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Abstract

Pressure is an important process parameter that greatly influences the density of biomass pellets. The positive number of
Poisson’s ratio of biomasses makes pelletising possible in ring die and flat die types of pelletisers, because as a consequence
of the longitudinal direction of load, the material strains into the radial direction. The radial strain is obstructed by the channel
wall and therefore radial pressure and wall friction occur, which supports (backs) the compression of the further sequentially
loaded biomass. A novel test device consisting of a single pelletising unit and a novel sensor, a back pressure measurement
disc was developed and calibrated. Pelletising experiments were carried out with a flat die pelletising machine and with the
single pelletiser unit with ground post agglomerated (GPA)-spelt chaff (chaff of triticum spelta) samples. The body density
and radial pressure values in different pelletising unit segments were measured. The equations introduced for dimensionless

relative density and for radial pressure as a function of the relative position equations fit the measured data well.

Abbreviations

GPA Spelt chaff: ground post agglomerated (GPA)-
spelt chaff (chaff of triticum spelta)
Polyoxymethylene

Back pressure measurement disc

POM
BPMD

1 Introduction

The use of biomass as fuel is a good option for domestic
heating systems and power plants to reduce net CO, emis-
sions. Pelletising is currently one of the most frequently used
methods for producing agglomerates, using either a ring die
or a flat die pelletiser. This process can increase bulk density,
reduces storage and transportation costs and makes handling
of the biomass easier. Different types of biomasses from
various sources can act as raw materials for fuel pellet pro-
duction. The composition and structural properties of these
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materials are diverse. Different types of biomass require dif-
ferent processing conditions, including press channel length,
moisture content, particle size and temperature. Nowadays,
process optimization is still mainly based on expensive and
time-consuming “trial and error” experiments and personal
experience (Holm et al. 2011). The globally installed pellet
production capacity for 2011 was estimated to be about 30
million tonnes. All studies indicate a growth forecast for
both the European and North American pellet markets. The
Finnish Poyry Industry consulting company has predicted
growth in global pellet production capacity to 46 million
tonnes by 2020 (Poyry 2011) and a figure of 65 million
tonnes has been forecast by 2025 (Strauss 2017).

The pressure applied to the biomass during pelletising
and briquetting has a significant impact on product density
and durability, as well as on the energy consumption of the
process. Therefore, this process parameter had been subject
of many studies (Adapa et al. 2009; Carone et al. 2011; Gil-
bert et al. 2009; Kaliyan and Morey 2009; Mani et al. 2006;
Odogherty and Wheeler 1984; Smith et al. 1977; Stelte et al.
2011). In all the studies, there is a very clear agreement and
conclusion that pellet and briquette density increase with an
increase in pressure. The applied maximum pressures ranged
from 50 MPa (Odogherty and Wheeler 1984) to 600 MPa
(Stelte et al. 2011). Pressures typically used in most of the
studies were above 50 MPa in the case of open form pelletising
(Adapa et al. 2009; Mani et al. 2006; Stelte et al. 2011). Holm
et al. (2007) measured the back pressure needed to press pellets
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of different lengths out of the press channel. It was found that
the pelletising pressure increases exponentially as a function of
the pellet length. Experiments also showed that the back pres-
sure depends on biomass species for all tested pellet lengths.
Stelte et al. (2011) also showed that the pelletising pressure
increases exponentially with the pellet length. Increasing pel-
letising pressure results in increased pellet density.

Holm et al. (2006) developed a theoretical model to explain
this exponential pressure—pellet length relationship. This
paper is a fundamental work because it gives a theoretical
background to why pelletising is possible in a press channel.
According to their model, the fundament of flat die or ring die
pelletising is the different strain ratio in the longitudinal and
radial directions of materials in the press channel. Figure 1
illustrates the theoretical model of Holm et al. (2006).

