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Woord vooraf 
 

Aan CFD-modellering werd gedurende de opleiding bio-ingenieur helaas nooit aandacht besteed. 

Ondanks de enorme toepassingen en gebruik van deze techniek in de industrie. De interesse voor de 

techniek kwam er doordat ik er tijdens mijn bachelorproef reeds vluchtig in aanraking mee kwam. Na 

wat verdere opzoekingen ontdekte ik wat allemaal mogelijk was met CFD. De keuze voor dit specifiek 

onderwerp werd snel gemaakt, zeker toen ik merkte dat schroefreactoren gebruikt werden voor de 

opwekking van groene energie. 

Graag wil ik daarom mijn promotoren Prof. Dr. Ir. Pieters en Prof. Dr. Ir. Ronsse bedanken om me de 

kans te geven hierop te werken. Ook wil ik hen bedanken voor hun adviezen en verbeteringen. 

Daarnaast wil ik ook Eddy Philips en Dieter Iemants bedanken voor de opbouw van de schroefreactor 

in het labo. 

Tot slot wil ik mijn ouders bedanken die ervoor gezorgd hebben dat ik deze studie heb kunnen 

aanvatten en me gedurende de hele opleiding gesteund hebben. 
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List of abbreviations 
 

CFD Computational fluid dynamics  

CSTR Continuous stirred-tank reactor  

DEM Discrete element method  

MRT Mean residence time  

rpm Revolutions per minute  

RTD Residence time distribution  

P/D Pitch to diameter ratio  

SCD Screw conveyor dryer  

SME Specific mechanical energy  

   

u Velocity field m/s 

p Pressure Pa 

A Pre-exponential factor 1/s 

E Activation energy J/mol 

Kc Biochar rate constant mol/(m³.s) 

Kl Bio-oil rate constant mol/(m³.s) 

Kg Gas rate constant mol/(m³.s) 

b 
Fraction of the effluent from CSTR 

into dead volume 
- 

d Fraction of the dead volume in 
CSTR 

- 

n Number of CSTRs - 

p Fraction of the plug flow - 

ω Angular velocity rad/s 

Soutlet Mixing quality - 

   Solid volume fraction - 

   Particle density kg/m³ 

   Particle diameter m 

   Radial distribution function - 

  Coefficient of restitution - 

  Granular temperature m²/s² 

   Solid pressure Pa 

  Angle of internal friction ° 

    Second invariant of the strain rate 
tensor 

1/s² 
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Literature review 

1. Introduction 
 

A screw reactor is a continuous reactor where the feed is transported and mixed by a screw (auger). 

Figure 1 shows the geometry of a screw reactor. Next to the geometry, the operational conditions 

have an influence on the process. For example the pitch to diameter ratio (P/D-ratio) and the 

rotational speed influence the mixing and the residence time of the material in the reactor. Because 

this type of reactor has some important advantages, it is used in a wide range of applications, namely 

conveying, drying, pyrolysis, etc. But for a maximum result of the used process, one has to know the 

exact behaviour of the screw reactor for different parameters. This is where the modelling comes 

into place, because it is faster and cheaper than experimenting. This literature review gives a list of 

possible modelling techniques, whether or not validated by experiments, that are used for the 

different applications of the screw reactor. 

 

 

Figure 1: Inside view of a screw reactor. 

 

2. Modelling 
 

Large-scale development and optimisation require mathematical modelling which, allowing 

quantitative representation of various phenomena, is a powerful tool for process design, prediction 

of reactor performances, understanding of pollutants evolution, analysis of process transients and 

examination of strategies for effective control (Diblasi, 2008). 

There are three different ways to model the behaviour of particles in a screw reactor.  Here, the basis 

of these methods is briefly explained.  
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2.1 Computational fluid dynamics (CFD) 

 

CFD is a branch of fluid mechanics that uses numerical methods and algorithms to solve and analyse 

problems that involve fluid flows. Computers are used to perform the calculations required to 

simulate the interaction of liquids and gases with surfaces defined by boundary conditions. In CFD 

the equations of continuity, momentum and energy are solved. These are mathematical statements 

of three fundamental physical principles. Namely, conservation of mass, conservation of energy and 

Newton's second law. 

 A new trend is that engineers are increasingly using it to analyse flow and performance in the design 

of new equipment and processes. CFD has a huge variety of applications: it is used in the automotive, 

aerospace, chemical, energy industry and so on. It allows a detailed analysis of the flow combined 

with mass and heat transfer. Because experiments are often expensive, time-consuming and 

impossible, "virtual prototyping" is now the standard method to develop new products, including 

reactors. With CFD it is possible to obtain detailed local information on the simulated system. It also 

provides the flexibility to change design parameters in no time. But its solutions are dependent on 

the correctness of the model (e.g. turbulence, compressibility, chemistry, multiphase flow). The CFD 

solution will only be as good as the initial/boundary conditions provided to the numerical model. 

Another limitation of CFD is the fact that numerical errors are introduced by solving equations on a 

computer. 

There are many commercial CFD programs available e.g. Fluent, CFX, Star-CD, FLOW-3D, Phoenics 

and COMSOL. First there is the pre-processing in which the model geometry is defined, the grid is 

generated, the physical laws governing the model are defined, the fluid properties are set, as well as 

the initial and boundary conditions. The second stage is the solving in which the appropriate solver 

has to be selected, and convergence requirements have to be set, etc. Finally, in the last stage, the 

results are analysed in the so-called post-processing.  

(Goswami, 2011) & (Andersson et al., 2012) 

 

2.2 Discrete element method (DEM) 
 

A second approach that can be applied for the modelling of screw reactors is the Discrete Element 

Method (DEM). DEM considers each particle in a granular assembly as a separate entity, which can 

interact with other particles or surfaces through collisions or lasting contacts. Collision detection and 

determination of the contact forces are major undertakings in any DEM model, as the simulation 

must keep track of the location and velocities of other particles and surfaces in reference to the 

particle of interest. As multiple contacts are possible with neighbouring particles at any instance in 

time, the sum of all forces acting on a particle must be determined for each time step. The resultant 

acceleration due to the sum of all forces (contact and body) acting on a particle is calculated from 

Newton’s Second Law of Motion. Integration of the acceleration allows the velocity and position for 

http://en.wikipedia.org/wiki/Fluid_mechanics
http://en.wikipedia.org/wiki/Numerical_methods
http://en.wikipedia.org/wiki/Algorithms
http://en.wikipedia.org/wiki/Boundary_conditions
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the next time step to be calculated. By this approach it is possible to model the dynamic behaviour of 

a granular flow in a complex 3-D geometry (Moysey & Thompson, 2005). 

This calculation method requires to deal with movement of all particles in a calculation domain, so it 

is difficult to treat a system which contains a large number of particles. But this limitation minimises 

under the continuing improvement in capacity of computers, and it is possible to treat more than a 

hundred thousand particles. DEM is applied to a wide range of powder operations (Tanida et al., 

1998). 

 

2.3 Residence time distribution (RTD)  
  

The residence time distribution (RTD) of a reactor is a probability distribution function that describes 

the time a particle could spend inside the reactor. The residence time distribution (RTD) function, 

introduced firstly by Danckwerts in 1953, is a useful tool to investigate the mixing performance and 

flow pattern in a reactor. The time a material spends inside a continuous reactor has an influence on 

the product quality, mixing performance and the chemical reaction extent. Moreover, RTD also 

facilitates the scale-up design of the equipment and the choice of the optimal process parameters (Bi 

& Jiang, 2009). 

The distribution of residence times is represented by an exit age distribution, E(t), and a cumulative 

residence time distribution function, F(t). The area under the curve of the graph of tracer 

concentration against time is normalised by dividing the concentration values by the total area under 

the curve, thus giving the E(t) values. 

 

      
     

         
 

 

  
     

          
 
 

  

 

where Ci(t) is tracer concentration appearing at the exit at time t. By integrating E(t), the cumulative 

residence time distribution function F(t) is obtained: 

 

           
 

 

  
             
 
 

          
 
 

 

 

(Waje et al., 2007) 

 

http://en.wikipedia.org/wiki/Chemical_reactor
http://en.wikipedia.org/wiki/Residence_time
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3. Applications 
 

A screw reactor is used for different applications. It is used for transport, drying, thermochemical 

reactions and extrusion. In this section, the method of modelling a screw reactor for each application 

is given. Also the effects of different operational conditions are explained. Next to theoretical 

findings, experimental results are given. 

 

3.1 Feeding 
 

Screw conveyors are used since ancient times. They are composed of a helical flight (screw), a driving 

shaft connected to a driving device, a casing being an U-trough or a pipe. The principle of conveying 

materials relies on the friction between materials and the rotating screw or the casing. The 

advantages of screw conveyors are compact design, low maintenance, and the ability to transport 

materials continuously and safely. On the other hand, some disadvantages are limited length, and 

inability to transport sticky and lumpy materials (Shimizu & Cundall, 2001). 

Screw feeders are volumetric devices. The volume delivered in a given time depends on the screw 

flight diameter and shaft diameter, pitch (distance between adjacent screw flights) and the degree of 

filling of the screw. In theory, the volumetric capacity is linearly proportional to the screw rotation 

speed. The frictional effects of the solids on the screw flights and adjacent casing, together with the 

configuration of the screw itself and material properties, determine the efficiency. The efficiency is 

defined as the volumetric flow divided by the flow if the pockets were completely full and particles 

travelled at the feeder speed without slip or rotation. Higher filling fraction and less slip in the screw 

feeder lead to higher efficiency. The efficiency decreases as the clearance between the discharge 

casing surface and screw flight tips is expanded. When used to feed biomass into reactors, especially 

pressurized reactors, the screw intends to compress the feedstock into a compact plug, which forms 

a barrier preventing backflow of gases and bed materials. The plug compression is usually aided by 

tapering the feed channel or gradually reducing the pitch of the screw as it nears the reactor. Other 

problems of screw feeders are lack of flow, blockage and feed rate fluctuations. Lack of flow is 

usually caused by a bridge or rathole in the hopper irrespective of proper function of the screw drive 

system. Blockage is commonly related to overload of materials, as well as to difficult particulate 

properties (e.g. large, dense particles with high-strength or cohesive particles) and improper hopper-

screw feeder alignment. Cyclic variations due to screw flight rotation, intermittent bridging in the 

hopper, solids build-up on the screw and blockage in the screw feeder, as well as under-powered 

drive, may all lead to feed rate fluctuations (Dai et al., 2012) & (Dai & Grace, 2008). 
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3.1.1 Modelling 

 

The performance of a screw conveyor is affected by the operating conditions, such as: the rotational 

speed of the screw; the inclination of the screw conveyor; and the volumetric degree of filling of the 

bulk material. Owen and Cleary (2009) examined how these operating conditions influence the 

performance of a screw conveyor by applying DEM to simulate a single-pitch screw conveyor with 

periodic boundary conditions. They found that the screw conveyor exhibited two principle types of 

flow patterns. The first flow type occurs at low angles and at low fill levels while the second flow type 

occurs at higher inclinations and at higher fill levels. 

