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Abstract

Auger reactors represent an interesting alternative to other common reactor types.

For example the pyrolysis of biomass or plastics. However the scale-up and design of

auger reactors remains a challenging topic. Even though the fundamental design has

been applied for several decades, things like granular mixing and transport are still not

fully understood. A lot of the research on the transport of screw conveyors is focused on

single-screw setups. This leads to the reliance on empirical data or in-house experience

for the reactor design. For that reason, it is important to develop reasonable guidelines

and design tools that are based on scientific principles, which can then be further

validated by experiments and simulations. In this work, findings from a dimensional

analysis are combined with auger reactor design criteria that were developed in the

1960s based on extensive experimental work and that were only available in German

literature up until now, and the resulting assumptions are then tested with the help of

DEM Simulations.
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Introduction

Screw Conveyors or screw feeders are commonly used in a wide range of industries to trans-

port different types of granular material either horizontally or over different inclinations, as

well as to feed material into a reactor. For example biomass particles like wheat straw into

gasification or pyrolysis units. They can also be used as the reactor themselves, where they

show a high potential for the pyrolysis of biomass and waste.1 Advantages include the ability

to achieve heating rates similar to fluidized beds2 and the ability to operate at different incli-

nations.3 But although the general design is quite simple, the underlying physical processes

like mixing are quite complex and empirical data or in-house experience is used to design or

scale up a screw conveyor.4,5 Different experimental and theoretical studies were conducted

to investigate this mixing and transport phenomena. From early works in the 1960s which

focused among other things on volumetric efficiency,6,7 to later works that investigated the

operating conditions of double screw conveyors8,9 or the scale-up effects.10 A powerful tool

to design or scale-up processes or systems is the dimensional analysis. With the help of the

resulting dimensional numbers, the processes can be described or categorized. Fluid flows

or other transport phenomena are commonly described by them, therefore most well-known

dimensionless numbers like the Reynolds, Nusselt, Mach or the Prandtl Number are derived

from there. In recent years due to the increase in computing power, numerical simulations

became an attractive tool to aid in the research of granular transport. With the help of the

Discrete Element Method (DEM), every particle in the system can be tracked individually,

and can therefore help with getting information on the particle level. This makes it also

computationally demanding for systems with a high amount of particles. For example, sys-

tems with more than 1 ∗ 108 can require multiple weeks of calculations.11 With the help of

DEM the mixing in a double screw reactor,12 the effect of different operating conditions like

the rotational speed, inclination and volumetric fill level,13,14 or non-spherical particles were

investigated.15 Minglani et al. 16 offer a more comprehensive overview of the granular flow

research. This work aims to use the dimensional analysis and compare the experimental data
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that were done in Germany in the 1960s with the results from DEM Simulations. Old graphs

were digitized to make them easier to compare and different screw pitches, mono-sized and

multi-sized particle systems as well as single and double screw conveyor set-ups were tested,

and their effect on the volumetric efficiency was investigated. This should lead to a better

understanding of the design of screw conveyors and feeders.

Methods

DEM Simulation

To investigate the hypothesis, the Discrete Element Method (DEM) is used. It was in-

troduced by Cundall and Strack17 as a way to describe the flow and behavior of granular

material. It uses Newton and Euler’s second law of motion.18

mi
dv⃗i
dt

=
∑
k∈CL

f⃗p−p
ik + f⃗p−f

i + f⃗ ext
i (1)

Ii
dω⃗i

dt
=

∑
k∈CL

M⃗ t
ik + M⃗ r

ik (2)

v⃗i is the translational and ω⃗i the rotational velocity of the particle i. The term f⃗p−p
ik in

the right-hand side of Newton’s second law is the sum of the particle-particle interactions

between two particles i and k. These can be further split up into direct contact forces or

non-contact forces like electrostatics. f⃗p−f
i are the interactions between the particle and the

surrounding fluid, which can be set to zero if the fluid has a low influence on the particle.