The height of the elementary “disc shaped” segment is dx.
If this element is loaded by pressure in a longitudinal direction
(pp) it compresses. The question is what happens with the seg-
ment in the radial direction. On the one hand, the Poisson ratio
(vgp) of materials is the ratio between the radial and longitudi-
nal strains under compression and v j is the ratio between the
longitudinal and radial strains. If a material’s Poisson’s ratio
was higher than 0, this material would extend (positive strain)
in radial direction. The wall of the press channel is considered
to be rigid; therefore, no strain is possible in the radial direc-
tion, instead this results in a pressure normal to the channel
wall (pg). This wall friction supports (“backs” according to
the vocabulary of Holms et al.) the material in the channel,
therefore further compression is possible. On the other hand,
stress—strain relations of materials both in longitudinal (E; —
longitudinal elasticity modulus) and radial (Eg—radial elas-
ticity modulus) directions also have to be taken into account.

= VR = ViR 1)

Holm et al. (2006) first wrote and solved the differen-
tial equation when only linear elasticity was assumed. This
model assumes that after the load the material gains back
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Fig. 1 Elementary segment under pressure in the press channel
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(springs back to) its original form, but evidently this is not
the case of real pelletising, because pellets do not fall out
freely from the channel. Therefore, they introduced the
“prestressing pressure” (py,) term and wrote and solved the
improved differential equation for modelling plastic defor-
mation too. The developed pellet lengths (compression
ratio)-longitudinal pressure relation is as follows:

D, = @(ezA”AVLR‘EA) 2)

VLR

where p, is pelletizing pressure, py, is prestressing pressure,
u is sliding friction coefficient, x is the direction of trans-
verse deformation, and r is radius of press channel. Equa-
tion 2 has been experimentally confirmed by many authors
(Holm et al. 2007; Stelte et al. 2011).

The effect of raw material moisture content on the pel-
letising properties and product quality has also been the
subject of several studies (Andreiko and Grochowicz 2007,
Arshadi et al. 2008; Carone et al. 2011; Filbakk et al. 2011;
Kaliyan and Morey 2009; Mani et al. 2006; Nielsen et al.
2009b, 2010; Odogherty and Wheeler 1984; Rhen et al.
2005; Ryu et al. 2008; Serrano et al. 2011; Smith et al. 1977,
Stelte et al. 2011). In these studies, biomasses were pel-
letized at different levels of moisture content, and its impact
on the pellet quality (durability or compression stability)
was analysed. In general, the optimum moisture content for
wood species was found to be between 5 and 10 wt%, while
slightly higher for agricultural grasses at 10-20 wt%.

Studies with a variety of materials have found that an
increase in mechanical load on the pellets results in an
increase in temperature. This has been reported for spruce
(Rhen et al. 2005), corn stover (Kaliyan and Morey 2009),
switch grass (Gilbert et al. 2009), pine (Nielsen et al. 2009a),
olive (Carone et al. 2011), beech (Nielsen et al. 2009a), and
wheat straw (Stelte et al. 2012). Furthermore, it was reported
that an increase in temperature reduces the friction in the
press channel of the pelletiser (Stelte et al. 2011) and low-
ers the energy requirement for different components of the
pelletising process (Nielsen et al. 2009a).

Trinh and Nagy (2016) suggested a method that allows
pellet producers to estimate pelletising behaviours of raw
materials by conducting a few tests in a single pelletiser unit.
This enables rapid estimation of key process parameters such
as optimal press channel length, moisture content, applied
pressure, temperature, particle size and speed of piston.

During continuous pelletisation of biomasses, a back
(support) pressure is needed to initiate the process. The
back pressure is created by the build-up of material in the
press channel, which sets the requirement for a pressure
(pre-stressing pressure) to overcome the friction within the
channels. The initial pelletisation pressure depends on the
die’s physical dimensions (die hole diameter, die length), its
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frictional coefficient and pre-stressing pressure (Holm et al.
2006; Tumuluru et al. 2010). Although many researchers
have studied the effect of compaction pressure on the pel-
letising process, only few of them, such as Holm et al. 2007
and Stelte et al. 2011, discuss the back pressure in the press
channel.

Recent studies discussed the temperature effect of die pel-
letisation processes, for example Yanming et al. (2018) con-
firmed that the optimum moisture content is around 10 wt%
and a suitable die temperature is 160-200 °C when produc-
ing bamboo pellets. Lisowski et al. (2019) reported the good
strength of the pellets of walnut shells with densities higher
than 820 kg/m> were obtained at the moisture content of
18.3 wt% and temperature of 93 °C.