For the horizontal screw conveyor (inclination 0°), at the 30% fill level avalanching of particles along 

the free surface of the heap is very strong with particles starting to flow from the screw surface at 

the top of the pile and just reaching the back of the next screw turn. For a 50% fill level the extent of 

avalanching is much reduced. At 70%, the heap on the front of the shaft almost fills the entire region 

between the leading face of the screw and the trailing face of the next turn of the screw. This leaves 

no free space for avalanching to occur. Figure 2 also shows that the speed of the particles in contact 

with the leading face of the screw increases with increasing fill level. This suggests that a shear layer 

develops near the leading screw face for the higher fill levels. Increasing fill level clearly changes the 

balance between the two basic flow patterns. As the free space available between the turns of the 

screw progressively declines, the recirculatory flow driven by surface avalanching weakens and the 

shearing swirling flow along the screw blade increases. They also explored the effect of particle 

shape and particle-particle and particle-boundary friction on transport performance in a screw 

conveyor. They found that increases in non-sphericity have negligible effect on the particle flow 

patterns. The particle velocities and their axial and tangential (swirl) components were invariant to 

changes of particle shape and particle–particle and particle–wall friction.  

(Owen & Cleary, 2009a) & (Owen & Cleary, 2009b) 

 

 

Figure 2: Effect of the degree of filling on the type of flow (Owen & Cleary, 2009). 

 

Screw feeders are used to remove material from hoppers and bins at a controlled rate. The evenness 

of the flow in the bin depends on the drawdown pattern, which in turn depends on the screw and 

hopper design, shape of the particles and wall friction effects. A key design requirement is to ensure 
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that a progressive increase in the screws volumetric capacity is achieved along the entire length of 

the hopper’s opening so as to produce even drawdown. If this is not achieved then compositional 

variations in the outgoing stream and other operational problems (such as caking) can be created. 

Fernandez et al. (2011) used DEM to predict particle transport in a horizontal screw feeder system 

for a range of conventional screw designs including a variable screw pitch, variable screw flight, 

outside diameters and variable core diameters. The influence of screw choice on the particle mass 

flow rate, the evenness of particle drawdown from the hopper, power consumption, screw wear and 

wall friction variations are all investigated. They first modelled a screw having a constant flight 

diameter, constant core and a constant pitch. It performed the poorest with no drawdown from the 

front 60% of the hopper and had the second highest power draw. A second type of screw, being the 

most complex design combining all three varying features; a tapered core, expanding pitch and 

tapered flight was modelled as well and was found to ensure more homogenous discharge of the 

feeding hopper, as one could see in figure 3. 

 

Figure 3: Effect of screw design on hopper drawdown (Fernandez et al., 2011). 

 

Tanida et al. (1998) investigated the effects of the degree of filling of particles and the screw pitch on 

the flow rate and the mixing rate. The degree of mixing was calculated as follows. First, the particles 

were divided into two classes A and B, according to the initial position in the cross section of the 

cylinder. Secondly, the numbers of particles A and B were counted in each cell at every time step. 

The degree of mixing (axial and radial) is defined by the following equation. 

 

   
          

 

   
 

With c the mean number fraction of particle A, ci the number fraction of particle A in each cell, σ the 

standard deviation of number fraction of particle A at the initial condition and N the total number of 

particles. 
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The ideal flow rate of particles is defined as the flow rate when the particles have the same axial 

velocity as the superficial axial motion of the screw. If no particles run over the shaft in the 

transverse direction, the particle flow rate exactly agrees with the ideal one. The flow rate of 

particles increases with increasing degree of filling in the range of the present conditions, but the 

tendency largely changes when it exceeds 50%. When the degree of filling is less than 50%, the flow 

rate of particles is nearly equal to the ideal one. On the other hand, when it exceeds 50%, the 

difference becomes large. This difference is caused by large numbers of particles which run over the 

shaft. Results revealed that there is an optimum rate coefficient of mixing around 50% of the degree 

of filling. In the range of small P/D the flow rate of particles obeys the ideal model, and proportional 

to P/D. The flow rate of particles takes a maximum value, and decreases with increasing P/D in the 

range of high P/D value. The rate coefficient of mixing increases rapidly with increasing P/D, in the 

range of small P/D. In the high P/D range the gradient of the increment becomes small.  

DEM has a very large computational load. Therefore, it is difficult to apply DEM to actual fine 

particles processes directly. In that case the technique may be applied for calculating larger particles 

than the original particles, i.e., a representative particle model (RPM) may be taken because the 

action of all the particles in a system is reproduced with a limited number of particles. By this RPM, 

even if it uses larger particles than original particles in a simulation, the transfer characteristic of 

particle movement can be simulated with sufficient accuracy (Kimata et al., 1979). 

 

3.2 Thermochemical reactions 
 

A screw reactor could also be used for thermochemical conversion reactions for biomass. 

Thermochemical conversion achieves the conversion of biomass into valuable products by means of 

applying heat and, optionally, elevated pressures. As most of the thermochemical conversion 

processes developed up to now, rely on the use of fluidized bed technology, the screw reactor can be 

considered as a competing, alternative process technology. As no fluidization gas is needed, a smaller 

reactor volume can be realised using a screw reactor, which has the potential to decrease capital 

costs. Mechanical wear is a potential problem with this type of reactor. Sustainable heat and power 

generation from biomass are at the centre of scientific and industrial interest owing to the increasing 

awareness about the continuous diminution in the availability of fossil fuels and the higher sensibility 

toward environment preservation from pollutants generated by conventional energetic systems. 

Thermochemical reactions starts with the thermochemical decomposition of biomass at elevated 

temperatures (and pressure) followed by chemical conversion of the primary decomposition 

products, whether  or not promoted by the presence of catalysts (Prins & Ronsse, 2012). They 

include four main processes (in order of increasing temperature): direct liquefaction, pyrolysis, 

gasification and combustion.  

Direct liquefaction is a mild temperature, high pressure conversion process (around 300°C and up to 

240 bar, respectively) with the primary goal of producing a liquid product. Liquefaction is often a 

catalytic process, and requires that the feedstock material must be slurried in an aqueous solution, 
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usually with water as the solvent. Because of this requirement, liquefaction may be well suited for 

resources that naturally have particularly high moisture contents, such as animal manure.  

Pyrolysis is the thermal decomposition of organic matter without oxygen present. Upon heating, 

moisture is first driven off from the material, and then pyrolysis reactions occur before any remaining 

thermal process occur. Depending on the conditions, varying amounts of solid, liquid and gas will be 

produced. Pyrolysis occurs over a range of temperatures from 400°C – 600°C, and usually at 

atmospheric pressure. Fast pyrolysis is marked by high heating rates, short vapour residence times 

(seconds) and rapid cooling of the reaction products, which favours maximum formation of liquids 

around 500°C. Slow pyrolysis, alternatively, is marked by slower heating rates, longer vapour 

residence times (minutes), and high yields of solid char material. Slow pyrolysis, also known as 

conventional pyrolysis, has basically been applied for many years as a carbonisation type process for 

converting wood into charcoal. A benefit of direct liquefaction and pyrolysis over gasification and 

combustion is the ability to produce a liquid product, which can be more readily stored and 

transported compared to gaseous fuels. This implies that bio-oil can be produced in a separate 

location from the end-use application, and this “distributed processing” scheme may be 

advantageous as biomass transportation costs can be minimised for small scale regional facilities. 

Gasification is an endothermic process occurring around process temperatures of 750°C – 1000°C to 

produce primarily a combustible fuel gas commonly referred to as syngas. The heat required for 

gasification is often provided by partially oxidising a portion of the feedstock material. Syngas can be 

combusted for heat and power applications, or upgraded into transportation fuels and chemicals 

using the Fischer-Tropsch process or other techniques. 

Combustion is the highest temperature thermochemical conversion process (in excess of 1500°C), 

and it is well understood and commonly used in many industries. With stochiometric or excess air 

present to fully oxidise the feedstock fuel, combustion produces heat with water and CO2 as 

byproducts. Heat from combustion is used for various processes, including steam production and 

electricity generation. 

(Brown, 2009) 

 

3.2.1 Pyrolysis in auger or screw reactors 

 

There is a long history of augers being used to mechanically convey and mix materials in a reaction 

vessel, beginning as far back as the 1920s with coal as a feedstock. In 1927 Laucks saw clogging 

problems on the slow pyrolysis auger reactor. Modifications to the geometry of the screw, as well as 

the feed direction did not remedy the problems. Eventually it was determined that the reactor wall 

was at a much higher temperature than the screw surface, so the coal adhered to the screw during 

the reaction. Design modifications included heating the hollow shaft of the screw, which allowed 

scaling up. The Lurgi-Ruhrgas (LR) process was developed in the 1950s to upgrade various 

carbonaceous feedstocks. Developed in Germany to produce town gas from oil shale, the LR reactor 

is sometime referred to as a “sand cracker” because sand was used as a heat carrier to decompose 
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(or crack) feedstock materials into higher value products such as fuel gases and hydrocarbon liquids. 

A more common heat carrier material used in the process were coke particles. The reactor in this 

system is also referred to as a “mixer-reactor”, as intermeshing screws are used to quickly combine 

the feedstock and the heat carrier material. The single screw design is the most simple and least 

expensive, but is prone to deposit formation, likely similar to that described by Laucks. The twin-

screw extruder type system is the least prone to forming carbon build-up as the screws are fully 

meshing; however this results in the highest cost. Therefore, Camp (1990) recommends a twin screw 

pyrolyser to help free the char deposits that may form, as well as aid in mixing and heat transfer 

within the system (Brown, 2009). 

Biomass has also been processed in screw reactors. Commercialisation efforts related to the auger 

reactor for biomass fast pyrolysis can be dated to the early 2000s. Renewable Oil International, ROI 

(Florence, AL) was formed in 2001 by Phillip Badger who described the concept of having small scale 

bio-oil plants to supply bio-oil to multiple end-users, or multiple plants supplying bio-oil to one end-

user. ROI developed a 5 ton per day auger reactor system for use on a poultry farm to convert animal 

wastes to bio-oil, which is used for on-farm heating purposes. Ingram et al. (2008) published data on 

bio-oil produced from oak and pine samples at 1kg/hr. The one meter single auger reactor was 

externally heated in four separate zones, and no heat carrier was mixed with the biomass feed. The 

four heated zones were marked by an isothermal temperature and, respectively: a “pre-heat” section 

(130°C, 10 cm), an initial pyrolysis zone (400°C - 450°C, 25 cm), a secondary pyrolysis zone (100°C less 

than the previous section, 20.3 cm), and a cooling zone (300°C, 20 cm). The final 8 cm was left 

unheated. The auger had a diameter of 8 cm, and a pitch equal to the diameter (standard flight 

construction). The rotational speed was said to be highly changeable, but 12 revolutions per minute 

(rpm) was used for this study. The authors note that the system operation has lower heat transfer 

rates and longer vapour residence times than prescribed for traditional fast pyrolysis, but that these 

characteristics are not inherent to the ROI design or the auger design in general. Though not 

described explicitly, the inclusion of a heat carrier is what provides the increased heat transfer in the 

ROI design. As such, the authors stated that this system is a first generation design and a second 

generation system is under development. It is assumed that the new system will include the 

capability of adding heat carrier material into the reactor. The bio-oil yields were relatively low for 

fast pyrolysis of wood biomass (44%-wt. - 56%-wt.), which can be attributed to the low heat transfer 

rates (Ingram et al., 2008). 

