DMIN  [m]     - minimal paddle diameter 

  μ  [Pa.s]   - dynamic viscosity of the slurry 

 

Dynamic viscosity of the slurry can be calculated according to the relation. 

   

LRS    

 

[17]  (8)  

 where  μS [Pa.s]   - dynamic viscosity of the slurry 

  μR [-]   - relative viscosity 

  μL [Pa.s]   - dynamic viscosity of the liquid 

 

Relative viscosity can be calculated according to the relation. 

 

21,145,21  R  

 

[17]  (9)  

where  μR [-]  - relative viscosity 

  ϕ [-] - volumetric fraction of solid particles 
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To calculate volumetric fraction, mass of the solids and mass of the slurry need to be 

defined. For this purpose, they are set to values MS = 1 kg and MSL = 1,6 kg. Thus volumetric 

fraction of solid particles can be calculated. 

SL

S

M

M
  

 

[18]  (10)  

where  ϕ [-] - volumetric fraction of solid particles 

  MS [kg] - mass or mass flow of solids in the sample or stream 

  MSL [kg] - mass or mass flow of slurry in the sample or stream  

 

Dynamic viscosity of the liquid, in particular case sulphuric acid, is defined with 

respect to the nomogram shown in Fig.19. For this case, sulphuric acid 70,9 % concentration 

and 40C is used as described in chapter 3.3.1. Viscosity is described using Centimetre-gram-

second system of units which is expressed by centipoise [cP] instead of [Pa.s] of SI system. It 

is easily convertible to required [Pa.s] according to the relation 1 cP = 0.001 Pa.s. Thus 

dynamic viscosity of sulphuric acid is μL = 0,0065 Pa.s. 

 

 

Fig.19 Viscosity by temperature, sulphuric acid at various concentrations [19] 
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After instituting relations (8)(9)(10) to the relation (7), Reynolds number can be 

expressed as: 
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  (11)  

This high Reynolds number indicates, that the system is likely to be turbulent, what is 

in compliance with the experience. Turbulent flow is characterized by chaotic and stochastic 

property changes, what is a useful effect when mixing is the case. Turbulence tends to 

accelerate the homogenization process. It must be said that the Reynolds number was 

calculated in simplified way using time-invariant dynamical viscosity while the reality is 

different. Viscosity changes in time as the gases evaporate from the mixture during the 

chemical reaction. Chemical reaction itself brings the mixture into solidifying slurry, what 

probably results into increase of the viscosity. On the other hand, the slurry shows signs of 

thixotropy and while being mixed, it decreases its viscosity. Therefore the approximation was 

made, but results respect real behaviour of the system. 

 

  

5.1.4 Material Axial Flow Speed 

 

Material axial flow speed is an important factor needed to determine length of the 

mixer and the real surface of material flow. With respect to the literature [20] axial flow speed 

can be calculated according to the relation. 

 

tgvkkv PPVA   

 

[20]  (12)  

where  vA [m.s
-1

] - axial flow speed 

  kV [-] - return of the mixture factor 

  kP [-] - interruption of the helix factor 

  vP [m.s
-1

] - peripheral speed of the point on paddle outside radius 

  α [] - lead angle 
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With consideration to relation number (5) we get the value of lead angle. 
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Fig.20 Lead angle a 

 

 

Peripheral speed of the point placed on the circumference created by preliminary 

paddle diameter, while the speed of rotation n =30 min
-1 

= 0,5 s
-1

  

 

113,15,0717,0  smnDv MINP   

 

  (14)  

where  n         [s
-1

]   - speed of rotation  

  DMIN    [m]    - minimal paddle diameter  

 

 

Interruption of the helix factor describes dependency between interruption of paddle 

area and uninterrupted area of the helix within the shaft. To calculate angle of the paddle 

inclined from the helix, angle β is needed. It is an angle of the paddle inclined from the shaft 

axis and is set by the shape of the paddle, usually  β = 30 Fig.21. Another needed parameter 

is width of the paddle. For this purpose it is set to value   w = 0,11 m. Number of paddles for 

one lead is set to value z = 5. 

 

 7,45303,149090    

 

  (15)  

where  β [] - angle of paddle inclined from the shaft axis  

  d [] - angle of paddle inclined from the helix 
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Fig.21 Diagram of relations between angles 

The interruption of the helix factor is calculated as: 
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  (16)  

where  kP [-] - interruption of the helix factor 

  w [m] - width of the paddle 

  z [-] - number of paddles for one lead  

  DMIN [-] - minimal paddle diameter  

  β [] - angle of paddle inclined from the shaft axis 

  d []  - of paddle inclined from the screw line  

 

To calculate the material axial flow speed, return of the mixture factor is set to value 

kV = 0,6 according to the literature [20].  With respect to the equation (12) the axial flow 

speed is calculated. 
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where  vA [m.s
-1

] - axial flow speed 

  kV [-] - return of the mixture factor 

  kP [-] - interruption of the helix factor  

  vP [m.s
-1

] - peripheral speed of the point on paddle outside radius  

  a [] - lead angle  
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5.1.5 Number of Mixer Paddle Sets 

 

To determine number of paddles on the shaft, working length and paddle width are 

needed. According to the relation (18) working length of the mixer LW = 3,5 m. Based on 

good experience with certain type of paddles, paddle width is set to value w = 0,113 m. The 

shaft is to be equipped by the paddles all the way along the working length. This is because of 

the experience and to protect the shaft itself from corrosive environment. 
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  (17)  

where  PN [-] - number of paddle sets 

  LW [m] - working length 

  w [m] - width of the paddle 

 

5.2 Mixer Body 

Important dimensions when designing mixer are the diameter of the mixer chamber 

and the mixer working length. Chamber diameter affects throughput of the mixer, while the 

length affects residence time. 

 

5.2.1 Working Length 

 

Working length of the mixer is parameter which influences residence time. Based on 

knowledge of the process and of the chemical reaction dynamics, required residence time is  

tR = 60-120 s. For the calculation purpose, it is set to value tR =  120 s.  