Hence, the major objective of the present research was
the development of a new pressure distribution measurement
method for fuel biomass production. A single pelletiser unit
has been developed with which the back pressure gradient
in the direction of the applied force can be measured at three
different positions along the active part length of the die
channel. The normal stress—perpendicular to the die sur-
face—was measured by a newly designed load cell element.
The measured pressure distribution data in the active part of
the press channel makes the empirical pelletizing optimiza-
tion more precise and contributes to a better understanding
of the agglomeration process inside the die.

2 Materials and methods

2.1 Materials

Biomass pellets made by industrial and household spelt chaff
(triticum spelta) are generally used for energy generation;
therefore, this material stream is a good model material for
the experiments. A sample was taken from Szendrd, Hun-
gary (Natur Gold Farms Ltd.). The total sample was dried
and then ground using a cutting mill (Retsch SM2000) in one
step (with 2 mm opening size screen). Moisture content and
bulk density of the cut spelt chaff biomass sample (particle

Fig.2 Spelt chaff raw material
with x < 1.6 mm (left); Ground
post-agglomerated spelt chaff
with x <1 mm (right) (Opti-
cal microscope: Zeiss AXIO
Imager.M2m)

size < 1.6 mm) was determined; the results were 5.3 wt%
and 193 kg/m?, respectively. This sample state is called “raw
material” spelt chaff and it can be seen in Fig. 2(left). Based
on the microscope photos, it can be observed that the raw
material spelt chaff is quite a homogeneous material.

A so called “ground post-agglomerated spelt chaff”
(GPA-spelt chaff) subsample was prepared for subsequent
agglomeration experiments. GPA-spelt chaff was made by
agglomerating and then cutting again the raw material spelt
chaff biomass subsample. At this second cutting, a 1 mm
opening size sieve was used. Moisture content and bulk
density of the GPA-spelt chaff biomass sample (particle
size < 1 mm) was also measured; results were 10 wt% and
354 kg/m? respectively. The moisture content of GPA-spelt
chaff was later adjusted to be 20 wt% by adding extra water
to the sample. The prepared ground post-agglomerated spelt
chaff (GPA) can be seen in Fig. 2(right). Figure 3 shows the
particle size distributions of spelt chaff raw material and
ground post-agglomerated spelt chaff samples.

2.2 Equipment and methods used for research
2.2.1 Flat die pelletiser

The applied flat die pelletiser system (Fig. 4) contains a
flat die press, mixing container, conditioning screw and
a steam generator (Theobald TJ-Extra II, 19 kg/h steam
capacity). The nominal capacity of this pelletiser system
is 50-100 kg/h depending on the type of the material fed.
For the described experiments, it was 60 kg/h. The outer
diameter of the flat die is 200 mm, the length of the holes is
28 mm and their inner diameter is 8 mm. The geometrical
form of a die hole is shown on the right side of Fig. 4.

2.2.2 Development of the single pelletiser unit

The newly designed press channel, called the single pel-
letiser unit, is shown in Fig. 5. The single pelletiser unit is
mounted on a hydraulic piston press (Fig. 6). The length of
the active part is 55 mm and it includes three segments made
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Fig.3 Particle size distributions of spelt chaff and GPA-spelt chaff
samples

of carbon steel and one segment made of polyoxymethyl-
ene (POM). The length of each segment is 13.75 mm and
the diameter of the hole is 8 mm. A pressure transducer is
built in (type: PU5402-100 bar made by Ifm Electronics) to
measure back pressure. This pressure transducer is a dead-
space type device; therefore, a fill in liquid was necessary to
transfer pressure from the pelletiser unit membrane into the
membrane of the pressure transducer. A mixture of glycerine
and alcohol was used. The back pressure distribution was
measured in four discrete steps. For these measurements,