The last term stands for possible external forces that act on the particle, the most common

one being the gravitational force or electromagnetic forces. M⃗ t
ik is the tangential torque and

M⃗ r
ik the rolling friction. A Hertz-Mindlin Contact model, and an alternate elastic-plastic

spring-dashpot rolling friction model (epsd2) was used to simulate the contact forces. The

particle-particle contact forces are split up into normal and tangential elastic and viscious
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damping forces.

f⃗p−p
ik,c = (knδn + γnv⃗n) + (ktδt + γtv⃗t) (3)

The δ’s are the normal and tangential overlaps and v⃗ are the relative velocity components.

The Hertz-Mindlin Model calculates the coefficients kn, kt, γn and γt the following way.

kn =
4

3
Eeff

√
Reff ∗ δn (4)

γn = 2

√
5

6
β
√
Snmeff (5)

kt = 8Geff

√
Reff ∗ δn (6)

γt = 2

√
5

6
β
√
Stmeff (7)

Further equations are listed in table 1. There ν is the Poisson’s Ratio and e the coefficient

of restitution. The tangential overlap or force is truncated so that ft ≤ µsfn is fulfilled, with

the coefficient of static friction µs.

Table 1: Definitions for the contact between two particles

Young Modulus 1
Eeff

=
(1−ν2i )

Ei

(1−ν2k)

Ek

Shear Modulus 1
Geff

= 2(2+νi)(1−νi)
Ei

2(2+νk)(1−νk)
Ek

Radius 1
Reff

= 1
ri
+ 1

rk

Mass 1
meff

= 1
mi

+ 1
mk

- β = ln e√
ln2(e)+π2

normal Stiffness Sn = 2Eeff

√
Reffδn

tangential Stiffness St = 8Geff

√
Reffδn

The epsd2 model adds an additional torque contribution to the rolling friction torque:

M⃗ r
ik = M⃗ r

el + M⃗ r
diss (8)

∆M⃗ r
el = −kr∆θr (9)
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θr is the incremental relative rotation. kr is the rolling stiffness, and for the epsd2 model

is defined with the tangential stiffness kt as

kr = ktR
2
eff (10)

Theory and Dimensional Analysis

If only the physical phenomena during the pyrolysis are investigated, in this case, the trans-

port and mixing processes, the relevant parameters are dependent on the geometry of the

reactor. The different parameters are shown in Figure 1. Different strategies can be applied

to reduce the complexity and focus on the rate-defining steps. With the postulate that an

even distribution of heat carrier and biomass particles is sufficient to achieve the high heat-

ing rates required for fast pyrolysis and that such a mixture is achieved upon transportation

inside the auger reactor, the problem is reduced to that of transportation efficiency.4,7

Figure 1: The different variables of the auger geometry

There were multiple studies done to investigate the transport of an auger reactor, most

of these were done for a single screw reactor.16 A common way to determine the efficiency
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of the reactor is by measuring the actual volume or mass throughput and dividing it by the

theoretical maximum throughput. If the volume is used it leads to the following equation

ηv =
V̇

V̇max

(11)

If all of the different variables of the auger geometry are taken into account and the screw

is completely filled and the transported material is transported without slip, the maximum

theoretical throughput can be calculated with the following formula:6

V̇max =
π

4

[
(d+ 2c)2 − d2w

]
[h− t] (12)

d and dw are the diameters of the screw and shaft respectively. c is the radial clearance, h is

the pitch of the screw and t is the width of the screw blades. To reduce torsional stress and

a steep increase in power consumption, screw conveyors are in praxis filled up only between

15-45%, depending on how abrasive the feedstock is.19,20 For the amount of throughput the

rotating speed of the screw seems to have a bigger influence than the fill level itself14 and

the axial and average particle speed seem insensitive to the fill level.13 To prevent jamming,

it is recommended that the radial clearance is at least about 1.5 times larger than the

biggest particle, and to reduce slipping back of the material, especially for elevated screws, it

should not be bigger than 3 times.21 The radial clearance has been reported to influence the

performance of the screw reactor,22 how much of it is just a result of changing the overall

volume is not clear.