Though indirectly heated auger reactors are in early commercial use for mild thermal treatments, the 

use of a heat carrier will be mandatory for commercial-scale auger reactors to provide the high heat 

transfer rates required for fast pyrolysis (Brown & Brown, 2012). 

 

3.2.2 Effect of operational parameters 

 

Brown (2012) did some experiments on four factors which influence the pyrolysis process: 

temperature of the heat carrier at the reactor inlet, total volumetric flow rate of nitrogen sweep gas, 

rotational speed of screws in the auger reactor, and mass flow rate of the heat carrier. The 
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temperature and flow rate of the heat carrier were selected because of their influence on the 

pyrolysis reactions and heat transfer rates, which are important factors for maximising liquid yield. 

Thermodynamic calculations indicated that heat carrier mass flow rates should be 15–20 times larger 

than the biomass mass flow rate, which is in accordance with reported performance of the 

Forschungszentrum Karlsruhe (FZK) twin screw reactor and operation of circulating fluidized beds. 

Nitrogen gas flow rate was also selected as a factor to investigate because of its influence on vapour 

residence time, which is known to be positively correlated with decreasing char yields. Finally, auger 

speed was selected as a factor because it is important for achieving well mixed particles. 

In general and with all conditions considered simultaneously, the regression model for bio-oil yield 

suggested that within the range of levels tested, the yield was maximised at the highest sweep gas 

flow rate tested (3.5 sL/min), the highest auger speed tested (63 rpm), a heat carrier inlet 

temperature of approximately 600 °C (which is near the top range tested) and a heat carrier mass 

flow rate of 18 kg/h (18 times higher than the biomass flow rate). A heat carrier-to-biomass ratio 

greater than 18 (mass basis) did not appear to increase bio-oil yields, potentially because the excess 

heat contributed to undesired secondary reactions that serve to crack pyrolysis vapours into 

secondary charcoal or non-condensable gases. The nitrogen effect is simple to explain: bio-oil yield 

increases with increasing nitrogen flow rate. This was an expected result as the vapour residence 

time is decreased for increasing sweep gas flow rate, providing less time for secondary reactions to 

convert the organic fraction into char and gas. In general, the bio-oil yield increased with increasing 

mass flow rate of the heat carrier. This may be explained by the increased heat transfer effects 

associated when more heat carrier is present.  

Yield models also revealed a novel interaction effect between heat carrier temperature and auger 

speed. Above 525–550 °C, increasing auger speed increased bio-oil yield while decreasing char yields. 

This helps explain why auger reactors without heat carrier use low auger speeds. Using heat carrier 

assures rapid heat transfer to biomass whereas reactors with heated shells must use low auger 

speeds to assure sufficient time for biomass to reach pyrolysis temperatures (Brown & Brown, 2012). 

 

3.2.3 Fast pyrolysis kinetics 

 

As the fast pyrolysis process occurs in a few seconds or less, heat transfer and mass transfer effects 

as well as reaction kinetics are all important phenomena. Di Blasi (2007)  discussed several different 

kinetic models in separate reviews of biomass pyrolysis. Chemical kinetics were discussed in relation 

to primary reactions, described by one- and multi-component (or one- and multi-stage) mechanisms, 

and secondary reactions of tar cracking and polymerization. The kinetic models make use of an 

Arrhenius dependence on temperature, thus introducing the parameters activation energy (E) and 

pre-exponential factor (A), and a linear or powerlaw dependence on the component mass fraction, 

which may lead to additional parameters (the exponents). A simple example of a chemical reaction is 

given in figure 4. The values of the different parameters of a possible kinetic model for fast pyrolysis 

are given in table 1. 
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Figure 4: Simple kinetic model for fast pyrolysis (Di Blasi, 2007). 

 

Table 1: Parameters for the kinetic model (Di Blasi, 2007). 

 E [kJ/mol]                  ln A [1/s] 

k 141.2 ± 15.8 22.2 ± 2.9 

kC 111.7 ± 14.3 15.0 ± 2.7 

kL 148.0 ± 17.2 23.1 ± 3.2 

kG 152.7 ± 18.2 22.2 ± 3.4 

            

 

3.2.4 Modelling 

 

Rödig and Klose (2009) developed a model for coal pyrolysis using a twin screw reactor. A first goal in 

screw modelling was to understand transport phenomena occurring in the fully filled single screw 

reactor, before moving on to the more complex design of the partially filled, intermeshed twin screw 

reactor. For this purpose, the helical single screw channel is unwound, resulting in a planar u-shaped 

channel of rectangular cross-sectional area at rest and a sliding plate (cp. tubular housing) on top, 

see figures 5 and 6. This means that, the velocities at the channel walls are always set to zero, while 

the plate moves at maximum speed, which is derived from the rotational speed (n) and diameter of 

the screw (D). The relative tangential velocity (wt) between the tip of the flight and the plate is 

expressed by 

        

 

Which leads to the channel-fixed velocities in longitudinal direction u0 , which is responsible for axial 

transport, and the transverse velocity w0 which generates recirculation of the fluid. Variable degrees 

of filling have been taken into account by adapting the height of the 'unwrapped' channel.  
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Figure 5: Transformation of the helical channel into a planar channel (Rödig & Klose, 2009). 

 

 

Figure 6: Planar channel dimensions and channel-fixed velocities (Rödig & Klose, 2009). 

 

Since behaviour of the gas phase is of lower interest and in order to save computational time, only 

the volume fraction of the dense (i.e. solid) phase has been represented in their model. One of the 

main drawbacks of the planar channel concept is the inappropriate reproduction of ratio between 

the cylindrical shell areas (shaft and housing), which generate errors in total heat flux and 

momentum flux. Therefore, a cylindrical co-ordinate system was chosen and the helical channel of 
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the real screw is represented by a series of numerically linked annuli which make up the co-axial 

extension, see figure 7. The thickness of each annulus corresponds to the pitch of the screw. This 

means that velocities, temperatures and mass fractions of the coal charge reaching the outlet of a 

ring are formulated as inlet boundary conditions at the adjacent downstream ring. 

 

 

Figure 7: Twin screw reactor model in the cylindrical-polar grid (Rödig & Klose, 2009). 

 

To model variable volumetric degrees of fullness, the numerical flow domain was partially restricted 

by blocking cells above filling height level, meaning these cells are impenetrable to flow, see figure 8. 

Because conveyance of the granular phase was of primary interest and in favour of numerical 

calculation, the model was single-phase. Due to marginal shrinking of the coal charge, filling level was 

presumed to be constant. As no substantial interaction between gas-phase and coal-phase takes 

place, shear stress was set to zero at the phase boundary plane. The effects of the second screw 

were implemented in two steps (figure 8): First, the single screw processing domain was reduced by 

blocking cells in the intermeshing area. These blockings account for decreasing total reactor volume: 

The higher the intermeshing degree (decreasing clearance between the shafts), the more cells need 

to be impenetrable to flow. Reduction of the domain space due to intermeshing of the opposite 

flights was neglected. Secondly, the counterrotating type twin screw allows for assumption of a 

symmetrical velocity distribution between the rotating shafts. Therefore, shear-stress was set to zero 

in the symmetry plane. The mathematical model was based upon coupled balance equations of 

mass, partial mass, momentum and thermal energy. For calculation, an incompressible, steady-state 

flow of the quasi-homogeneous coal charge was assumed. 
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Figure 8: representation of variable filling degrees and intermeshing degrees in the cylindrical-polar grid. (Rödig, 2009) 

 

Kumar (2011) investigated the cold flow hydrodynamics of auger reactors for biomass pyrolysis. 

Hydrodynamic modelling is necessary for the reactor because residence time distribution (RTD) is a 

vital parameter in controlling the yield of bio-oil and RTD directly depends on the hydrodynamics of 

biomass inside the auger reactor. In his thesis, an auger reactor was designed with a mass flow rate 

capacity of 1 kg/hr, using the standard CEMA (conveyor equipment manufacturers association) screw 

conveyor code. The first attempt to any CFD model was trying to develop a 2-D model. The model 

failed to produce the required results as there were problems in meshing the faces in Gambit (i.e. the 

used geometry generation program) due to highly skewed faces. Also when mass flow inlet boundary 

condition could not be specified for a 2-D model, and this was necessary because the fluid under 

consideration was granular material, hence an attempt to study the hydrodynamics using a 2-D 

model failed. The next approach was to build a 3-D model. A central shaft was built along to which all 

the small cylinders looking identical to screws were united with the central shaft to form one single 

entity of screw shaft assembly, see figure 9. Then, this assembly was subtracted from the outer 

casing. Because in Gambit one can specify boundary conditions only to faces of the geometry, it is 

highly impossible to define the faces of the screw shaft assembly as a rotating interface. To 

circumvent this problem the entirety of faces of the screw shaft assembly can be defined as a non-

moving solid wall and the face of the outer casing as a rotating wall. Thus the outer wall would rotate 

at the specified rpm. Therefore if the outer wall is rotated the required results will be obtained as per 

Newton's third law i.e. every body produces an equal and opposite force to the force exerted by the 

opposite body. The pitch of the screw was changed from being equivalent to the diameter of the 

screw to 1.5 times the diameter of screw. It did not have any prominent effect on the hydrodynamics 

of the reactor and the flow patterns of the fluid inside remained more or less the same. However, 

when the speed of rotation of the auger reactor was changed from 60 rpm to a maximum of 180 

rpm, the effect of this parameter change on the hydrodynamics was clearly visible. In fact, the effect 

of increase in rotational speed is much clearer by comparing the contours of the following three 
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variables: vorticity magnitude, helicity and tangential velocity. Thus, the entire auger reactor system 

should be rotated at an optimum speed to provide a considerable amount of mixing of fluid particles. 

 

 

Figure 9: Geometry of the auger reactor (Kumar, 2011). 