 

m42,31200285,0  RAW tvL  

 

  (18)  

where  LW [m] - working length 

  vA [m.s
-1

] - axial flow speed  

  tR [s] - residence time 

 

This calculation is respected in the mixer design and minimal working length is set to 

value LW = 3,5 m 
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5.2.2 Mixer Chamber and Paddle Diameter 

 

Calculation of mixer chamber diameter is based on well-known relation between 

cross-sectional surface and flow velocity, which is in particular case represented by material 

axial flow speed, calculated in previous subsection. 
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  (19)  

Relation transformed to express cross-sectional surface. 
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  (20)  

where  QV [m
3
.h

-1 
] - volume performance  

  SR [m
2
]  - real cross-sectional surface 

  vA [m.s
-1

]  - axial flow speed 

 

Calculated surface is a theoretical surface of material flow. It represents material 

flowing through the closed circle cross-sectional surface, Fig.22. Thus the filling of the mixer 

must be considered by using the filling factor. With respect to the literature [20] it is set to 

value kF = 0,6 and the real surface with filling of the mixer considered is calculated.  
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  (21)  

where  SRF  [m
2
] - real surface with considered filing 

  SR [m
2
] - real cross-sectional surface  

  kF [-] - filling factor  

 

 

Fig.22 Real cross-sectional surface and real surface with considered filling 
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The calculated surface area represents area of material flow which is limited by the 

shape and dimensions of the mixer body. Thus the calculated diameter is minimal diameter of 

the U-through of the mixing chamber.  
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  (22)  

This calculation is respected in the mixer body design and kneading chamber diameter 

is set to value DR = 1,25 m. Considering the clearance between body of the mixer and paddle 

end, paddle diameter is set to value DP = 1,19 m. 

 

 

Fig.23 Cross section through the mixer 

 

5.3 Volume Performance Control Calculation I. 

Control calculation is based on the equation (19), but with surface and material axial 

flow speed recalculated according to the real used paddles. Volume performance obtained by 

recalculated values must be larger or equal to the required volume performance. 

 



45 

 

5.3.1 Recalculated Peripheral Speed 

 

When real paddle diameter is DP = 1,19 m and speed n = 0,5 s
-1

 then recalculated 

peripheral speed is. 

 

1sm86,15,019,1   nDv PPR  

 

  (23)  

 

where  vPR [m.s
-1

] - recalculated peripheral speed  

  n         [s
-1

]    - speed of rotation  

  DP   [m]    - paddle diameter  

 

5.3.2 Recalculated Interruption of the Helix Factor 

 

Factor is recalculated using proposed design values where paddle diameter is                

DP = 1,19 m and width of the paddle w = 0,113 m. 

 

Considering relation number (5) the number of paddle sets for one lead is: 

 

8
113,0

952.08,0





w

D

w

s
z P

L  

 

  (24)  

Thus interruption of the helix factor is recalculated as follows: 
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  (25)  

where  kPR [-] - recalculated interruption of the helix factor 

  w [m] - width of the paddle 

  zL [-] - number of paddles for one lead  

  DP [m] - real paddle diameter  

  β [] - angle of paddle inclined from the shaft axis 

  d []  - angle of paddle inclined from the helix  
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5.3.3 Recalculated Material Axial Flow Speed 

 

Material axial flow speed is determined by using recalculated values from relations 

(23)(25). 

 

1sm0296,03,1486,1104,06,0  tgtgvkkv PRPRVAR   

 

  (26)  

where  vAR [m.s
-1

] - recalculated material axial flow speed 

  kV [-] - return of the mixture factor 

  kPR [-] - recalculated interruption of the helix factor 

  vPR [m.s
-1

] - recalculated peripheral speed 

  a [] - lead angle  

 

5.3.4 Recalculated Volume Performance  

 

For volume performance calculation, relation number (19) is used. Values of the real 

surface with considered filing and recalculated axial flow speed are used. Filling factor is 

necessary to be implemented.  
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  (27)  

where  QVR [m
3
.hour

-1 
] - recalculated volume performance  

  SRF [m
2
]  - real surface with considered filing 

  vAR [m.s
-1

]  - recalculated axial flow speed 

  kF [-]  - filling factor 
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  (28)  

Required volume performance is QV = 62,5 m
3
.hour

-1
. As it can be seen, real volume 

performance obtained by using proposed dimensions is larger than required one, thus the 

dimensions are accepted. 
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5.4 Mixer Motor Input Power 

To determine required motor input power, a sum of all elements acting against it must 

be done. In particular case, it is a power needed to turn the shaft with paddles and power 

needed to transfer the mass. 

 

5.4.1 Power Needed to Turn the Shaft with Paddles 

 

To determine input power needed to turn the shaft with paddles, torque generated by 

all the paddles is needed. This can be represented as a sum of individual paddle contribution 

increments. 

 

5.4.1.1 Torque Needed to Turn One Paddle 

 

Used simplifying method is based on assumption that all the values of counteractions 

can be replaced by only one specific empirical coefficient of resistance against movement of 

the paddles in the mixture. With respect to the paddle geometry design, dimensions needed to 

determine the moment are r1 = 0,222 m and  r2 = 0,595 m.    

 

 

Fig.24 Force generated on the element of paddle surface [20] 

 

Established nomenclature uses for the width of the paddle denotation w instead of b 

and for angle of paddle inclined from the shaft axis denotation β is used instead of α as shown 

in Fig.24. 
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 In proposed design, paddles are not rectangular but trapezoidal with one 

perpendicular edge. The rectangular approximation is made to simplify the problem solution. 

Small and large radius of the paddle are kept on the same values, only the width is changed in 

order to keep the same surface area but with rectangular shape. 

 

 

Fig.25 Real and approximated paddle shape 

Approximated paddle width is wa = 0.1 m, while keeping the same paddle length. 

Another value that needs to be determined is specific coefficient of resistance against 

movement of the paddles kR. With respect to the literature [20] it is set to value kR = 10000 

N.m
-2

. Once all the necessary values are known, torque needed to turn one paddle can be 

calculated according to the relation. 
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[20]  (29)  

where  MK1P [N.m] - torque needed to turn one paddle 

  kR [N.m
-2

]- specific coefficient of resistance 

  wa [m] - approximated paddle width 

  β []  - angle of paddle inclined from the shaft axis 

  r1 [m] - inside paddle radius 

  r2 [m] - outside paddle radius 
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5.4.1.2 Torque Needed to Turn all the Mixer Paddles 

  

When torque needed to turn one mixer paddle is known, torque needed to turn all the 

mixer paddles can be calculated. According to the relation (17) there are thirty-one paddle sets 

PN = 31 and each paddle set contains two paddles. Thus overall number of paddles is PP = 62 

 

mN8,49086,0621321  FPPKKP kPMM  

 

  (30)  

where  MKP [N.m] - torque needed to turn all the mixer paddles 

  PP [-] - number of paddles 

  kF [-] - filling factor 

 

Afterwards the power input needed to turn the shaft with paddles is calculated as. 

 

W6,154135,028,49082   nMMP KPKPS  

 

  (31)  

where  PS [W]   - power input needed to turn the shaft with paddles 

  MKP [N.m]    - torque needed to turn all the mixer paddles 

  ω [rad.s
-1

] - angular velocity 

  n [s
-1

]   - speed of rotation 

 

5.4.2 Power Needed for Backing Movement of the Mass 

 

To calculate power needed for backing movement of the mass, recalculated mass 

performance must be determined. That is based on the recalculated volume performance 

which is determined by relation number (27). 