Fig.4 Flat die pelletiser (left);
hold length (right)
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pelletising under identical parameters was repeated three
times, when the load cell made of POM (called the back
pressure measurement disc, BPMD) was positioned into
the four discrete positions. To determine measurement
accuracy a statistical analysis was carried out. Sample aver-
age and sample corrected standard deviation values were
calculated for every measured pellet density (p), radial
back pressure (pg) and number (n) of sequentially fed raw
material portions (layers) values. With the help of the Stu-
dent distribution, a confidence interval for the population
mean around the sample average with 95% confidence level
was calculated. This confidence interval is called margin
of error. The calculated margin of error values—converted
into percentage units—are [p,yeroel = 1.8% for pellet density,
[Praveragel =0-7% for radial back pressure and [n,yerel 2%
for number of sequentially fed raw material layers values.
Only the measured average values of three parallel tests
are shown throughout the paper. A piston (diameter: 8 mm,
active length: 15 mm limited by a 30 mm diameter cylinder)
can force the raw material into the pelletising chamber.

2.2.3 Calibration of the equipment

Proper calibration of the back pressure measuring system
was extremely important. The nominal measuring range and
output voltage of the applied PU5402 pressure transducer is
0-100 bar and 0-10 V, respectively. The pressure transducer
itself was re-calibrated using compressed air for loading the
transducer with a reference pressure. The reference air pres-
sure loading the transducer was measured by another pres-
sure measuring device, namely a Hottinger Digibar pressure
transducer was used. Reference pressures from 0.08 to 6 bar
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Fig.5 New design press channel and piston of single pelletiser unit

Fig. 6 Hydraulic piston press with the single pelletiser unit

Fig. 7 Design of back pressure
measurement disc (BPMD)

!

in step increments of 0.3 bar were set in the air supply tank
(type EN286-1) for calibration.

A hydraulic pressure calibration system was developed
for the calibration of the POM load cell for measuring back
pressure. There were two major issues that had to be solved.
One challenge was to identify a suitable liquid for filling in
the load cell without air bubbles, from a substance that does
not destroy the POM material and the used adhesive. The
second challenge was the loading of the pelletising channel
wall by a reference pressure. Figure 7 shows detailed sizes
of the developed load cell (BPMD). There are two holes in
it, marked A and B. Prior to the actual calibration, the cell
was filled by a liquid (75 wt% glycerine and 25 wt% alco-
hol) through hole B when hole A was open. When no more
air came through hole A, hole A was closed. The prepared
liquid was poured into the hole of the pressure transducer
and then screw B was connected to the pressure transducer
when hole A was open. The screw in hole A was adjusted for
the liquid pressure of 3 bar as shown in Figs. 7 and 8(left).
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The back-pressure measurement in the pelletising cham-
ber was calibrated using the developed hydraulic pressure
calibration system, see Fig. 8(right). The calibration was
carried out by adjusting the screw on the top of the system
to increase liquid pressure. It was adjusted from O to 25 bar
in steps of 1 bar and then the reference pressure and voltage
output of the digital voltage meter were read, and it was
repeated for all test points. Figure 9 shows the results of
calibration using the developed hydraulic pressure calibra-
tion system.

The BPMD test disc and especially the used pressure
transducer had been calibrated only at 20 °C normal room
temperature; however, tests were carried out at 60 °C too.
The temperature dependency of the density of the filling
liquid (75 wt% glycerine and 25 wt% alcohol) affects pres-
sure measurements. The relative density change of 60 °C
temperature glycerine compared to the 20 °C one is — 1.9%.
However, the actual temperature of the filling liquid in
the cell during a 60 °C test cannot be estimated, because
only the die was heated and the massive head of the pres-
sure transducer was not. Margin of error of 20 °C pressure

Fig.8 Set up pressure value in
the back -pressure measurement
load cell (left) and hydraulic
pressure calibration system
(right)
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measurements was [Prayerage] +0.7%. It is simply estimated
here that margin of error of 60 °C pressure measurements
was about [Pryyeragel +2%-