 

3.3 Drying 
 

Another application of the screw reactor is drying. The screw conveyor dryer (SCD) consists of a 

jacketed conveyor in which material is simultaneously heated and dried as it is conveyed. The dryer 

may be left open to the atmosphere, but more often the top of the dryer is closed, which is the case 

with a cylindrical body. Also, the dryer is air-swept to carry off the evaporated moisture to the 

atmosphere or to a condenser. Such a unit may be designed to operate under vacuum with the use 

of a rotary valve at the feed as well as the discharge end. The heating medium is usually hot water, 

steam, or a high-temperature heat transfer medium such as pot oil, fused salt, or Dowtherm. The 

flights and shaft may be hollow, through which the heating medium flows to provide a greater heat 

transfer area with minimum space requirements. Particles in the heap, adjacent to the flight surface, 

are carried part way up the flight surface and then flow down on the forward moving side of the 

heap and, hence, new surface is exposed to the material (see figure 2), a phenomenon that can be 

effectively used for heating, cooling, and drying. A screw conveyor dryer can be applied to the drying 

of a large variety of solid particles ranging from free-flowing to relatively free-flowing and from fine 

powder to lumpy, sticky, and fibrous materials and to materials that become friable at some stage 

during the drying process. They are not recommended if the material has a tendency to foul the heat 

transfer surface. The degree of filling is a strong function of material characteristics such as 

flowability, abrasiveness, and bulk density. For a conventional screw conveyor, the range of the 

degrees of filling varies in the range of 0.15–0.45. Waje et al. (2006) also provided a logical step-wise 

procedure for screw conveyor dryer design based on heat and mass transfer calculations. 
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3.3.1 Effect of operational parameters 

 

It was found that the drying rate is three to six times higher in co-current flow as compared to 

counter-current flow of nitrogen sweep gas. Variation in drying rate with feed temperature was 

found to be small. The effect of screw speed can be explained on the basis of material residence time 

inside the dryer. Waje et al. (2006) used a three meter long SCD, with a screw diameter of 7.2 cm and 

a pitch equal to 13 cm.  As screw speed decreased from 13.5 to 8.5 rpm, the material residence time 

increased from 90 s to 180 s. This led to an increase in the final temperature of the material and also 

a higher drying rate. The rate of moisture removal was found to be 10% higher for 8.5 rpm than 13.5 

rpm screw speed. Increase in the temperature of heating medium from 75 to 80°C increased the 

percent reduction in moisture content of the material from 52 to 60 besides slightly increasing the 

heat transfer coefficient. 

 For most screws, it has been recommended to have a pitch equal to the screw diameter. However, 

in several industrial operations such as drying of sludges, the screws with various pitch-to-diameter 

ratios have been used to compensate the progressive reduction in the material volume. In addition, 

the variable pitch and tapered shaft screws can be thought of on industrial-scale operation. The 

uniformity in the material flow at the discharge end strongly depends on the pitch. The smaller the 

pitch, the greater the possibility of uniformity in throughput. In addition, the mixing characteristics of 

a screw conveyor can be enhanced by reducing the pitch and hence increasing the surface renewal 

rate, which in turn increases the drying rate. Practical limitations require a liberal clearance between 

the screw and the trough, and this has been shown to be beneficial rather than detrimental to the 

overall performance. The radial clearance has been recommended to be at least 1.5 times the 

maximum particle size, in order to prevent jamming of particles in the clearance space. Non-

compliance may lead to particle attrition and increased energy loss (Waje et al., 2007). 

Waje et al. (2007) also investigated the residence time distribution in a pilot-scale SCD. The major 

factors that can affect the mean residence time (MRT), the RTD, and the flow pattern of the feed that 

undergo drying in the SCD are screw speed, material feed rate, screw geometry, and feed 

composition, like moisture content and particle size distribution. Generally, an increase in screw 

speed and/or feed rate is expected to result in a decrease in the residence time. The general purpose 

of any drying equipment is to provide intense and homogeneous treatment, and a shorter curve 

width (spread) is preferable to give each particle the same thermal treatment and time for drying. 

Since the spread of the curve is reduced by increasing the screw speed, processing at a relatively 

higher screw speed may be beneficial for more homogeneous treatment and uniform drying of the 

feed material in SCD. The recommended rotational speed for screw in SCD was in the range of 2–70 

rpm. Increasing the screw speed from 10.8 to 28 rpm reduced the variance of MRT. Ainsworth et al. 

(1997), Kumar et al. (2006), Yuliani et al. (2006), and Seker (2005) have reported similar results for 

the case of screw extruders. They reported that the increased screw speed resulted in more uniform 

heat dissipation, greater pumping force, and increased shearing, thus enabling shorter MRT and 

better mixing of the material. 

The mean residence time shows an unusual behaviour as it increases with the feed rate up to 67.8 

kg/h and then it decreases further with an increase in feed rate. Ainsworth et al. (1997) and Yeh and 
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Jaw (1999) have reported that an increase in the screw speed and/or decrease in the feed rate led to 

a decrease in the degree of filling. 

At low degree of filling, the material is taken up by the moving screw flight along the dryer wall and 

sliding down, as shown by the arrows in figure 10a. The material is pushed in the forward direction 

through the space between the screw shaft and the inside wall of SCD with little backflow. It is due to 

the lower degree of fullness that the material is well mixed. No flow of material is observed across 

the shaft. 

At a medium degree of filling of 0.1 to 0.3, the material follows the path as indicated by the arrows in 

figure 10b. The moving screw lifts the material and pours it across the shaft toward the succeeding 

pitch. Thereby, in addition to axial movement, a significant backflow of material can be seen, which is 

responsible for the increased mean residence time of material in the dryer.  

At high degree of filling, the pitch is occupied with more material as shown in figure 10c. This leads to 

minimum transverse and axial dispersion, thus lowering the value of MRT. The solid is found to move 

in the forward direction in totality with minimum trailing. As the material level in the succeeding and 

preceding screw pitches remains the same, very little backflow of sand through the clearance was 

observed. 

 

Figure 10: Effect of degree of filling on mixing and residence time (Waje et al.,2007). 
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3.4 Extrusion 
 

A more complex screw conveying device is the single-screw extruder. In the plastics industry, single-

screw extruders are usually flood-fed solid polymer pellets which eventually melt due to viscous 

dissipation and conduction from the heated barrel. Unlike screw conveyors, the screw channel of an 

extruder is comparatively shallow in depth and includes a flight that is relatively thick in comparison. 

The restriction at the die end of an extruder generates high pressures (in the order of 10– 30 MPa), 

leading to compaction of the polymer pellets within the solids conveying zone. It is this pressure 

generation within the solid assembly which principally differentiates single-screw extruders from 

screw conveyors or feeders.  

The RTD of rice pour during single-screw extrusion cooking at various operating conditions and screw 

profiles were measured and a model describing RTD was developed by Yeh and Jaw (1997). 

Increasing the feed rate caused a reduction in residence time. High screw speed resulted in short 

residence time, but large dispersion number. A mathematical model consisting of a plug flow reactor 

in series with a continuous stirred tank reactor (CSTR) cross-flowing with a dead volume fitted well 

the experimental data with correlation coefficients higher than 0.988. The values of p (the fraction of 

plug flow), d (the fraction of the dead volume in the CSTR), and b (the fraction of the effluent from 

the CSTR into the dead volume) are obtained from non-linear regression of the data. For the 

operating conditions tested, the plug flow ratio increased with the feed rate, but decreased as the 

screw speed increased. At high screw speed and low feed rate, the extruder tends to have a plug flow 

ratio lower than 0.5. 

 

 

Figure 11: Schematic diagram of plug flow in series with continuously-stirred tank reactors having dead volume fractions 

(Kumar et al.,2008). 
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Kumar et al., 2008 also made a model for the RTD, see figure 11. Here, the parameters of the model 

(  , n, p, d) were predicted from input variables (moisture content, screw speed, nozzle diameter and 

barrel temperature). The following equation was developed for the model, 
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With   the dimensionless time,     the mean residense time, tmin the time when the tracer starts to 

appear in the extrudate and n the number of CSTRs. Two parameters,    and p are calculated directly 

from the experimental RTD. The other two  parameters, namely n and d, are estimated from least 

obtained sum of squared errors of prediction (sse). Both values can be taken constant. For most 

conditions, n is either two or three, which may imply that two or three CSTRs in the model are 

adequate, and optimal for the model. The dead volume fraction can be set to 0.05. The mean 

residence time and plug flow fraction can now be predicted as follows, 

 

                                                                

 

                                                                 

 

With mc the moisture content; nd the nozzle diameter; T the temperature and ss the screw speed. 

In polymer extrusion processing, mixing enhancement is an important consideration when an 

extruder screw is being designed. Good mixing is important for homogenising the material structure 

and temperature profile in the flow channel. Four geometries, typical of those used by the extrusion 
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industry, are assessed by the study of the polymer melt flow and heat transfer in the screw channels. 

To quantitatively describe mixing, various approaches are possible. The evaluation of the 

concentration of a minor component in the mixture. The dynamics of mixing can also be evaluated by 

the tracking of the motion of particles in a mixer, and statistical quantities can be used to describe 

the goodness of a mixture. It has been found that the shortest residence time is for the standard 

screw. Calculations clearly indicate that the melt will remain longer inside the specially designed 

screw elements, which promote both mixing and cooling (Wang et al., 2010). 

Bi and Jiang (2009) also found that the MRT in a standard screw element was shorter than specially 

designed ones. In the present study, the RTD in a reciprocating single-screw pin-barrel extruder is 

studied  theoretically and experimentally. Firstly, the velocity fields inside the screw elements were 

simulated. Then, the RTDs in the screw elements were analysed using Polystat statistical module 

after calculating the trajectories of material points from inlet to outlet in the screw elements. Based 

on the statistically independent hypothesis, the RTD curve of the whole equipment was assembled 

by means of the convolution technique. Both the experimental and the theoretical results showed 

that with the increasing of the feed rate and screw speed, the residence time decreased, and that the 

effects of feed rate on RTD were larger than those of the screw speed.  

 

3.4.1 Scale-up 

 

Extrusion scaling refers to the problem faced to produce identical product quality in different 

extruder sizes and screw configurations and operating conditions. Dimensional analysis is a powerful 

tool, but it fails to provide universal scaling laws due to mixed dependencies of surface and volume 

related parameters. In other words, the dimensional methods do not allow for simultaneous scaling 

for mixing and heat transfer, both of which are important in scale-up for product quality. As 

Rauwendaal (1986) has indicated in his scale-up tables for mixing, residence time is kept constant to 

achieve scale-up in mixing. For heat transfer scale-up, specific mechanical energy is kept constant. 

Specific mechanical energy (SME) is defined as the amount of mechanical energy dissipated as heat 

per unit mass inside the material. But when scaling for mixing, heat transfer scale-up is not correctly 

obtained as specific mechanical energy does not remain constant. For successful scaling, it is 

essential to change the screw diameter,  channel depth and screw speed in such a manner that the 

heat transfer area, flow rate and mechanical energy input also change approximately at the same 

rate (Dhanasekharan & Kokini, 2003). 