 

1hkg000104160096,64  MIXTUREVRMR QQ   

 

[15]  (32)  

where  QMR  [kg.h
-1

] - recalculated mass performance 

  QVR  [m
3
.h

-1
] - recalculated volume performance 

   ρMIXTURE [kg.m
-3

] - mixture density 
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To calculate power needed for backing movement of the mass, general resistance 

factor ε must be determined. With respect to the literature [15] after comparing different 

densities, it is set to value ε = 5  
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[15]  (33)  

where  PM [W] - power needed for backing movement of the mass 

  QMR [kg.h
-1

]- recalculated mass performance 

  LW [m] - working length 

  ε [-] - general resistance factor 

  g [m.s
-2

] - gravitational acceleration 

 

Once the power needed for backing movement of the mass is known, torque needed to 

create this action can be calculated with respect to the relation (31). 
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Then torque is calculated as: 
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  (35)  

Minimal torque needed on the output of the gearbox is determined as a sum of 

individual torque contributions. 

 

  

mNMMM KPBMK  64908,49081580  

 

  (36)  

where   MKP [N.m] - torque needed to turn all the mixer paddles 

  MBM [N.m] - torque needed for backing movement of the mass 

  MK [N.m] - torque needed on the output of the gear reducer 
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5.4.3 Mixer Input Power Calculation 

 

It is calculated as a sum of power needed to turn the shaft with paddles and power 

needed for backing movement of the mass. With respect to the fact that in the operation, the 

situation when mixer needs to be turned on with material inside may occur. Considering 

properties of the mixer content, power input is increased by 20%. Efficiency of the gearbox 

must be also considered. Thus the minimal required motor power input is calculated as: 

 

   
kW26W00826

94,0

2,149606,154132,1
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        [15] 

 

 

 (37)  

where  P [W] - minimal required motor power input 

  PS [W] - power input needed to turn the shaft with paddles 

  PM [W] - power needed for backing movement of the mass 

  ηG [-] - gearbox efficiency ηG = 0,94 according to the Tab.3  

 

Mixer motor unit is designed respecting these calculations. 

 

5.5 Mixer Motor and Gearbox design 

Due to good experience with Rossi Company, motor and gearbox are chosen as a set 

solution from their range of products [21]. Respecting required output speed n = 0,5 s
-1

 and 

relations (36) and (37) following solution is proposed. Motor size 200L with parameters 

specified in Table 2. 

DESCRIPTION VALUE UNIT 

Motor type 3-phase motor [-] 

Size 200L 4 [-] 

Supply  400 V - 50 Hz U, f [V-Hz] 

Nominal motor power  30 Pn [kW] 

Nominal speed  1465 n2M [min
-1

] 

Nominal current 58 In [A] 

Nominal output torque 195 Mn [N.m] 

Starting torque 468 Ms [N.m] 

Efficiency 91,6 ηM [%] 

cos (ϕ) 0,82 [-] 

Moment of inertia 0,18 J [kg.m
2
] 

Motor mass 146 [kg] 
 

Tab.2 Parameters of Rossi 200L 4 pole motor 
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Proposed gearbox model is a right angle shaft gear reducer. Particular model is 

according to the [21] marked as MR C2I 225 UO2A. Its specification parameters are 

described in Tab.3 below. 

 

DESCRIPTION VALUE UNIT 

Gearbox type MR C2I 225 UO2A [-] 

Transmission ratio 47,8 [-] 

Output speed 29,3 n2G [min-1] 

Output torque 9190 M2 [N.m] 

Efficiency 94 ηG [%] 

Gearbox mass 352  [kg] 
 

Tab.3 Parameters of Rossi MR C2I 225 UO2A gearbox 

 

Gearbox scheme and dimensions of the drive unit are shown in Fig.26. They are 

included in the mixer design. 

 

 

Fig.26 Gearbox and motor basic dimensions [21] 

 

The gearbox is to be mounted to the mixer frame by using reaction bar and reaction 

bolt. Specific gearbox type is chosen with respect to the position of lubrication holes. They 

must be located on the top side of the gearbox, in order to allow oil lubrication. This is 

considered in proposed design. Connection between the shaft and motor gearbox is secured by 

shrink disc which is shown together with motor and gearbox in Fig.27.  
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Fig.27 Rossi gear-motor set, showing position of shrink disc and reaction bolt [21] 

Gearbox output torque is greater than required torque determined by relation (36)     

M2MK. Proposed motor input power is also greater than required one PNP which was 

determined by relation (37).  Thus the proposed gearbox and motor design is acceptable. 

 

5.5.1 Volume Performance Control Calculation II. 

 

To verify suitability of proposed motor and gearbox design, volume performance 

calculation based on gearbox output speed must be done. Peripheral speed is recalculated in 

order to determine new material axial flow speed and afterwards, mixer volume performance 

is calculated. The proceeding is analogical as in chapter 5.3. New peripheral speed is 

determined by using gearbox output speed value which is with respect to the tab.3 equal to    

n2G = 29,3 min
-1

 = 0,4883 s
-1

. 

 

1

2 sm824,14883,019,1   GPG nDv  

 

  (38)  

where  vG [m.s
-1

] - real peripheral speed  

  n2G       [s
-1

]    - gearbox output speed  

  DP   [m]    - paddle diameter  

 

When recalculated peripheral speed is known, real material axial flow is determined. 

 

1sm029,03,14824,1104,06,0  tgtgvkkv GPRVAG   

 

  (39)  
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where  vAG [m.s
-1

] - real material axial flow speed 

  kV [-] - return of the mixture factor 

  kPR [-] - recalculated interruption of the helix factor 

  vG [m.s
-1

] - real peripheral speed 

  a [] - lead angle  

 

Afterwards, the real mixer volume performance is calculated. 

 

13 hodm63,646,0029,0016,136003600  FAGRFG kvSQ  

 

  (40)  

where  QVR [m
3
.hour

-1 
] - recalculated volume performance  

  SRF [m
2
]  - real surface with considered filing 

  vAG [m.s
-1

]  - recalculated axial flow speed 

  kF [-]  - filling factor 

 

Real volume performance is larger than required QG  QV  thus the proposed motor 

and gearbox design is acceptable 

 

5.5.2 Shrink Disc Connection 

 

Connection between gearbox and mixer shaft is secured by shrink disc. It is a 

relatively new connection approach, replacing the traditional key connections. Typical shrink 

disc consists of pressure flange, threaded flange, inner taper ring and clamping screws. 

Hollow shaft is necessary too, but commonly it is part of gearbox set. Its functionality is 

based on friction between shaft of the device to be driven and gearbox hollow shaft Fig.28. 

  

Fig.28 Principle of mechanical shrink disc connection [22] 
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Rossi Company provides also shrink disc solution of connecting shaft with gearbox. 