Previous Experiments

Interestingly, transport efficiency is a design criterion that was extensively investigated

through experiments in the 1960s in Germany. In combination with the previously men-

tioned findings of the dimensional analysis and heat transfer/ mixing conditions inside an

auger reactor, this turns out to be a promising tool to enable auger reactor design for fast
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pyrolysis.7 Because an auger reactor first of all needs to be able to transport the required

material for the process, how the operating conditions and reactor dimensions influence the

throughput needs to be investigated. There are a few basic assumptions that were stated in

that work. One is that a double-screw reactor is equivalent to two single-screw reactors, that

don’t influence each other. The other is that the same granular material is used through-

out all the experiments, and therefore the rolling coefficient can be ignored. Therefore, the

throughput is only dependent on seven different variables. These are the gravity, radius of

the screw, pitch, incline against the horizontal, speed of rotation and bulk weight as well

as the actual throughput. Because the three SI units for length, mass and time occur, you

can create four independent dimensionless numbers. The first one is the overall transport

efficiency of the reactor, which is the ratio between the actual and the theoretical maximum

throughput.

η =
D

Dmax

(13)

For the case of a slip-free transport and a completely filled reactor, the maximum throughput

Dmax can be described as:

Dmax = nγV (14)

Subtracting the volume of the shaft but not the blades of the volume of either a single or

double screw reactor, leads to the following equations for the Volume.

Vdouble =
π

2
h
(
d2 − d2w

)
(15)

Vsingle =
π

4
h
(
d2 − d2w

)
(16)

Inserting equation (14) and either (15) for the double screw or (16) for the single screw into

(13) results in the following equations:

ηdouble =
2D

nγπh (d2 − d2w)
(17)
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ηsingle =
4D

nγπh (d2 − d2w)
(18)

The second dimensionless number describes the steepness of the blades. For this, either the

lead or the helix angle of the screw can be used. Here the Helix angle is used, which is

calculated with

tanϕ =
πd

h
(19)

A higher value for the helix angle means steeper screw blades and a shorter pitch. Because

of the effect of gravity, it is advisable to take the Froude number as the third dimensionless

number. It was formulated as follows:

Fr =
dπ2n2

g
(20)

The last dimensionless number is the incline of the whole reactor β itself. Combined they

form a complete system, therefore the efficiency can be described as a function of the other

dimensionless numbers η = f (β; tanϕ;Fr) Therefore, if the same pitch is kept and the

reactors stay horizontal, the efficiency should only be dependent on the Froude number. To

test his hypothesis, multiple experiments with different-sized screw mixers were conducted.

For example 143 experiments with a smaller single screw and a diameter of 14.2 cm. Three

different pitches and inclines were used and a large range of rotational speeds. The results

are shown in Figure 2. A web-based program23 was used to digitize the original graphs in

order to make working with the original data easier.

The dots represent the individual experimental results, and they also show the curves

that were fitted to the experimental results with the equation:

η = c0e
−c1Fr (21)

As can be seen from the picture, shorter pitches or higher helix angles seem to favor trans-

port efficiency. Those lie around 60-80% while the longer pitches are mostly around 5-20%
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efficiency. For another experiment, which was not included in the graph, with a prototype

that had a helix angle of tanϕ = 4.16 it even stayed at around 90%. It can also be seen

that for larger pitches the influence of the incline and rotational speed (or Froude number)

is higher. The slope of the curve tends to get more horizontal, the shorter the pitch, or

higher the helix angle is. Moreover, for the aforementioned prototype, it even seemed to

be horizontal and therefore independent of the Froude number. With the help of the fitted

curves, it can also be seen that the incline of the whole reactor has a bigger influence on the

lower values. But in his work, it was mentioned that for tanϕ = 2.53, there are irregularities

for low Froude numbers around 0. The intersection of the fitted curve with the y-axis also

seemed set a little too high, therefore the curves were refitted with Matlab,24 the results are

in Figure 3. This refitting led to a lower intersection point for the steepest screw of around

5-10 % and a lower negative slope. For the other two pitches, no significant differences were

found. Nevertheless, the other graphs were not adjusted with this new value and the original

slope and intersection data were used. Afterward, the values for the two constants c0 and

c1 were plotted over the helix angle. Those are shown in Figure 4. For both constants, a

higher angle leads to more similar values. For c0 the experimental values for the other single

(diameter = 8 cm) and the prototype double screw mixer (diameter = 21 cm) are shown.