 

4. Objective 
 

It is clear that screw reactors (can) have an important role in industrial applications. But the correct 

handling of the reactor is necessary in order to obtain the desired results. This optimal setting 

strongly depends on the screw configuration, to find this setting experiments have to be done. Or 
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another, less time-consuming and expensive way is via modelling. In order to save time and money 

every time a new screw reactor is used, one can model the behaviour of the particles in the screw 

reactor. In this way the optimal conditions can be achieved within a few simulations.  

In the literature review the possible modelling techniques are explained, now the appropriate 

technique must be selected. DEM has a large computational load for large systems (length of the 

reactor much bigger than the particle diameter) at high particle concentrations. An additional 

difficulty is the implementation of the physical particle properties like form, elasticity, friction. 

Therefore CFD will be used in this thesis. Here all the particles are represented by one fluid. 

Because the effect of operational and geometrical parameters on the process is remarkable a model 

can be built in order to optimise the process. The objective of this thesis is building such a model in 

COMSOL. The model will include mixing and heating aspects in the screw reactor. So possible 

shortcomings of the screw reactor can be illustrated and improvements can be explored. At the end, 

the model will also be validated by experimental data. 
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Materials and methods 
 

1. Modelling environment 
 

1.1 COMSOL 
 

COMSOL Multiphysics is an interactive environment for modelling and solving all kinds of scientific 

and engineering problems. In this master's thesis COMSOL 4.3 has been used. This software provides 

an integrated desktop environment with a Model Builder. This gives a full overview of the model and 

access to all functionality. Conventional models for one type of physics could be extended into 

multiphysics models that solve coupled physics phenomena. 

Using the built-in physics interfaces and the support for material properties, it is possible to build 

models by defining the relevant physical quantities—such as material properties, loads, constraints, 

sources, and fluxes—rather than by defining the underlying equations. By using these physics 

interfaces,  various types of studies could be performed: stationary and time-dependent (transient) 

studies, linear and nonlinear studies, eigenfrequency, modal, and frequency response studies. 

When solving the models, COMSOL Multiphysics uses the finite element method (FEM). The software 

runs the finite element analysis together with adaptive meshing (if selected) and error control using a 

variety of numerical solvers. The studies could make use of multiprocessor systems and cluster 

computing, also batch jobs and parametric sweeps could be run.  

Partial differential equations (PDEs) form the basis for the laws of science and provide the foundation 

for modelling a wide range of scientific and engineering phenomena. COMSOL Multiphysics could be 

used in many application areas, for example: Acoustics, bioscience, chemical reactions, fluid 

dynamics, heat transfer, microfluidics, particle tracing, porous media flow, semiconductor devices, 

structural mechanics, etc. The frequently used interfaces in this research are the fluid flow, heat 

transfer and particle tracing modules. 

 

1.1.1 Fluid flow 

 

Formulations of different types of flow are predefined in a number of fluid flow interfaces, which 

make it possible to set up and solve fluid flow problems. The fluid flow interfaces use physical 

quantities, such as pressure and flow rate, and physical properties, such as viscosity and density, to 

define a fluid flow problem. There are different fluid flow interfaces that cover a wide range of flows, 

for example, laminar flow, turbulent flow, single-phase flow, and multiphase flow. The fluid flow 

interfaces formulate conservation laws for the momentum (Navier-Stokes), mass, and energy. These 
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laws are expressed in partial differential equations, which are solved by the module together with 

the corresponding initial conditions and boundary conditions. 

To model a device with rotating parts in it, for example a screw reactor, COMSOL 4.3 is provided with 

a rotating machinery interface.  The interface formulates the Navier-Stokes equations in a rotating 

coordinate system. Parts that do not rotate, are expressed in the fixed material coordinate system. 

The rotating and fixed parts need to be coupled together by an identity pair, where a flux continuity 

boundary condition is applied. The first step is to divide the geometry into two parts that are both 

rotationally invariant, see figure 12. The second step is to specify the parts to model using a rotating 

frame and the ones to model using a fixed frame. The predefined coupling then automatically does 

the coordinate transformation and the joining of the fixed and moving parts 

 

 

Figure 12: The modelling procedure in the rotating machinery, fluid flow interface (COMSOL 4.3 documentation, 2012). 

 

Another typical approach in applications where rotating parts are involved is via a rotating or non-

inertial reference frame. By using this reference frame the flow around the moving part can be 

modelled as a more accurate steady-state problem although it is unsteady when viewed from the 

fixed frame (ANSYS,2010) . 

Another interface that will used is the free and porous media flow Interface. It uses the Navier-Stokes 

equations for describing the flow in open regions, and the Brinkman equations for the flow in porous 

regions. The same fields, u and p, are solved for in both the free flow domains and in the porous 

domain. This means that the pressure in the free fluid and the pressure in the pores is continuous 

over the interface between the free flow domain and the porous domain. It also means that 

continuity is enforced between the fluid velocity in the free flow and the Darcy velocity in the porous 

domain. 

 

1.1.2 Particle tracing 

 

The particle tracing module is an optional add-on package for COMSOL Multiphysics that allows to 

trace the trajectories of particles in the presence of an external velocity field.  The motion of a 

particle is defined by Newton’s second law. Therefore the sum of all forces acting on the particle 

http://127.0.0.1:52416/help/topic/com.comsol.help.cfd/cfd_ug_fluidflow_porous.13.24.html#1727886
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must be set. Examples of forces acting on a particle in a fluid are the drag force, the buoyancy force, 

and the gravity force. The drag force represents the force that a fluid exerts on a particle due to a 

velocity difference between the fluid and the particle. 

 

1.1.3 Chemical species transport 

 

The transport of diluted species interface, found under the chemical species transport branch, will 

also be used. It has the equations, boundary conditions, and rate expression terms for modelling 

mass transport of diluted species in mixtures, solutions, and solids, solving for the species 

concentration. This interface is applicable for solutions (either fluid or solid) where the transported 

species have concentrations at least one order of magnitude less than the solvent. The settings for 

this physics interface can be chosen so as to simulate chemical species transport through diffusion 

(Fick’s law) and convection (when coupled to fluid flow). 

 

1.1.4 Heat transfer 

 

The heat transfer module is an optional package that extends the COMSOL Multiphysics modelling 

environment. Here, the heat transfer has to be investigated because of its importance in e.g. drying 

and pyrolysis. The basis of the heat transfer module is the balance of energy in a studied system. The 

contributions to this energy balance originate from conduction, convection, and radiation but also 

from latent heat, Joule heating, heat sources, and heat sinks. 

(Comsol 4.3 documentation, 2012) 

 

1.2 Granular flow 
 

As granular flow is a combination of a solid and gas phase, there could be the possibility to use a 

multiphase model in COMSOL. Euler-Granular flow models are frequently used in fluidised beds, 

spouted beds, etc. but are not possible in COMSOL. ANSYS Fluent for example provides such an 

interface. The most important parameter which characterizes the multiphase flow is the volume 

fraction, which defines how much of the local volume is occupied by either of the phases.  

Granular flow models describe the rheology of a suspension of dry granular material. As they are not 

available in COMSOL, one could still make use of the same equations of the granular models to 

calculate the viscosity of the fluid to be used in the (single, continuous phase) CFD models in the 

study at hand. There are three mechanisms for viscosity, namely particle movement, collision and 

friction, as shown in figure 13. Granular flow models are usually divided into two families of models, 

the slow granular flow models and the rapid granular flow models. Slow granular flow is related to 
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momentum transfer by friction and frequent collision of particles in a dense environment, whereas in 

rapid granular flow the momentum transport occurs by movement and collision of particles. A 

popular model in the rapid granular flow regime is the kinetic theory for granular flow (Gidaspow, 

1994). 

 

Figure 13 : Mechanisms for momentum transfer between particles (Andersson et al., 2012). 

 

The kinetic theory of granular flow predicts the stresses in moderately dense flows quite accurately, 

and it has successfully been employed in many applications in this regime. In the rapid granular flow 

regime, the solids stress arises from particle momentum exchange due to translation and collision. A 

key parameter in the constitutive closures for the solids phase is the energy associated with the 

fluctuating motion of the particles, the so-called granular temperature. The granular temperature is 

defined as the random movement of particles corresponding to how the random movement of 

molecules in kinetic theory of gases constitutes temperature.  The kinetic and collision parts of the 

granular viscosity can be formulated as 

 

       
          

         
   

 

 
            

        
 

 
  
             

 

 
 

 

The meaning of the parameters and the used values for the calculation of the viscosity are given in 

table 2.  
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Slow granular flow models are based upon theories of soil mechanics, including a global inertia effect 

in the governing equations of the solids. The volume fractions of slow granular flows are typically 

very large, just below the maximum packing of the particles. Therefore, gradients of the volume 

fraction are typically neglected. The random kinetic energy of individual particles, the granular 

temperature, is very low and neglected as well. The granular flow is dominated by frictional stress, 

and the classical slow granular flow models based upon Mohr–Coulomb models have successfully 

been employed to predict the particle flow in, for instance, hoppers and chutes. Such models 

describe how normal pressure and viscosity depend upon the strain-rate tensor; for instance, for the 

frictional viscosity (Andersson et al., 2012). 

 

      
         

     
 

 

Also here the meaning of the parameters and the used values for the calculation of the viscosity are 

given in table 2. Most of the particle movement in screw reactors is driven by friction (i.e. the 

particles in the heap have concentration near maximum packing) but there are also particles which 

flow freely (i.e. the ones who flow over the flight to the previous pitch). So there is a combination of 

rapid and slow granular flow. Therefore an intermediate solid volume fraction of 0.5 is used.  

 

Table 2: values used for calculation of viscosity in this study. 

 Name Value 

   Solid volume fraction 0.5 (-) 

   Particle density 1750 kg/m³ 

   Particle diameter 0.005 m 

   Radial distribution function 14,45 (-) 

  Coefficient of restitution 0.9 (-) 

  Granular temperature 0.001 m²/s² 

   Solid pressure 25 Pa 

  Angle of internal friction 37° 

    Second invariant of the strain rate tensor 1/s² 

 

The kinetic, collisional and frictional viscosity are 0.27 Pa.s, 0.86 Pa.s and 7.5 Pa.s, respectively. So 

the shear viscosity, being the sum of kinetic and collisional viscosity is approximately 1 Pa.s and the 

frictional viscosity approximately 10 Pa.s. This range will now be used, in this study, in all simulations 

using the laminar flow model.  
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2. Model development 
 

2.1 Rotating screw 
 

2.1.1 Rotating machinery 

 

Initially, the rotation of the screw was modelled via the rotating machinery interface in COMSOL. 