That is an ideal option in order to guarantee compatibility of the system. They provide shrink 

discs for almost all range of sizes of their gearboxes. According to the proposed gearbox size, 

shrink disc can be easily chosen without any calculations from their catalogue. With respect to 

the proposed gearbox size, shrink disc with the following parameters is chosen. 

 

 

Tab.4 Shrink disc 225 model's parameters with dimensions and torques [21] 

 

 

Arrangement of the shaft fitted inside of the gearbox hollow shaft, connected by the 

shrink disc can be seen in Fig.29. 

 

 

Fig.29 Stepped hollow low speed shaft with locking assembly [21] 
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Some of the advantages of the shrink disc system are eliminating necessity for precise 

shaft machining. Key, as another element of the system which increases shaft manufacture 

price, is not needed. Key connection also creates stress locations and when overloaded, it can 

damage shaft in a way which is not possible when using shrink disc. Difference between 

forces applied in shrink disc and key connections are shown in Fig.30. 

 

 

 

Fig.30 Comparison of applied forces for key and shrink disc connection [22][23] 

 

According to the Rossi catalogue, maximal transmissible torque is                           

M2da = 4540 daN.m = 45400 N.m. This value is higher than gearbox output torque from 

Tab.3 M2da   M2. With respect to these facts, proposed shrink disc can be used for connecting 

the shaft and the gearbox.  
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5.6 Mixer Shaft Control Calculation 

Shaft control calculation is mostly inspired by knowledge gained from [24] and [25]. 

For shaft control calculation, loading type and loading values must be determined first. 

Proposed shaft design with basic dimensions is shown in Fig.31. Material chosen for the shaft 

is 11 600 which is commonly used for shafts. Material characteristics are shown in Tab.5. 

 

 

Fig.31 Proposed shaft with basic dimensions 

 

Description Label Value Unit 

Ultimate tensile strength Rm 600 MPa 

Yield strength in tension Re 330 MPa 

    Yield strength in shear       Res 180 MPa 

Fatigue limit - bending σCo 280 MPa 

Fatigue limit - tension - pressure σC 220 MPa 

Fatigue limit - torsion τCk 170 MPa 

 

Tab.5 Material characteristics for 11 600 steel 

 

5.6.1 Loading of the Shaft 

 

Gearbox output torque, radial force created by the weight of the paddles together with 

shaft and axial force created by the resistance of the mass act on the shaft. Maximal acting 

torque is determined by proposed right angle gearbox Tab.3 and its value is M2 = MKG = 9190 

N.m. To calculate force acting on the shaft, a volume of the paddle must be determined. As 

the paddle has complicated three-dimensional shape, calculation without software support 

would be very difficult. Therefore Autodesk Inventor which calculates volume and even mass 
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of the paddle if the density is known, was used for this purpose. Material proposed for the 

paddles is Ni-Resist, with density of ρNi = 7334 kg.m
-3

. With respect to the density and to the 

volume of one paddle set, overall mass of one paddle set is determined. Its value is              

VPS = 0,00722 m
3
. With respect to the number paddle sets mounted along the certain length of 

the mixer shaft, gravitational force created by the mass of all the paddles sets can be 

calculated as follows. 

 

kN1,161031681,900722,0733431  NgVPF PSNiNR   

 

  (41)  

where  FR [N]  - radial loading force 

  ρNi [kg.m
-3

] - Ni-Resist density 

  VPS [m
3
]  - one paddle set volume 

  g [m.s
-2

]  - gravitational acceleration 

 

Working length of the mixer was determined by relation number (17) and its value is 

LW = 3,5 m. To simulate loading of the shaft as it is loaded in the reality, calculated loading 

force needs to be transformed to the line load type qL. 
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  (42)  

Axial force acting on the shaft due to the resistance of the mixture inside of the mixer 

can be determined by relation [15]. 
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 [ (43)  

where  FA [N]  - axial loading force 

  MKG [N.m
-1

] - gearbox output torque 

  a []  - lead angle 

  β []  - angle of paddle inclined from the shaft axis  

  RS [m]  - efficient radius of the helix 

  DP [m]  - paddle diameter 

 

With respect to the literature [15] efficient radius of the helix is RS = 0,4.DP 
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When all the loading forces and torques are known, they can be entered into Autodesk 

Inventor shaft component generator calculation environment. Second torque, which represents 

counteraction to the gearbox torque must be implemented for the calculation. For this 

purpose, it is placed on the end of the distance, where paddles are located.  This is acceptable 

approximation, as the criteria were tighten up. Axial force's direction, calculated by relation 

(43) is placed with respect to the resistance of the mass. Loading of the shaft due to its own 

mass is not entered directly as an acting force, but the simulation allows to consider it. 

Density and properties were set with respect to the proposed material, steel 11 600. Thus 

result values are affected by this. Complete loading of the shaft is entered into the simulation 

as shown in Fig.32. 

 

 

Fig.32 Loads applied on the shaft, where blue arrow represents gearbox torque 

Afterwards, discussion of static indeterminacy needs to be done. It is based on 

comparing number of unknown independent parameters with number of applicable conditions 

of static equilibrium [25]. Parameter values are μ = 3, ν = 3. 

 

033  s  (44)  

 

where  s  [-] - number of degrees of static indeterminacy 

  μ [-] - number of unknown independent parameters 

  ν [-] - number of applicable conditions of static equilibrium 

Unknown independent parameters are obtained from the simulation in Autodesk 

Inventor and their values are: 

N11364AYF  (45)  

N12807BYF  (46)  

NFBX 20000  (47)  
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5.6.2 Resulting Internal Effects and Loading Analysis 

 

Resulting internal effects are the components of force and torque resultant of internal 

forces in the centre of gravity of the cross section, which together with the system of external 

force effects create equilibrium force system which acts on the element. Resulting internal 

effects for particular shaft in Fig.31 were created with benefit of Autodesk Inventor 

simulation tool and are presented in Fig.33 below. 

 

 

Fig.33 Resulting internal effects and important stresses 
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5.6.3 Shaft Fatigue Life Calculation 

 

When controlling shaft fatigue life, the safety is considered to the unlimited service 

life. The calculation procedure is to determine dangerous locations on the shaft and calculate 

stresses in these places firstly. The safety of the shaft is calculated with respect to the 

unlimited service for the location with the largest stress. In general, dangerous places are 

places with step change of the dimension of the part. Thus these locations for the particular 

shaft are chosen as shown in Fig.34. As mentioned before, shaft is loaded by the combined 

loading, thus dangerous places are compared with respect to the HMH condition. This means 

to determine normal and shear stress for each dangerous location. Notch factors are necessary 

to be considered to determine extreme stresses and afterwards, reduced stress is calculated. 

 

 

Fig.34 Dangerous locations along the length of the shaft 

Stresses calculated for dangerous locations on the shaft as shown in Fig.34 are 

determined as follows. 