The curves for the different inclines converge for both constants. For tanϕ → 0 as well as

tanϕ → ∞ the amount of material that is transported is almost zero, therefore a throughput

maximum should exist. After inserting the equations and focusing only on the parts that

are dependent on the pitch in the equation after it got solved for the throughput you get:

D′ =
η

tanϕ
(22)

Using the results from the earlier experiments for the transport efficiency and inserting them

in equation 22 leads to Figure 5. According to this graph, the highest throughput is at a pitch

of around 2.3, and steeper pitches are less dependent on the Froude number. The graphs
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show that lower Froude Numbers lead to higher throughput values, while the text mentions

it the other way around. Most likely because the text refers to the actual throughput of the

reactor, that increases, while the graph shows the calculated part of the throughput that is

dependent on φ. With the help of equations 17 and 18, an existing screw can be scaled up.

Keeping the same pitch, the shaft to screw diameter ratio, and the Froude Number at fixed

number like Fr = 1, the earlier equations like 19 can be rearranged to h = π
tanϕ

d, dw = xd

and n =
√

g
π2

1√
d
. The scale-up graph for the prototype from Peters can be seen in Figure 6.
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Figure 2: Digitized version of original experimental results of the efficiency (y-axis) over the
Froude Number (x-axis) for different screw pitches. The y-axis is on a logarithmic scale.
Three different pitches were used, as well as three different inclines. The points in the graph
represent the individual experiments, and the lines are the fitted curves using equation (21)
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Figure 3: Digitized original experimental results similar to Figure 2, but the curves were
refitted with Matlab, with the points from the original as a basis
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Figure 4: Digitized graph of the constants from the fitted curves with equation 21 in Figure
2 plotted over the helix angle. The 15 cm screw mentioned in the legend is the 14.2 cm one,
the latter was the actual screw diameter and the 15 cm from the casing.7

Simulation Setup

The software that was used for the simulation is an academic LIGGGHTS version from the

Johannes Kepler University (LIGGGHTS-PFM).25 To count the particles and mass that go

through a specified area, an existing function (fix massflow/mesh) from the software package

was used. The different dimensions are shown in Table 2, with the first three being the ones

that were used in the original experiments. The two smaller diameters were for the single

screw setup, and the bigger prototype was a double screw. The helix angles that were used

for the 8 cm screw were not directly mentioned and therefore the values were measured from

the c0 graph in figure 4. The basis for the simulation geometry is the PDU, with a diameter

of 4 cm which has smaller dimensions compared to the 8, 14.2 and 21 cm screws used in the

experiments. This should show if the transport behavior stays the same if the dimensionless

numbers are still similar. The screw of the PDU at the KIT has two parts that differ in their

pitch, a transport and a mixing area.

For the simulations for different screws with one continuous pitch, of which two corre-

sponded to one of the original screw pitches of the PDU at the KIT.2 These two can be seen

in Figure 7. Corresponding to their part in the original screw, these will be called mixing
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Figure 5: Digitized version of the partial throughput graph that is dependent on the pitch
of the screw.7

Table 2: Screw Setup ups and diameters from the original experiments7 and the simulation

diameter 8 cm

set-up tanϕ
single ≈0.5
single ≈1.4
single ≈1.5
single ≈2.6
single 5.0

diameter 14.2 cm

set-up tanϕ
single 0.745
single 1.44
single 2.53

diameter 21 cm

set-up tanϕ
double 4.15

diameter 4 cm

set-up tanϕ
s. & d. 0.63
s. & d. 1.44
s. & d. 2.73
s. & d. 5.0
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Figure 6: Digitized scale-up graph of the double screw reactor prototype.7