Therefore the geometry must be drawn using two separate domains for the fixed and the rotating 

parts. An assembly was activated and an identity pair was created, which made it possible to treat 

the two domains as separate parts in an assembly. An identity pair is used to specify two selections 

of boundaries that overlap but belong to different parts of an assembly. The  physics in the two parts 

had to be connected by assigning a boundary condition in a physics interface. The domain that used a 

rotating frame had been set. Once this was done, the usual steps of setting the fluid properties, 

boundary conditions, meshing and solving were done. 

The modelling of the screw reactor was done in this way: First, the stationary outside part of the 

screw reactor was drawn. This was done by taking the difference of a large cylinder (diameter equal 

to 2.5 cm) and a  smaller rotating cylinder (diameter equal to 2.3 cm). Then, the smaller rotating 

cylinder and the screw were drawn. The screw itself could not be drawn in COMSOL due to 

geometrical complexity. Consequently,  this geometry was drawn in Siemens NX. COMSOL was 

provided with a CAD-import module so the CAD-file (.x_t) containing the screw geometry could be 

imported. Now the boolean difference of the smaller rotating cylinder and the screw was taken. 

Finally, an assembly instead of a union was formed. Figure 15 illustrates the geometry in COMSOL 

containing the inner rotating cylinder with the screw along with the outer stationary cylinder  

 

 

Figure 15: The rotating inner cylinder and the stationary outer cylinder of the screw reactor as implemented in the 

COMSOL model. 
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Next, in the rotating machinery interface a rotating domain had to be formed. Also a flow continuity 

had to be imposed so both domains (rotating and stationary) were coupled. Although this way of 

modelling a screw reactor was the most straightforward, it was not further pursued in this study. The 

reason for this is the very time-consuming simulation with convergence problems. So an alternative 

way of modelling had to be found. 

 

2.1.2 Rotating reference frame 

 

The alternative approach of using a rotating or non-inertial reference frame is typical in applications 

where rotating parts are involved and the exact flow around the actually moving part is of interest. 

By using this reference frame the flow around the moving part can be modelled as a more accurate 

steady-state problem although it is unsteady when viewed from the fixed frame (ANSYS, 2010).  

If one uses a rotating reference frame, the forces which are arising from the rotation have to be 

taken into account. The stationary part (i.e. the barrel) has to rotate in the opposite direction as the 

rotating part (i.e. the screw) would rotate. The rotational velocity ω is defined by the rpm number,  

    
   

  
 

A right-handed screw must rotate counterclockwise in order to have a positive axial movement.  

            
   
  
 
  

Therefore, the barrel has to rotate with -         . Apparently, This provided a negative axial 

movement. So the reverse rotation had been used in order to make sure the particles move from the 

inlet to the outlet. One additional force is the Coriolis force which deflects a moving particle to the 

right direction if the reference system, as assumed herein, rotates clockwise. This force can be 

written as 

                
 
 
 
     

 
 
 
    

    
   
 

  

The second force which acts on a particle is the centripetal force 

                     
 
 
 
     

 
 
 
     

 
 
 
    

    
    
 

  

In COMSOL a volume force has to be added which accounts for the centripetal and the Coriolis 

forces. The sliding wall boundary conditions in the model includes all faces belonging to the barrel 

which are stationary in reality. 
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2.1.2.1 Geometry 

 

Figure 16: Inside view  of the screw reactor with screw and barrel. 

 

The screw reactor is formed by three simple steps. First a cylinder had to be drawn which represents 

the outer casing of the reactor. Secondly, the screw had to be imported from a CAD-file. Finally, the 

screw must be subtracted from the cylinder via the boolean difference operator. The final geometry 

is illustrated in figure 16. One could also add a hopper to the screw reactor. This could be done by 

the boolean union operator (figure 17). As the feed is mostly added to the reactor by a hopper, a 

more realistic input boundary can be realised this way. 

 

 

Figure 17: Modelled geometry of the screw reactor with hopper. 

 

The modelled screw reactor had the following dimensions (table 3), using the CEMA screw conveyor 
code (Kumar, 2011) . 
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Table 3: Dimensions of the screw reactor. 

Specification Dimension (m) 

Length of the reactor 0.243 

Diameter of the reactor 0.0255 

Length of the screw 0.239 

Diameter of the screw 0.0213 

Pitch of the screw 0.0213 

Thickness of the screw 0.00537 

Diameter of the shaft 0.0106 

Height of the hopper 0.05 

Top diameter hopper 0.04 

Bottom diameter hopper 0.02 

Clearance between screw and reactor 0.0021 

 

 

2.1.2.2 Physics - Laminar flow 

 

As it is not possible to simulate granular flow with COMSOL, there has to be another way to simulate 

the flow in a screw reactor. This could be done by representing the granular flow as a fluid with 

certain specific properties. Two important properties are density and viscosity. The bulk density of 

biomass (like wood pellets) is a function of moisture content. A typical range is around 500 to 700 

kg/m³. The other property, namely the viscosity, came from the kinetic and frictional models for 

granular flow, as already discussed in Section 1.2. A viscosity range of 1 to 10 Pa.s was found and 

imposed.  

When the fluid properties are set, the boundary conditions must be defined. The inlet (top of the 

hopper) has a pressure, no viscous stress boundary condition of 0 Pa. A velocity boundary condition 

could also be used, but this velocity may not be too large. Otherwise, the forward-pushing effect of 

the screw becomes insignificant, which can't be the intention. The outlet of the screw reactor has 

also a pressure, no viscous stress boundary condition of 0 Pa. The barrel has a sliding wall boundary 

condition. The sliding wall boundary condition is appropriate if the wall behaves like a conveyor belt; 

that is, the surface is sliding in its tangential direction. The velocity of the sliding wall is given by 

 

    
 
 
 
   

   
  
 
      

 

The walls rotate with 10 rpm. So ω is equal to 1.05 rad/s. A peculiarity of granular materials is that 

they can slip at wall surface, contrary to classical fluids for which a zero velocity at wall boundaries is 

usually assumed. The hopper and the screw have a slip boundary condition, so at the wall the "fluid" 

moves.  

http://127.0.0.1:63249/help/topic/com.comsol.help.mph/mph_ug_fluidflow.13.25.html#1906377


 

 

32 

 

Then a volume force has to be added. This force includes the centripetal and Coriolis forces which are 

arising from the use of a rotating frame and also the gravitational force was added. 

 

   

  
  
  

   
             

         
 

       

 

A good initial condition, which is applied for the entire modeled domain prior to the first iteration in 

the solving procedure, has to be chosen since proper initial conditions can determine if a calculation 

converges or not. Choosing them as close as possible to the solution will enormously increase the 

convergence speed. If this is not done, it will often lead to an error at the beginning of the 

calculation. So if any pre-simulation on the same domain is available, this was taken as the initial 

condition. If not, the velocities arising from the rotation or from the inlet flow were taken as initial 

value. Also any pressure different from zero has been set as initial value. 

 

2.1.2.3 Mesh 

 

The default boundary layer meshing algorithm found in COMSOL can cause failure in the boundary 

layer. Therefore the corner settings in the boundary layers should be changed from splitting to the 

more robust trimming. Now, the boundary layer mesh is trimmed at sharp corners instead of 

splitted. The complete mesh consisted of 240 000 elements, see figure 18. 

 

 

Figure 18:  Meshed geometry of the screw reactor. 
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2.1.2.4 Study 

 

The solver solved the stationary Navier-Stokes and mass continuity equation. Respectively equal to 

 

                  
 

 
            

        

 

The solution was completed after two minutes and occupied 2.5 GB memory. With the laminar flow 

interface the velocity and pressure could be evaluated in the post-processing step. 

 

2.2 Residence time distribution 
 

For certain processes there is a need for a certain amount of residence time in the auger reactor. In 

pyrolysis for example, the biomass needs to reside a certain time in the reactor in order for the 

pyrolysis reactions to take place. The evaluation of the residence time of particles could be done via 

the particle tracing interface in COMSOL. In the post-processing a histogram could be plotted to 

evaluate the residence time distribution for different operational and geometrical parameters. 

 

2.2.1 Physics - Particle tracing 

 

After computing the flow field, as an analysis step the motion of particles can be calculated. The 

residence time distribution of the particles, or the particle trajectory length could both be evaluated 

by the implementation of an auxiliary dependent variable. When an auxiliary dependent variable 

feature is added to the physics interface an additional ordinary differential equation is solved for 

each particle. 

So in the particle tracing for fluid flow the following steps must be taken. First, the particle diameter 

and density are set. The particles have the same density as the fluid from the laminar flow interface, 

and a diameter of 1 mm was used. Then the drag and gravitational forces were added, respectively 

equal to 
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With µ the fluid viscosity, mp the particle mass, u the fluid velocity, v the particle velocity,   the 

particle density,   the fluid density,    the particle diameter and g the gravitational acceleration. The 

inlet of the particles is at the top of the hopper. The particles could be evenly distributed over the 

face, or the quantity of the particles could be proportional to the inlet velocity. At the outlet 

boundary, the particles tracing is halted, while at all other boundaries (i.e. the barrel) the particles 

were assumed to undergo elastic collisions with the boundary surface (i.e. they bounce off from the 

surface). 

 

2.3 Mixing analysis 
 

The degree of mixing of the particles could be evaluated in two different ways. For that two different 

interfaces in COMSOL were used, namely the particle tracing and the transport of diluted species. 

 

2.3.1 Mixing analysis through particle tracing 

 

Not only the movement of the particles could be analysed, also the particle mixing could be 

visualised by using a Poincaré plot. A Poincaré plot places a coloured dot for each particle at the 

location at which the particle passes through a cut plane (known as a Poincaré section). The colour 

represents the location of the particle at its initial position. 

The motion of the particles could be evaluated by an animation. The effect of different parameters 

like rotational speed, pitch to diameter ratio, etc. could be evaluated by Poincaré plots. Particles 

marked as red had an initial position of x < 0 (lower half of the barrel inlet) and particles marked as 

blue had an initial position of x > 0 (upper half of the barrel inlet). 

 

2.3.2 Mixing analysis through transport of diluted species 

 

Similar to the Poincaré maps, the mixing could also be evaluated via the transport of diluted species 

interface. By using a step function at the inlet, using the arbitrary concentration of 1000 mol/m³ for   

x < 0 (lower half of the barrel inlet) and 0 mol/m³ for x > 0 (upper half of the barrel inlet),  the mixing 

could be visualised. In other words, it was assumed that a completely stratified mass flow (in terms 

of concentration) was imposed as inlet boundary condition. Diffusion and convection contribute to 

the mass flux, and the resulting mass transport equation is: 

              

Here D denotes the diffusion coefficient (m²/s), and c is the concentration (mol/m³).  As in transport 

of granular material in a screw reactor convection is the dominating effect, a zero diffusion 

coefficient was used. 
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Next to the visualisation of the mixing, a more quantitative evaluation could be used. By calculating 

the relative variance of the concentration at the inlet and outlet, the mixing quality could be 

calculated. This is done by defining global variables for the concentration variances at the inlet and 

outlet. 