 

Stress in the location N1: 

 

Bending moment is determined: 

mmNxFM GBN  05,68011  (48)  

Torque is determined: 

mmNM KN  91900001  (49)  

 

Nominal normal stress: 

MPa
d

M BN
nomN 0

120

03232
33

1
1












  (50)  

Nominal shear stress: 

MPa
d

MKN
nomN 1,27

120

91900001616
33

1
1 












  (51)  
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Extreme normal stress: 

MPaNnomNexN 0111    (52)  

Extreme shear stress: 

MPaNnomNexN 1,467,11,27111    (53)  

where ατN1 – stress concentration torque factor, according to the  [25]  ατN1 = 1,7 

 

Reduced stress for extreme values: 

MPaexNexNdN 9,791,46303 222

1

2

11Re    (54)  

 

 

Stress in the location N2: 

 

Bending moment is determined: 

mmNxFM AYBN  48012905,4221136422  (55)  

Torque is determined: 

mmNMKN  91900002  (56)  

 

Nominal normal stress: 

MPa
d

MBN
nomN 25

125

48012903232
33

2
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  (57)  

Nominal shear stress: 

MPa
d

MKN
nomN 98,23

125

91900001616
33

2
2 












  (58)  

 

Extreme normal stress: 

MPaNnomNexN 5,479,125222    (59)  

where ασN2 – stress concentration bend factor, according to the  [25]  ασN2 = 1,9  

Extreme shear stress: 

MPaNnomNexN 9,2925,198,23222    (60)  

where ατN2 – stress concentration torque factor, according to the  [25]  ατN2 = 1,25 

 

Reduced stress for extreme values: 

MPaexNexNdN 3,709,2935,473 222

2

2

22Re    (61)  
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Stress in the location N3: 

 

Bending moment is determined: 

mmNxFM BYBN  6269026,55,4891280733  (62)  

Torque is determined: 

mmNMKN  03  (63)  

 

Torque from gearbox is used to turn the paddles and in the subjected location is almost 

equal to zero. Thus it is neglected.  

 

 

Fig.35 Torque load along the shaft 

 

 

Nominal normal stress: 
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  (64)  

Nominal shear stress: 

MPa
d

MKN
nomN 0

125

01616
33

3
3 












  (65)  

 

Extreme normal stress: 

MPaNnomNexN 2,629,17,32333    (66)  

where αaN3 – stress concentration bend factor, according to the  [25]  αaN3 = 1,9 

Extreme shear stress: 

MPaNnomNexN 025,10333    (67)  

where ατN3 – stress concentration torque factor, according to the  [25]  ατN3 = 1,25 

 

Reduced stress for extreme values: 

MPaexNexNdN 2.62032,623 222

3

2

33Re    (68)  
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With respect to the previous calculations, we can determine the location with the 

largest stress. This location will be processed for further fatigue life calculation. 

 

3Re2Re1Re dNdNdN    (69)  

 

 

According to the resulting internal effects shown in Fig.33 and Fig. 35, only torque 

loading occurs in this critical location. Torsional stress caused by torque can be specified as 

with constant mean value of τm as shown in Fig.36. Normal stress is not present in this 

location. With respect to the relation (51) parameter value is. 

 

Torsional stress mean value: 

MPanomNm 1,271   (70)  

 

When designing a shaft, both static and cyclic loading must be considered. In case of 

static loading, shaft does not rotate and the torque is not applied. The safety is considered to 

the limit state of elasticity. In the case of cyclic loading, safety is considered to the limit state 

of fatigue violation.  

 

 

Fig.36 Combined loading of torque and bend [24] 

 

Fig.36 describes combine loading. Normal stress which occurs in locations N2 and N3 

caused by bending is symmetrically cyclic with the zero mean value and with amplitude σa 

which is according to the relations (57) and (64) for each location different. 
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5.6.4 Safety with Regards to the Unlimited Life 

 

As mentioned before, only torque loading occurs in critical location. This simplifies 

the calculation of safety for torque. Values required for the calculation are extreme shear 

stress for location N1, calculated by relation number (53) and yield strength in shear which is 

a material characteristic and it can be found in Tab.3. Their values are τexN1 = 46,1 MPa       

Res = 180 MPa. Safety with respect to the torque can be calculated as: 

 

9,3
1.46

180

1


exN

esR
k




 (71)  

 

As the critical location is not subjected to combined loading, the overall safety factor 

is equal to the calculated safety factor for the torque. Calculated value means that the shaft is 

suitable for the particular application. 

  

 

5.6.5 Shaft and Finite Element Method 

 

Autodesk Inventor system provides an environment for stress analysis which allows 

medium difficult static and modal analysis. For the shaft control, static analysis is chosen. 

One end of the shaft is connected to the gearbox and loaded with torque. To prevent stresses 

and forces, which are not insignificant from acting on the gearbox, spherical roller bearing is 

fitted. Along the shaft, there is a location where paddle assemblies are mounted. The shaft is 

loaded with gravitational force which is caused by the weight of paddles and the weight of the 

shaft itself. This is in the simulation realized using gravity load. Second end is fitted by 

another spherical bearing, which is capable of carrying axial loading, which is caused by the 

resistance of the mixture when being pushed towards the mixer end. To simulate real 

behaviour of the shaft and critical situations which may occur, different constraints needs to 

be used. 

 

5.6.5.1 Boundary Conditions 

 

Boundary conditions are set with the aim to simulate situation when the paddles get 

stuck in the mixture. In such a state, counteracting moment created by paddles acts against the 

gearbox moment only from the location where the paddles are mounted as shown in Fig.35. In 

the simulation such constraints are set, that the maximum counteracting moment acts from the 
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location of the last paddle. This is an appropriate approximation, as the criteria are tightened 

up. A pin constraint, which eliminates axial and radial directions was set for bearing on the 

gearbox end. With options that are provided, fixed constraint is set for the location of the last 

paddle. This setting is used to compute maximum Von Mises Stress. When computing 

maximum displacement, this constraint is removed, and pin constraint is used for second 

bearing instead. Loading of the shaft was applied with respect to the chapter 5.6.1 and is 

shown in Fig.37. 

 

Fig.37 Loads applied in the stress analysis environment 

5.6.5.2 Mesh 

 

Default mesh setting was used for the shaft except for the locations where maximum 

values were expected. The local mesh control tool was used to define more precise meshing in 

these places. Meshing of the shaft is shown in Fig.38 

 

 

Fig.38 Local mesh applied in critical locations 
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5.6.5.3 Finite Elements Method Results 

 

Stresses in critical locations, maximum displacement and safety factor are the 

evaluated results that we are interested in. They are displayed in figures bellow. 

Maximal stress occurred in expected location, what is supported also by analytical 

solution of critical locations. Value for this location is σVMSN1 = 75,9 MPa as shown in Fig.39. 