Table 3: Helix angle translated to pitch flight ratio h
d

tanϕ h
d

0.63 5
0.745 4.22
1.44 2.18
2.53 1.24
2.73 1.15
5 0.63
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and transport screws in this work. In addition, two more screw variations that resemble the

exact values as in the original work were used, which can be seen in Table 2. Table 3 shows

the more commonly used pitch flight ratios to the corresponding helix angles. It can be seen

that helix angles that are around ≈ 2.6 are close to the standard pitch. The frequencies that

were simulated ranged from 0.75 to 12 Hz. The parameters for the bulk material derived

from earlier works and are listed in Table 4.26,27 Most of the experiments were done with

steel spheres only, because the computation times when biomass was included were much

longer than without. In general, it is expected that the particle size should not have a big

influence on the axial speed of the individual particles,5 but at least for powders, different

levels of compressibility seem to have one on the mass flow.28 Because of the low bulk den-

sity for the biomass, smaller absolute changes can change the calculated transport efficiency

significantly. For the Young Modulus a lower value was chosen, which is a common practice

to increase the time step and therefore reduce the computation time without influencing the

bulk flow behavior.29 The Young Modulus that was used equals 0.001E0, with E0 being the

actual value of the corresponding material, it was shown that there are no differences in the

mixing behavior for values above 0.001E0.
30

Figure 7: Two of the pitches that were used for the DEM Simulation. They are similar to
the pitches that are seen in Figure 2. At the top is the “transport” and at the bottom is the
“mixing” screw.

The simulation time step was 0.000002s, which kept the Rayleigh time below 10 %

and the Hertz time below 5 %. For the casing of the reactor stl-files were created, that

acted as boundaries for the particles. The simulations were first run until they reached a

quasi steady state, which acted as a initial condition. From that point onwards the mass

15



Table 4: DEM Parameters for the simulation

Parameter Heat Carrier Biomass
Youngs Module (MPa) 210 5

Poisson Ratio 0.3 0.035
Coefficient of restitution

With Heat Carrier 0.9 0.6
With Biomass 0.6 0.2

With wall/screw 0.9 0.6
Coefficient of friction
With Heat Carrier 0.2 0.3
With Biomass 0.2 0.9

With wall/screw 0.2 0.3
Coefficient of rolling friction

With Heat Carrier 0.1 0.3
With Biomass 0.3 0.7

With wall/screw 0.1 0.3
Density (kgm−3) 7878.4 360

Bulk density (kgm−3) 4700 100
Radius (m) 0.001 0.003-0.007

flows were measured and averaged over a period of time. At higher frequencies the steady

state was reached faster. Most of the previous experiments were done with a single-screw

setup. Therefore a single and double screw mixing-reactor was simulated, to investigate

differences in the transport efficiency. But instead of three different inclinations, only a

horizontal setup was simulated. The double screw was run in a co-rotating setup, according

to Kingston and Heindel,8 there is a difference in mixing between co-rotating and counter-

rotating up- or downward. Therefore, there is a possibility that there is a difference in the

transport efficiency but this was not investigated in this work. The amount of particles in

the simulation domain depended on the multiple factors like particle type, reactor volume

and the screw pitch. Just filled with steel they ranged from 30000 to 100000 for the single

screw and from 200000 to 275000 for the double screw. Filled just with biomass, the single

screw had between 200000− 500000.
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Results and discussion

Evaluation of single screw setup

In Figure 10 is the comparison between the simulated results and the experimental results.

Although the pitches are not the same for every pitch, it was expected that the results should

be still similar because of the relative similarity. As can be seen in the graphic, especially

the results for the lower pitches follow the fitted curves quite closely. For the smaller helix

angles, there seems to be generally a bigger spread of the results for lower Froude Numbers,

but this could also be because there were just in general more simulations done in that area

and with more types or bulk material. The result for the transport screw seems generally

more stable and less variable. This could also already be seen in the experiments, where the

influence of the inclination has a bigger influence at lower pitches. Moreover, the influence

of the Froude number seems to be lower for higher pitches as well. The results for the higher

helix angles are lower than expected and hover around 60 % for the transport screw and

lower Froude Numbers. Even when taking the adjusted fitting curves from Figure 3 into

account, they lie below the expected 70 % value. Because the volume of a pitch reduces

with rising helix angles, the flight width of the screw has an increasing effect on the volume.