 

   
           
 

  

   
 

  

 

 

where Kz is the xy-plane intersecting the mixing structure at coordinate z (i.e. at the inlet and outlet, 

or any given distance along the screw axis), and    is the mean concentration. Finally, mixing quality 

was defined as the global ratio, Soutlet, 

        
       
      

 

 

For perfect mixing this value would be 0, a value of 1 means no mixing at all. 

 

2.4 Degree of filling 
 

To implement the degree of filling of the screw reactor, the model was extended using two domains: 

one domain where the biomass flows freely and another where the biomass can hardly enter.  The 

formation of these two domains went as follows. First, the domain where the biomass flows was 

formed via the intersection of a cylinder and a block (figure 19). As a function of the degree of filling, 

the block can be placed higher or lower (in y-direction). Secondly, the whole reactor is now formed 

by composing this intersection with a duplicate of the cylinder used in the first step (and by keeping 

the interior boundaries) the two domains are now made. Finally, the screw must be implemented 

and subtracted from the composition. 

 

Figure 19: The formation of the domain where the biomass flows. 
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2.4.1 Physics - Free and porous media flow 

 

After completing the geometry, the free and porous media flow interface were selected. Then the 

same boundary conditions and properties must be set as in the laminar flow interface. The porous 

matrix properties must be defined. As one could see in figure 20, the upper domain is the porous 

domain. The porosity is set to 0.01 and the permeability is equal to 1e-15 m², i.e. the modelled phase 

(solids) can hardly enter the void created in the upper half of the reactor domain. 

 

Figure 20: The two parts which form the domain where the biomass will flow (degree of filling equals 0.5). 

 

2.5 Heating 
 

In certain cases, e.g. for drying and pyrolysis, the feed needs to be heated. The heating can be done 

internally or externally. The former uses heat transfer agents, e.g. sand, to heat the feed. The latter 

heats the feed by conduction of heat through the barrel and/or screw. Here, the barrel heats the 

biomass. Therefore the heat transfer in the fluids interface had been used. 

 

2.5.1 Physics - Heat transfer in fluids 

 

The following equation describes the conservation of energy (stationary) and is used in this interface. 

 

                 

 

Cp equals the heat capacity (J/(kg.K)) and k is the thermal conductivity(W/(m.K)). For wood pellets 

these values could be found in Guo et al. (2012).  
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They found that the thermal conductivity ranged from 0.146 to 0.192 W/(m.K) increasing with the 

moisture content.  

                                

With M the moisture content (%) and εg the volume fraction of the gas (porosity). If we use the same 

volume fractions as for the viscosity calculation, namely εg equal to 0.5 and a moisture content of 4% 

we obtain a thermal conductivity of 0.15 W/(m K). Guo et al. (2012) found that the heat capacity 

ranged from 1074 to 1253 kJ/(kg.K) in function of the moisture content. So, the same calculation was 

done for the heat capacity. 

               

Consequently, a heat capacity of 1100 J/(kg.K) was used. 

For pyrolysis a temperature of 500°C is needed. To achieve this, a temperature of 627°C was set to 

the barrel as boundary condition. The inlet also has a fixed temperature namely 20°C, i.e. biomass 

enters at ambient temperatures. 

To expand the model, two domains can be set. One, at the bottom corresponding to the degree of 

filling, where the biomass flows and the other at the top where only the nitrogen gas flows. This is 

done by adding another fluid properties node in the laminar flow interface together with an inlet and 

outlet for the nitrogen flow. Both domains are separated from each other by using an interior wall. 

The following properties are used for the nitrogen flow, see table 4. The sweep flow is co-current 

with the feed flow. 

 

Table 4: Properties of the nitrogen gas flow. 

Density 1.2 kg/m³ 
Dynamic viscosity 0.001 Pa.s 

Thermal conductivity 0.024 W/(m.K) 
Heat capacity 1040 J/(kg.K) 
Inlet velocity 1 m/s 

Inlet temperature 293 K 
 

Another expansion of the model is the use of the pyrolysis kinetics. The energy conservation 

equation could be enlarged by the heat of reaction as a heat source/sink. Implementing the pyrolysis 

kinetics allow to predict the yield of the different products (char, bio-oil, gas) as they exit the 

pyrolysis reactor. The kinetic models make use of an Arrhenius dependence on temperature, thus 

introducing the parameters activation energy and pre-exponential factor. 
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2.6 Kinetics 
 

2.6.1 Physics - Transport of diluted species 

 

In the transport of diluted species interface, one could track the concentration of species through the 

process. A certain amount of biomass enters the screw reactor and disappears by pyrolysis reactions. 

The primary reactions in pyrolysis look as follows (figure 21), 

 

 

Figure 21: One-component mechanism of primary wood pyrolysis (Di Blasi, 2007). 

 

The yield of these three pyrolysis products is a function of the temperature and the residence time. 

This temperature dependence follows from the Arrhenius equation, 

      
     
   

With k the rate constant (mol/(m³.s)), A the pre-exponential factor (1/s), Ea the activation energy 

(J/mol), R the universal gas constant (J/(mol.K) and T the temperature in kelvin. The values are listed 

in table 5.  

Table 5 : Values of the kinetic parameters (Di Blasi, 2007). 

At 1.43e4[1/s] 

Ag 4.13e6[1/s] 

Ac 7.38e5[1/s] 

Et 88.6[kJ/mol] 

Eg 112.7[kJ/mol] 

Ec 106.5[kJ/mol] 

 

The reaction rate for a certain reaction is obtained as 

         

with ci the concentration of the species (mol/l).  
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All the reactions can be implemented as variables and must be added as reactions in the transport of 

diluted species module. The mass transfer in the reactor domain is given by the stationary convection 

and diffusion equation: 

                     

where Di denotes its diffusion coefficient (m2/s), and Ri denotes the reaction term (mol/(m3·s)). 

For the boundary conditions, a certain amount of biomass at the inlet (1000 mol/m³) had been 

specified. At the outlet, a convection dominated mass flow through the boundary had been imposed. 

This assumes that any mass flux due to diffusion across this boundary is zero. Finally, at the barrel 

and the screw no mass is transported across the boundaries, that is, an insulation boundary 

condition was imposed.  

The used kinetic reaction scheme for biomass pyrolysis was rather rudimentary. In order to obtain 

more accurate results on the products yields an extended kinetic schemes could be used, although 

these fall outside the scope of this dissertation. Nonetheless, the successful incorporation of the 

basic pyrolysis reaction scheme will demonstrate the feasibility of using more detailed reaction 

schemes within a COMSOL-implemented model. Below, an example is given for a reaction scheme 

for the secondary cracking of the pyrolysis vapours. Furthermore, more complicated schemes (figure 

22) would distinguish between reactions occurring for the decomposition of lignin, cellulose and 

hemicelluloses in biomass.  

 

 

Figure 22: Multi-component mechanism for wood pyrolysis based on the contribution of the three main components    

(Di Blasi, 2007). 

 

3. Experimental set-up 
 

The screw conveyor developed for this research is shown below in figure 23. The system consisted of 

a feeding system (hopper), a screw conveyor with auger speed control and a product recovery 
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section. The screw was 90 cm long, with a diameter and pitch equal to 5 cm and a shaft diameter 

equal to 2 cm.  The monosized plastic particles (airsoft gun pellets) had a diameter of 6 mm and a 

mass equal to 0.2 g. Two different colours were used for the particles. 

 

 

Figure 23: Screw conveyor used in experiments. 

 

3.1 Experimental procedure 
 

The validation of the models is done by several experiments in a screw conveyor. First, The effect of 

the rotational speed of the auger on the residence time was investigated by recording the flow with a 

high-speed camera. Also, the effect of the rotational speed of the auger on the degree of mixing for 

solid particulate matter was investigated. By visual inspection, the degree of mixing between 

particles of two different colours was examined.  

The first study was done by adding several spherical particles to the hopper. The residence time 

distribution for several auger speeds had been analysed by recording the time when the particles  

leave the screw conveyor. 

The second study was done by adding particles with two different colours using a split hopper.  So 

the mixing due to the screw rotation could be analysed. Again, this was done by recording the 

particle flow with a high-speed camera. 

 

3.2 Simulations for validation 
 

The model has the same geometry  and operational conditions as the lab screw conveyor. First, the 

laminar flow had been calculated. There was a low volume fraction of the solids in the experiments. 

By using the equations for the calculation of the viscosity, a viscosity of 0.05 Pa.s had been found. A 

density of 500 kg/m³ was used. Then, the particle flow had been calculated, so residence time 

distribution histograms could be plotted. 
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Results and discussion 

1. Rotation 
 

1.1 Physics - Laminar flow 
The rotational motion of the screw is visible by the different velocity plots. As one could see, there 

exists a downward movement (positive x-direction velocity) at one side of the screw and an upward 

movement (negative x-direction velocity) at the other side (see figure 24). The movement in the y-

direction makes the rotation complete (see figure 25). The same result could also be seen at the 

streamline plot (figure 27). As one could see at figure 26, a positive axial movement was obtained 

with a velocity of the sliding walls (barrel) equal to 

            
   
  
 
  

 

Figure 24: Model-predicted Velocity in the x-direction (m/s). 

 

 

Figure 25: Model-predicted velocity in the y-direction (m/s). 
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Figure 26: Model-predicted velocity in the z-direction (m/s). 

 

 

Figure 27: Streamline plot. 

2. Residence time distribution 
 

2.1 Physics - Particle tracing 
 

Calculation of the residence time distribution using the simulation data allows for more quantitative 

comparison of the effect of different parameters. In the post-processing a histogram could be plotted 

to evaluate the residence time distribution for different parameters. As one could see on figure 28 

and 29 the rotational speed has a major influence on the residence time distribution. A higher 

rotational speed not only causes a faster throughput, but also a more narrow distribution. So the 

particles get a more homogenous treatment in the auger reactor (i.e. drying, heating, depending on 

application).  
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Figure 28: Model-predicted Residence time distribution for a screw reactor with a rotational speed of 10rpm. 

 

 

Figure 29: Model-predicted residence time distribution for a screw reactor with a rotational speed of 100rpm. 

 

It also has been found that the residence time lowers with higher density and lower viscosity, as one 

could see in table 6. 

 

Table 6: The effect of the density and viscosity on the residence time.  

Density/viscosity Residence time (s) 

Reference (500 kg/m³ - 1 Pa.s) 55 

High density (2000 kg/m³ - 1 Pa.s) 25 

High viscosity (500 kg/m³ - 10 Pa.s) 95 
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3. Mixing 
 

3 .1 Physics - Particle tracing 
 

The effect of the rotational speed on the mixing could be viewed in figures 30 and 31. Particles 

marked as red had an initial position of x < 0 and particles marked as blue had an initial position of     

x > 0. As the particles begin to follow the flow field, they begin to mix together. By the end of the 

screw reactor with a rotational speed of 10 rpm, the particles have not mixed completely—there are 

still significant pockets of only red and only blue particles. This is not the case with 100 rpm, one 

could conclude that  there is better mixing at higher rotational speed. 