This is caused by extreme shear stress calculated by relation (53) which is present as a result 

of the shaft geometry. Step change of the diameter is present due to shrink disc mounting. 

 

 

Fig.39 Maximum Von Misses Stress for location N1 equal to σVMSN1 =75,9 MPa 

 

 

Fig.40 Von Misses Stress for location N2 with value σVMSN2 = 60,9 MPa 



68 

 

Maximal displacement occurred in the middle of the shaft. This is in compliance with 

maximal bending moment, shown in Fig.33. In the figures bellow, bend and torque 

displacement contributions can be seen. Displayed displacement is not real, but adjusted so 

that it can be recognized better. Value of maximal displacement of the shaft element is                

dDISP = 2,74 mm. Minimal safety occurred in the critical location computed as k = 3,8. 

 

Fig.41 Side view and location of maximal displacement of dDISP = 2,74 mm 

 

Fig.42 Front view, both figures adjusted for better displacement recognition  

 

 

Fig.43 Minimal safety in the critical location equal to k = 3,8 
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5.7 Bearing Design and Control Calculation 

 

Based on good experience with SKF manufacturer, bearings are chosen from their 

product range. Spherical roller bearings with two rows of rollers are chosen with respect to 

the proposed shaft design and the loading type. These are inherently self-aligning and very 

robust, dedicated for heavy duty service. Bearing chosen according to the SKF product 

catalogue [26] is Spherical roller bearing 22228 CCK/W33 with an adapter sleeve H 3128. 

Parameters of the proposed bearing are in Tab.6. 

 

DESCRIPTION VALUE   UNIT 

Bearing inside diameter 125 d1 [mm] 

Bearing outside diameter 250 D [mm] 

Bearing width 68 B [mm] 

Basic dynamic load rating 710000 Cr [N] 

Basic static load rating 900000 Co[N] 

 

Tab.6 Basic dimensions and load ratings [26] 

 

 

The same type of bearing is used for both shaft ends. Bearing diagram with important 

dimension factors is shown in Fig.43. 

 

Fig.43 Spherical roller bearing [26] 
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Plummer block is a bearing housing which is a component between the bearing and 

the fixed frame. Mixer inlet end is to be equipped with locating plummer block. When a 

spherical roller bearing is used to locate the shaft axially, one or two locating rings are 

required. Gearbox end is to be equipped with non-locating one. There is no difference in 

bearing or the plummer block, but the locating ring is not used. The bearing seat is 

sufficiently wide to accommodate axial displacement. Plummer block is chosen from SKF 

product catalogue [26] with respect to the proposed bearing. Basic dimensions for model 

number H 3128 are shown in tab.7. 

LABEL VALUE [mm] LABEL VALUE [mm] 

dA 125 J 420 

A 205 L 500 

A1 150 N 42 

H 302 N1 35 

H1 150 G 30 

H2 50     

 

Tab.7 Basic plummer block dimensions [26] 

 

 

Fig.44 Plummer block H 3128 [26] 
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revolutions 

Control calculation is elaborated only for the locating bearing, which carries axial load 

created by the resistance of the material when being pushed towards the mixer outlet. Radial 

force acting in this bearing is also higher than the one acting in the other bearing, as 

determined in chapter 5.6.1. Calculation for the locating bearing is therefore determining 

factor. The basic rating life of a bearing can be calculated according to the following relation. 

 

lp
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 (72)  

 

where  L10 [10
6
 rev.] - basic rating life at 90 %  reliability 

  CR [N]  - basic dynamic loading 

  PL [N]  - equivalent dynamic bearing load 

  pl [-]  - exponent of the life equation 

 

The value of exponent of life equation for roller bearings is p = 10/3. Equivalent 

dynamic bearing load can be determined according to the relation. 

 

NFYFXP BXBY 86580,69200009,31280767,0   (73)  

 

where  FBY [N] - radial loading force 

  FBX [N] - axial loading force 

  X [-] - radial loading factor 

  Y [-] - axial loading factor 

 

Forces acting on the bearing were calculated in the chapter 5.6.1. Radial and axial 

loading factors are specific for each bearing. According to the SKF catalogue [26] for the 

particular selected bearing their values are X = 0,67 and Y = 3,9. According to the Tab.6 

specific bearing basic dynamic loading is CR = 71 000 N. Thus the basic rating life of bearing 

is calculated as. 

6
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10 101112
7,86580

710000
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L  (74)  

 

Calculated bearing life proves that the bearing is acceptable and thus it can be used in 

proposed design. 
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6 Resistant Materials 

Materials chosen for the parts, which come into contact with the mixture must fulfil 

certain properties. The most important ones are heat and corrosive resistance. 

 

6.1 Ni-Resist 

Ni-Resist is an austenitic alloy offering combination of properties, which are very 

suitable for the particular application. It withstands the effects of corrosion, heat and wear. 

Due to the corrosion resistance, it is specified for handling acids, salt solutions, alkalies and 

many others. It provides combination of corrosion-erosion resistance which is superior for 

particular environment. Wear resistance due to the galling is excellent, what is required 

property due to the fact that processing of the slurry is the case. It can be used in 

environments where the temperature reaches over 700 degrees of Celsius. Therefore it is a 

suitable material to be used for mixer paddles. [27] 

 

6.2 Carbon Containing Material 

Lining of the mixer is to be realized by using carbon bricks. These are to be connected 

to the mixer body by acid resistant mortar. Carbon bricks are commonly used in applications, 

where necessary to prevent acid from contacting and damaging non-resistant materials. They 

are made of high grade carbon containing materials and acid proof organic compound. Carbon 

bricks withstand high operational temperatures and provide high abrasion resistance. 

Therefore it is a suitable material for mixer lining. [28] 

 

6.3 Stainless Steel 316 

It is an austenitic chromium nickel stainless steel containing molybdenum. This 

addition increases corrosion resistance particularly against sulphuric, hydrochloric, acetic, 

tartaric acids, acid sulphates and alkaline chlorides. This stainless steel has a very good 

welding characteristic and proves good heat resistance. Mixer roof top rail and middle section 

doors are to be manufactured from this stainless steel. [29] 
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7 Design Overview 

Proposed mixer design is briefly described in the following chapter. It is accompanied 

by figures rendered in Autodesk Inventor software. 

 

 

7.1 Mixer Frame 

Mixer frame consists of bottom part which is to be fully welded construction. Standard 

channel BSI 229x76x26 is to be used for this section. The frame further consists of two 

bearing stools where the right one serves only to support the bearing plummer block, while 

the other one supports also the motor with gearbox. This is provided by the reaction bar, as it 

can be seen in Fig.45. Bearing stools are fully welded constructions which are connected to 

the frame by bolts. The frame is to be connected to the top side of the Broadfield Den by 

bolts. 