This can be seen in Figure 8, where the steepest screw angle has the biggest drop in volume,

while the screw with tanϕ = 0.63 is barely influenced by it. Also for screws with smaller

diameters, the volume decreases more with wider flights. This shows why Peters mostly

didn’t need to take it into account because he mainly worked with screws that are at least

twice as large. The clearance has the opposite effect on the volume and increases it, but

it is independent of the helix angle as can be seen in figure 9. Both the clearance and

blade thickness have a higher influence on the overall volume for smaller screws with lower

diameters. Doubling the diameter of the simulated screws, which becomes the same value

for the smallest diameter Peter used in his work, decreases the Volume difference already

by more than a half. The exact differences of course depend on the specific values for the
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clearance and width. Depending on the exact setup, these two effects can cancel each other

out.

Figure 8: Change of the Volume if the width of the screw flight is taken into account. One
axis is the total screw diameter, the diameter of the shaft is set to be always half of that.
The clearance is set to 0, to see just the effect of changing the flight width.

Taking the flight width and radial clearance into account and calculating the theoretical

maximum volume according to equation 12, leads to a theoretical maximum mass flow that

is lower and the adjusted efficiency values are presented in figure 11. Now the values for the

steeper pitch angles are in the area where the experimental results are. The trend of the

values for the screw with tanϕ = 5 stands out, because it has a rising trend in contrast to the

other screws. But it generally seems that at some point, an increase in the helix angle does

not increase the transport efficiency anymore or not much. From the dimensional analysis
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Figure 9: Change of the Volume if the clearance between screw and hull is taken into account.
One axis is the total screw diameter, the diameter of the shaft is set to be always half of
that. The flight width is set to 0, to see just the effect of changing the radial clearance.
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expected transport efficiencies seem to hold true for different screw diameters.
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Figure 10: Comparison of results between DEM simulations and experimental results from
Figure 2. The grey and black curves and points are the original experimental results with
the unadjusted fitting curves. The colored points are the simulation results.

Evaluation of double screw setup

In Figure 12 is the comparison between the simulations of the double screw and the exper-

imental results. In general, similar observations as for the single screw can be made. The

mixing screw has a lower transport efficiency that the transport screw. The latter is simi-

lar to the single screw setup, also less influenced by the Froude Number and stays mostly

the same. The efficiency of the mixing screw drops noticeably for higher Froude Numbers.

Compared to the simulation results of the single screw setup, the transport efficiency of the

double screw is higher for both pitches. This seems to suggest, that the assumption a double

screw is just like two single screws in parallel that don’t influence each other does not seem

to hold true. The efficiency for the transport screw is around 20 % higher in the double screw
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Figure 11: Comparison of results between DEM simulations and experimental results from
Figure 2. The DEM results are adjusted with the volume calculation from Roberts and
Willis.
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setup, while for the mixing screw it is around 5-10 % higher. The results were also checked

with the adjusted Volume, which takes the clearance and blade thickness into account and

are plotted in Figure 13. Here the clearance has a big influence on the calculated volume,

especially for the mixing screw. This brings the results closer to the expected values of the

dimensional analysis, but the double screw seems still to be less influenced by the Froude

Number. Especially the screw with tanϕ = 1.44 has the biggest difference in curve slope

compared to the single screw curve. The steeper screws are very close to each other and seem

to trend to a maximum intersection point of around 70 %, which is lower than the 90 % from

the experiments. Like mentioned earlier and seen in Figure 3, there were some irregularities

for low Froude numbers and refitting the points with Matlab lowered the intersection point

for steep curves in the experiments.
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Figure 12: Comparison of the results between simulation of a double screw and experimental
results from 2. The colored points are the simulation results for the double screw setup.
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Figure 13: Comparison of the results between simulation of a double screw and experimental
results from 2. The colored points are the simulation results for the double screw setup.

Evaluation of the constant c0

To better illustrate the differences between the results, the constants that were shown in

Figure 4 are used. In Figure 14 the comparison for the constant c0 is shown, which is the

intersection of the fitted curves with the y-axis. The simulation results with the adjusted

Volume calculation, as well as the unadjusted ones, are plotted as colored dots. Because

these are values from a fitted curve, the problem could also be, how exactly those are fitted

to the experimental results. Especially the intersection with the y-axis could vary a lot,

depending on where the curves are set. Even in the original, there is a cluster of results

below the curve for low Froude Numbers, and Peters mentions in his work that for this pitch

and low Froude Numbers close to 0, a lot of irregularities happened during the experiments.