 

Figure 30: Poincaré maps at different locations in the screw reactor with 10 rpm. 

 

 

Figure 31: Poincaré maps at different locations in the screw reactor with 100 rpm. 



 

 

45 

 

The pitch to diameter ratio has also a significant effect on the mixing of the particles, see figures 32-

34. The larger the ratio the worse the mixing. A 2:1 ratio screw reactor has still pockets of the same 

colour. Whereas a screw reactor with a 0.5:1 ratio has no such pockets anymore.  

 

 

Figure 32: Poincaré maps at different locations in the screw reactor with P/D of 2. 

 

  

Figure 33: Poincaré maps at different locations in the screw reactor with P/D of 1. 

 

 

Figure 34: Poincaré maps at different locations in the screw reactor with P/D of 0.5. 
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3.2 Physics - Transport of diluted species 
 

Mixing behaviour is also tested by using an inlet boundary imposing a stratified concentration 

pattern. As the fluid flows upward through the system, the two solutions (0 and 1000 mol/m³) are 

mixed. In case of ideal mixing, an outlet flow, with a homogenous concentration of 500 mol/m³ 

should be attained. When modelling a screw reactor with a rotational velocity of 10 rpm, a constant 

concentration of 500 mol/m³ is obtained at the outlet, indicating perfect mixing (figure 35). Whereas 

a screw reactor with a rotational velocity of 2 rpm, still two different concentration zones could be 

observed in the outlet boundary (figure 36).  

 

 

Figure 35: Slice plot of the concentration at different distances from the inlet for a 2 rpm screw reactor.  

 

 

Figure 36: Slice plot of the concentration at different distances from the inlet for a 10 rpm screw reactor. 
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The effect of rotational velocity and the pitch to diameter ratio could be seen in table 7. As 

concluded earlier, there exists a better mixing with a higher rotational speed and smaller pitch to 

diameter ratio. 

Table 7: Dimensions of the screw reactor. 

Rotational velocity Pitch to diameter ratio Soutlet 

2 1 0.07 

2 2 0.1 

10 1 2e-5 

 

 

4. Degree of filling 
 

4.1 Physics - Free and porous media flow 
 

The degree of filling is an important characteristic for the mixing and residence time in the screw 

reactor (see literature review). At low degree of filling, the biomass does not flow over the shaft, so 

there is no backflow. At higher degree of filling, particles flow over the shaft, which leads to a higher 

residence time. By calculating the average velocity in the z-direction, one can see this phenomenon 

(see table 8). With a degree of filling of 0.79 backflow occurs, so some particles have a negative 

velocity. This is why the mean axial velocity decreases. 

 

 Table 8: Dimensions of the screw reactor. 

Degree of filling (-) Axial velocity (m/s) 

0 0 

0,312 1,84E-04 

0,5 3,20E-04 

0,79 2,61E-04 

 

5. Heating 
 

5.1 Physics - Heat transfer in fluids 
 

The temperature profile in the screw reactor with a degree of filling of one can be seen in figure 37. 

One can see that at the end the biomass has a uniform temperature equal to the barrel temperature. 

But this may not be the ideal configuration as the biomass at the wall gets too hot, so secondary 
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pyrolysis reactions could occur which reduces the bio-oil yield. Secondly, a fully filled reactor is not 

used in practice, so a piece of the reactor is filled with nitrogen gas which has a much lower thermal 

conductivity (0.024 W/(m.K)). 

 

 
 

Figure 37: Plot of the temperature in the screw reactor. 

 

The heat fluxes due to conduction and convection in the x, y and z-direction are plotted in figures 38-

43. The conductive heat flux is much smaller than the convective heat flux. As one could see the 

barrel causes a conductive heat flux of 5000 W/m². The convective heat flux follows the direction of 

the fluid rotation. The conductive and convective heat flux in the z-direction is much lower than in de 

x and y-direction. In industrial reactors, this low radial conductive heat flux could be problematic. As 

one could see in figure 44, a screw reactor with dimensions 10 times larger (the diameter of the 

reactor is equal to 25 cm, the length equal to 230 cm) than the one in figure 37, can only pyrolyse the 

biomass located nearby the barrel. Because only there the temperature is high enough. At a low 

degree of filling, the avalanching movement of the particles assures that all the particles make 

contact with the barrel. So, complete pyrolysis could still be possible. By heating the barrel and the 

screw a uniform temperature through the industrial reactor could be obtained, see figure 45. 
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Figure 38: Conductive heat flux in x-direction (from -4830 to 6909 W/m²). 

 

 

Figure 39: Conductive heat flux in y-direction (from -6370 to 5560 W/m²) 

 

 

 

Figure 40: Conductive heat flux in z-direction (from -2034 to 876 W/m²). 
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Figure 41: Convective heat flux in x-direction (from -5.8e6 to 5.8e6 W/m²). 

 

 

Figure 42: Convective heat flux in y-direction (from -5.8e6 to 5.87e6 W/m²). 

 

 

Figure 43: Convective heat flux in -direction (from -97 to 1.1e6 W/m²). 
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Figure 44: Plot of the temperature (°C) in an larger scale (diameter = 25 cm, length = 230 cm) screw reactor without 

heated screw. 

 

 

Figure 45: Plot of the temperature (°C) in an larger scale (diameter = 25 cm, length = 230 cm) screw reactor with heated 

screw. 

A screw reactor with a degree of filling of 0.5, has a temperature evolution through the reactor, as 

seen in figure 46. Streamlines are plotted which represent the biomass (yellow) and nitrogen flow 

(green). As one could see, a uniform temperature exists in the biomass domain from the middle of 

the reactor onwards. The temperature remains under the 530°C, so there are less secondary 

reactions. 

 

Figure 46: Plot of the temperature (°C) in the screw reactor with a degree of filling of 0.5, and streamlines for the biomass 

(yellow) and nitrogen flow (green). 
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6. Kinetics 
 

6.1 Physics - Transport of diluted species 
 

Now the temperature profile has been found, the model has been expanded with the concentration 

profile of biomass, char, bio-oil and gas. The biomass disappears rapidly at the beginning of the 

reactor, nearby the hot barrel where the reaction rate is the highest, as could be seen in Figure 47 

The evolution of the concentration of the different species through the reactor could be seen in 

figures 47-50. The obtained yield of bio-oil, namely 70%, is in the range (65-75 wt%) of what is 

described in the literature (Brown, 2009). Also, the gas and biochar yield (10-20 wt%) is located in the 

range described in the literature.  Also a more extensive kinetic scheme could be used. But this led 

currently to numerical problems (divergence) because of the high amount (18) of different species. 

 

 

Figure 47: Plot of the model-predicted biomass distribution through the reactor. 

 

 

Figure 48: Plot of the model-predicted char distribution through the reactor. 
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Figure 49: Plot of the model-predicted gas distribution in the screw reactor. 

 

 

Figure 50: Plot of the model-predicted bio-oil distribution through the reactor. 

 

The effect of the heating of the screw, in case of a screw geometry 10 times as large, on the degree 

of pyrolysis, could be seen in figures 51 and 52. Unreacted biomass leaves the industrial screw 

reactor without heated screw. This is not the case in an industrial reactor with heated screw. 

 

 

Figure 51: Plot of the biomass distribution through the larger scale (diameter = 25 cm, length = 230 cm) reactor without 

heated screw. 
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Figure 52: Plot of the biomass distribution through the larger scale (diameter = 25 cm, length = 230 cm) reactor with 

heated screw. 

 

7. Validation 
 

The effect of two different velocities of the rotation on the residence time could be seen in figure 53. 

A model has been build with similar geometrical and operational conditions. With a rotational 

velocity of 28 rpm the particles residence time is located between 26 and 31 seconds. With a 

rotational velocity of 21 rpm the particles had a residence time between 37 and 45 s. The results of 

the model-predicted RTD could be seen in figures 54 and 55. As one could see the particles in the 

model are approximately 10 s longer in the reactor. The particles in the experiment move faster 

because of the linear path they followed in contrast to the model where they follow a longer helical 

path. 

 

Figure 53: The experimental residence time distribution for two different rotational velocities.  
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Figure 54: The modelled residence time distribution for a rotational velocity of 21 rpm. 

 

 

Figure 55: The modelled residence time distribution for a rotational velocity of 28 rpm. 

 

The effect of the screw rotation on the degree of mixing is comparable with the model predictions 

from Section 3. At low rotational speed (10 rpm) there exists still some pockets of black/white 

particles, see green and red circles in figure 56. Whereas with a higher rotational speed (28rpm) 

these pockets disappear (figure 57). 
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Figure 56: The modelled residence time distribution for a rotational velocity of 10 rpm. 

 

 

Figure 57: The modelled residence time distribution for a rotational velocity of 28 rpm. 
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Conclusion 
 

In COMSOL a model for the mass and heat transport in a screw reactor has successfully been built. In 

this model the effect of different operational and geometrical parameters has been evaluated via the 

different interfaces in COMSOL. First of all, the rotation of the screw has been implemented together 

with the appropriate properties for the granular material. The rotation of the screw reactor is done 

by using a rotating reference frame, this makes it possible to model the flow around the screw as a 

more accurate steady-state problem. For the biomass particles a density of 500-700 kg/m³ has been 

used. The viscosity of the granular material is obtained from the equations of the kinetic theory and 

Mohr-Coulomb models for granular flow. A viscosity of 1 Pa.s has been found.  

Then the effect of the operational and geometrical parameters on the residence time and mixing can 

be evaluated via the model. It has been found that a higher rotational speed of the screw not only 

causes a faster throughput, but also a more narrow distribution. It also causes a better mixing, this is 

also the case for a higher P/D ratio. Also, the effect of the degree of filling on the backflow can be 

studied via the model. The results showed that  at a higher degree of filling, particles flow over the 

shaft, which leads to a higher residence time.  

Next, the hydrodynamics model has been extended with heat transport and mass transport (kinetics) 

of the different species (biomass, biochar, gas, bio-oil). This makes it possible to evaluate the use of a 

screw reactor for e.g. fast pyrolysis. As can be seen from the results high bio-oil yield, namely 70%, 

can be obtained in a well-designed screw reactor, which is similar to the data found in the literature. 

Model-predicted results of a large scale reactor reveals that unreacted biomass leaves the screw 

reactor because the temperature is only high enough at the barrel. By heating the barrel and the 

screw this problem disappears.  

Finally, the effect of the rotational speed of the screw on the residence time and mixing has been 

evaluated via experiments. The experimental results are approximately the same as the ones from 

the model, so a valid model has been built. 
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