 

 

 

Fig.45 Mixer body support frame with bearing stools 
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7.2 Mixer Body 

Mixer body is to be fully welded construction. Ten millimetres thick sheet metal is to 

be used for the mixer body. It is to be connected to the frame by bolts. Mixer outlet end is to 

be equipped with two inspection scuttles. Inlet is wider to provide proper mixing function. 

Both mixer end sides are to be cut out for easy shaft maintainability. Mixer edges are 

strengthened by supporting angle braces, which are fully welded to the construction, as it can 

be seen in Fig.46. Top side of the mixer is equipped by pins to support mixer roof panels. 

 

 

Fig.46 Mixer body and detail view of the scuttle and triangle blocks 
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7.3 Mixer Lining 

Due to corrosiveness of the mixture components, mixer body needs to be lined with 

acid resistant carbon bricks which are located along the working length of the mixer. These 

are to be connected to the mixer body by acid resistant mortar. Split end of the mixer inlet 

side must be lined separately to provide disassemble ability, as it can be seen in Fig.47. 

 

 

 

 

 

Fig.47 Acid resistant bricks used as the lining of the mixer 
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7.4 Mixer Shaft 

Mixer shaft is to be manufactured from the steel 11 600. The non-driven end is to be 

equipped by the hub with holes. These are for the bar which is to be used for the manual 

operation of the shaft when maintaining the paddles. Connection between the hub and shaft is 

secured by key connection. Mixer shaft was closely described in the chapter 5.6.  

 

 

 

 

Fig.48 Mixer shaft with the hub for manual operation 

 

 

 

 

Both shaft ends are equipped by glands to provide optimal lubrication and isolation of 

the content of the mixer from outside environment, as it can be seen in Fig.49. 

 

 

 

Fig.49 Mixer shaft with glands mounted on both sides 
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7.5 Mixer Paddle Assembly 

Mixer paddle assembly consists of two paddle clamps and two paddles. These are 

mounted on the shaft using hydurax bolts. Paddles are to be made from Ni-Resist which is 

commonly used material for applications with corrosive environment. Tight fit of the bolts 

and nuts is to be secured by locking plate, as it can be seen in Fig.50. 

 

 

Fig.50 Paddle assembly consisting of two clamps and two paddles 

Mixing process can be adjusted by various combinations setting of the mixer paddles. 

Most of the paddles mounted on the shaft are advancers. This means that they advance the 

mixture towards mixer outlet. If the paddles are mounted the other way, they become 

retarders. They are backing the material, providing higher residence time and more turbulent 

environment in the mixer. This has direct effect on the quality of the mixing process. 

 

Fig.51 Mixer shaft with advancing and retarding paddle assemblies 
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Fig.52 displays the rotor of the mixer located in the bearings which were specified in 

the chapter 5.7. Paddle assemblies are already mounted on the shaft. 

 

 

 

 

Fig.52 Shaft with paddle assemblies mounted on, located in the bearings 
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Motor and gearbox, which were specified in the chapter 5.5, are mounted on, as it can 

be seen in Fig.53. Gearbox is connected to the frame by reaction bar which is fully welded to 

the bearing stool. Both end sides are already fitted in. 

 

 

Fig.53 End sides, motor and gearbox mounted to the mixer 
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7.6 Mixer Roof 

As it was mentioned before, gases evaporate during the chemical reaction in the mixer. 

The mixer is under strong suction to provide optimal reaction conditions and to withdraw 

created gases. Therefore it must be closed and for this purpose the mixer roof is designed 

Fig.54.  Inlet end is equipped by inspection doors and an opening for feed materials. Middle 

section is covered by stainless steel doors which can be easily dismounted. Inlet and discharge 

roof is connected to the mixer by bolts, the middle section doors are connected by the pins. 

 

 

 

Fig.54 Mixer roof with middle section doors off and on 
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7.7 Mixer Unit 

Opening in the mixer inlet roof is prepared for pre-mixer. Weight of the complete 

mixer, calculated by Autodesk Inventor is ten tons and two hundred kilograms. 

 

 

 

 

 

Fig.55 Mixer assembly with roof fitted on 
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Fig.56 Mixer assembly with the roof lifted by one meter 
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Fig.57 Perspective view into inside of the mixer 
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8 Conclusion 

The aim of the thesis was to design a mixer unit for Bradley Pulverizer Company with 

respect to all the assigned requirements. These were mainly higher throughput of the device, 

easy maintainability and the design corresponding to the smaller mixer unit solution.  

First part of the thesis is an overview of the fertilizer manufacture background 

research. Mixer unit is a mixing chemical reactor which is dependent on the devices placed in 

the process line before. The most important devices are described separately, highlighting 

their influence on the mixing process. It is emphasized that the essential factors affecting 

mixing process and chemical reaction dynamics are particle size by means of surface area, 

concentration of the sulphuric acid and physical conditions during the reaction and the mixing 

process. Theoretical part ends by mixing possibilities overview, heading to the desired mixer 

type. Finally it is sustained why the continuous paddle mixer type is more than suitable for 

nowadays fertilizer manufacture requirements.  

Mixer unit for particular industrial field is not very common, unlike other ordinary 

mixer solutions. Therefore it is not possible to proceed by using counter gears for specific 

problem issue. Following part consists of calculations which are supporting proposed design. 

These are inspired mostly by the theory of transport machines. In the case of screw conveyor, 

its screw can be represented by the paddles. These calculations combined with the Bradley's 

proven smaller mixer design were starting point for the new design. After the mixer 

parameters had been determined, mechanical design calculations were done. Special care was 

taken for the mixer shaft. As it is the most stressed part in the mixer, analytical stress 

calculations for the shaft's critical locations were determined. Shaft geometry determines three 

critical locations therefore three extreme stress values were calculated. Safety condition was 

verified for the location with the highest stress occurrence. Three-dimensional model of the 

shaft was implemented to the Autodesk Inventor stress analysis environment (FEM method is 

used for the numerical solution). Loading of the shaft was set in the same way, as it was in the 

case of analytical calculations. Computed results were almost the same as the analytical ones, 

where the differences between both approaches did not exceed value of 5 %. This difference 

can be explained by using different extreme stress values which are dependent on the bend 

and torque notch factors. Considering the good experience with Rossi gearbox and motor 

company, driving unit was selected from their product range. It consists of the helical bevel 

right angle gearbox, 4-pole electromotor with 26 kW power and of shrink disc, which secures 

the connection between the gearbox and the shaft. Proposed bearings were checked by the life 

calculation, whether they are in compliance with the required operation mode. As the internal 

parts inside of the mixer work in corrosive environment, the proper materials with certain 

properties are proposed and briefly described. 
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Proposed design solution is described step by step in the last part of the thesis. Figures 

rendered from the 3D model are presented for the illustrational purpose. Two-dimensional 

documentation based on the 3D model, is created and attached to the thesis in electronic 

version. 
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12 List of Symbols 