This could be seen with the new fit of the original values from Figure 3, which changes

especially the curve for the steepest screw. Using those values would result in the the curve

being lower between tanφ = 2 − 3. The trend from the simulation results follows at the
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start of the original curve, but for the steeper screws, it starts to decrease again and doesn’t

seem to trend toward 90 %. The adjusted curve for the single screw does not drop as much.

The difference between the single and double screw decreases with the more detailed volume

calculation.
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Figure 14: Comparison of the constant c0 from the equation η = c0e
−c1Fr. The filled dots

are from the main experiments of the single screw with a diameter of 14.2 cm. The stars are
from single-screw experiments with a screw that has a diameter of 8 cm. The unfilled dot is
from the original prototype, which is a double-screw setup with a screw diameter of 21 cm.
The colored points are from the simulation results, one with the unadjusted volume (circles)
and one with the adjusted volume (triangle)

Evaluation of constant c1

Next will be the comparison of the constant c1 that represents the slope of the curves. In

Figure 15 shows, that the single screw setup follows the predicted trend more closely than

for the constant c0. Although the point for tanϕ = 1.44 rises a bit, it generally seems to

trend towards 0 for steeper screws. Even going below 0 for tanϕ = 5.0, which is most likely
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a simulation error. The same trend can be seen for the double screw, with the only difference

that it the constant c1 decreases quicker. In general for both setups the steeper screws are

less influenced by the Froude Number, with almost no influence for very steep screws.
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Figure 15: Comparison of the constant c1 from the equation η = c0e
−c1Fr. In contrast to

Figure 14, only the values from the 15 cm diameter single-screw setup are illustrated in the
original.7

Design flow chart

With the developed equations from Peters, it is possible to either design an auger reactor

from the ground up, or scale-up an existing one to the required throughput. An example

flow chart is in Figure 16. If an existing screw is scaled-up, the different ratios should be kept

constant. In the case of a new reactor, the pitch etc. that will be used should be defined.

If the efficiency or the desired pitch was already investigated or is at least similar to one of

them, the values for the efficiency from the graph can be used. Otherwise experiments or

simulations with a smaller prototype can be conducted. However, the equations focus on the
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mass flow. Other effects like mixing or heat transfer were not investigated and could change

for bigger screws.

Figure 16: Design flow chart for scaling up or designing an auger reactor

Conclusion

In this study the transport efficiency of single and double screw auger reactors with different

pitches were investigated, and compared with the results from Peters. Multiple DEM Simu-

lations of the reactor were carried out with varying pitches and rotational speeds. Regarding

the dimensional analysis, it could be seen that reducing the transport to only 7 variables was

an oversimplification, at least for smaller screw diameters. The Volume differences that re-

sult from a flight width and radial clearance change have a significant effect on the calculated

transport efficiency and need to be considered. But after taking those into account, the effi-

ciencies are close to the expected results for most of the pitches, but the difference between

the experimental values and the simulation results for very steep screws needs to be further

investigated. Otherwise, the simulations follow the trends from the original experiments.

That shows that with the help of the dimensional analysis, a few relevant variables could be

determined, with which the expected throughput of a screw conveyor can be calculated. The

developed dimensionless numbers offer therefore a powerful tool to design or scale an existing
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screw reactor up or down. The comparison between single and double-screw setups, reveals

that, although not completely correct, the assumption that a double-screw reactor can be

seen as two parallel single screws holds somewhat true. The transport efficiency lies in a

similar range to the corresponding single screw, but steeper angles seem to be less influenced

by an increase in the rotational speed. This should allow to use the same design criteria for

a single and double screw conveyor in regards to the mass throughput. If there are signif-

icant changes in the case when the rotation setup is changed from co- to counter-rotating,

still needs to be investigated. Although a few simulations with non-uniformly sized particles

were made, those were still spherical-shaped particles. How other particle shapes or material

properties, especially from biomass, influence transport efficiency could be investigated in

future studies.
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