 

TSP   - Triple Super Phosphate 

SSP   - Single Super Phosphate 

52OP    - Pentoxide 

345 )(POFCa   - Fluorapatite 

42SOH   - Sulphuric acid 

43POH   - Phosphoric acid 

4CaSO   - Calcium sulphate 

HF    - Hydrogen fluoride 

242 )( POHCa   - Mono calcium phosphate 

4SiF    - Silicon tetrafluoride  

62SiFH   - Hexafluorosilicic acid 

2SiO    - Silicon dioxide 

 

ρ MIXTURE  [kg.m
-3

]  - mixture density 

QM                 [kg.h
-1  

]  - mass performance 

QV                   [m
3
.h

-1 
]  - volume performance 

DMIN     [m]      - minimal paddle diameter 

s            [m]      - lead 

ψ           [ - ]     - feeding factor 

n           [s
-1

]      - speed of rotation 

cH            [ - ]      - incline factor 

ReSV  [-]  - Reynolds number for stirred vessel 

μ  [Pa.s]   - dynamic viscosity of the slurry 

μS  [Pa.s]   - dynamic viscosity of the slurry 

μR  [-]   - relative viscosity 

μL  [Pa.s]   - dynamic viscosity of the liquid 

ϕ  [-]  - volumetric fraction of solid particles 

MS  [kg]  - mass or mass flow of solids in the sample or stream 

MSL  [kg]  - mass or mass flow of slurry in the sample or stream  

vA  [m.s
-1

]  - axial flow speed 

kV  [-]  - return of the mixture factor 
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kP  [-]  - interruption of the helix factor 

vP  [m.s
-1

]  - peripheral speed of the point on paddle outside radius 

a  []  - lead angle 

β  []  - angle of paddle inclined from the shaft axis  

d  []  - angle of paddle inclined from the helix 

w  [m]  - width of the paddle 

z  [-]  - number of paddles for one lead  

PN  [-]  - number of paddle sets 

LW  [m]  - working length 

tR  [s]  - residence time 

SR  [m
2
]  - real cross-sectional surface 

SRF   [m
2
]  - real surface with considered filing 

kF  [-]  - filling factor  

Dr  [m]  - kneading chamber diameter 

DP  [m]  - paddle diameter 

vPR  [m.s
-1

]  - recalculated peripheral speed 

kPR  [-]  - recalculated interruption of the helix factor 

zL  [-]  - number of paddles for one lead  

vAR  [m.s
-1

]  - recalculated material axial flow speed 

QVR  [m
3
.hour

-1 
] - recalculated volume performance 

QMR  [kg.h
-1

] - recalculated mass performance 

MK1P  [N.m]  - torque needed to turn one paddle  

kR  [N.m
-2

] - specific coefficient of resistance 

wa  [m]  - approximated paddle width 

β  []   - angle of paddle inclined from the shaft axis 

r1  [m]  - inside paddle radius 

r2  [m]  - outside paddle radius 

MKP  [N.m]  - torque needed to turn all the mixer paddles 

PP  [-]  - number of paddles 

PS  [W]  - power input needed to turn the shaft with paddles 

PM  [W]  - power needed for backing movement of the mass 

ω  [rad.s
-1

] - angular velocity 

ε  [-]  - general resistance factor 

g  [m.s
-2

]  - gravitational acceleration 

MBM  [N.m]  - torque needed for backing movement of the mass 

MK  [N.m]  - torque needed on the output of the gear reducer 

P  [W]  - minimal required motor power input 
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ηG  [-]  - gearbox efficiency 

vG  [m.s
-1

]  - real peripheral speed  

n2G        [s
-1

]     - gearbox output speed  

vAG  [m.s
-1

]  - real material axial flow speed 

Rm  [MPa]  - ultimate tensile strength 

Re  [MPa]  - yield strength in tension 

Res  [MPa]  - yield strength in shear 

σCo  [MPa]  - fatigue limit - bending 

σC  [MPa]  - fatigue limit - tension - pressure 

τCk  [MPa]  - fatigue limit - torsion 

FR  [N]  - radial loading force 

ρNi  [kg.m
-3

] - Ni-Resist density 

VPS  [m
3
]  - one paddle set volume 

FA  [N]  - axial loading force 

MKG  [N.m
-1

] - gearbox output torque 

RS  [m]  - efficient radius of helix 

s  [-]  - number of degrees of static indeterminacy 

μ  [-]  - number of unknown independent parameters 

ν  [-]  - number of applicable conditions of static equilibrium 

FAY  [N]  - support A reaction force 

FBY  [N]  - support B reaction force in the Y axis 

FBX  [N]  - support B reaction force in the X axis 

MBN1  [N.m]  - bending moment for the location N1 

MKN1  [N.m]  - torque for the location N1 

σnomN1  [MPa]  - nominal normal stress for the location N1 

τnomN1  [MPa]  - nominal shear stress for the location N1 

σexN1  [MPa]  - extreme normal stress for the location N1 

τexN1  [MPa]  - extreme shear stress for the location N1 

aτN1  [-]  - stress concentration troque factor for the location N1 

σRedN1  [MPa]  - reduced stress for the location N1 

MBN2  [N.m]  - bending moment for the location N2 

MKN2  [N.m]  - torque for the location N2 

σnomN2  [MPa]  - nominal normal stress for the location N2 

τnomN2  [MPa]  - nominal shear stress for the location N2 

σexN2  [MPa]  - extreme normal stress for the location N2 

τexN2  [MPa]  - extreme shear stress for the location N2 

aσN2  [-]  - stress concentration bend factor for the location N2 
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aτN2  [-]  - stress concentration torque factor for the location N2 

σRedN2  [MPa]  - reduced stress for the location N2 

MBN3  [N.m]  - bending moment for the location N3 

MKN3  [N.m]  - torque for the location N3 

σnomN3  [MPa]  - nominal normal stress for the location N3 

τnomN3  [MPa]  - nominal shear stress for the location N3 

σexN3  [MPa]  - extreme normal stress for the location N3 

τexN3  [MPa]  - extreme shear stress for the location N3 

aτN3  [-]  - stress concentration troque factor for the location N3 

σRedN3  [MPa]  - reduced stress for the location N3 

τm  [MPa]  - torsional stress mean value 

kτ  [-]  - safety factor with respect to the torque 

σVMSN1  [MPa]  - Von Mises Stress for the location N1 

σVMSN2  [MPa]  - Von Mises Stress for the location N2 

dDISP  [mm]  - displacement 

k  [-]  - computed safety 

L10  [10
6
 rev.] - basic rating life at 90 %  reliability 

CR  [N]  - basic dynamic loading 

PL  [N]  - equivalent dynamic bearing load 

pl  [-]  - exponent of the life equation 

X  [-]  - radial loading factor 

Y  [-]  - axial loading factor 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