2.2.4 Developed experimental procedure

The developed single pelletiser unit was used for tests in
different configurations with and without the developed load
cell. Prior to a back pressure measurement pelletising test,
proper filling of the channel is necessary. For this purpose,
the following experimental procedure was developed to
model the so-called sequential load type of industrial flat
die pelletisers (Fig. 1). During a revolution of the flat die, a
roll presses only a small raw material portion into the chan-
nels. Therefore, the feed is sequential. Prior to each pel-
letising test, 0.3 g of prepared GPA-spelt chaff (< 1 mm and
20 wt% moisture content) was fed into the channel. Before
the load of the first raw material portion, a soft material,
namely a piece of sponge, was inserted into the pelletising
channel to supply the necessary back pressure for pelleti-
sation initialisation. The 15 mm length piston was pressed
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Fig. 9 Calibration results for back pressure in the chamber; (left) 0-9 bar; (right) 9-25 bar
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into the channel completely and then lifted. Some more
material was added to the channel and the piston moved
down again. This was repeated until 10 g raw material had
been fed into the channel and until the process of agglom-
eration,—namely the downward motion of the piston—was
stopped. During sequential feeding, a careful test protocol
and cleaning had to be applied to avoid some remaining
materials on top of the unit segments, to avoid unwanted
compression of spilled materials between piston rim and
top unit segment. The number of loaded layers is marked
by n. At this point, when the piston tip was stopped and it
was at about x =0 mm (Fig. 10), the pressed material in the
channel supported (backed) the piston. The starting point of
the x longitudinal axis is set to be zero in the height between
pelletiser unit segments 1 and 2, as shown in Fig. 10. The
oil pressure in the hydraulic cylinder of the piston press was
limited to 21.5 bar by the pressure relief valve for all the
tests. The 21.5 bar oil pressure in the hydraulic cylinder cor-
responds to 3500 bar pressure on the surface of the 8 mm
diameter piston. The speed of the piston was set to 6 mm/s
for all the tests.

Pelletising experiments with a given material were car-
ried out at all of the following single pelletiser unit configu-
rations. At 20 °C temperature, pelletising tests were carried
out with four steel segments without membrane, with three
steel segments and one POM segment without membrane
and with three steel segments with the BPMD segment
membrane. Wall friction coefficients, elasticity modulus
and Poisson’s ratios of POM and steel are different; there-
fore, these combinations were tested. At 20 °C and 60 °C
temperatures, the position of the BPMD load cell segment
was also tested, namely repeated tests were carried out when
the cell was positioned on pelletiser segments no. 2, on no.
3 or on no. 4.

After agglomeration ceased, namely when the longitu-
dinal back pressure of the produced pellet supported the
piston, the pellet was removed from the unit. The quality
of pellets can be described easily by their body density. The

[ 7

- Piston

r

3 000 g

8 2 | Raw ntl)aterial

4 [oo OGS\S
00 OO ponge

Fig. 10 Sequential feed of the single pelletiser unit

removed pellet was cut into three pieces according to the
three active pelletiser unit segments (Fig. 10), therefore; the
pellet density distribution in the channel was also measured.
This research focused on the pressure distribution rather than
process optimisation, therefore other pellet durability and
strength tests such as the drop down test had not been car-
ried out. The spring back ratio of the removed pellets was
neglected. Diameters and heights of pellet segments were
measured by a Vernier caliper. The mass was measured and
density was calculated for each pellet segment.

Wall friction coefficients were measured by a Jenike
shear tester (Fig. 11) only at room temperature. The fric-
tion coefficient between GPA-spelt chaff and carbon steel
(Ugpa-t=0.299) and between GPA-spelt chaff and POM
(Ugpa-pom = 0.386) was measured.

3 Results and discussion

The piston was stopped, namely the maximal set oil pres-
sure was reached, after a maximum of 16 subsequent raw
material layers in the case of all active segments made from
carbon steel and a maximum of 34 layers in the case of two
small segments made from carbon steel and one segment
made from POM (without membrane). The first reason for
the difference in the number of layers is that the material
does not flow continuously, so it has time to stick to the wall
of the active part, which may impede material movement.
The temperature of the active part of the model single pel-
letiser unit is considerably lower than the operational tem-
perature of flat die pelletisers (100 °C). The second reason
for that can probably be explained by the Poisson ratio (Zhu
et al. 2017), which is higher for POM (0.35) than for carbon
steel (0.27-0.3) (Gercek 2007; Howatson et al. 1991). It is
not assumed here that the elastic deformation of the wall
of the pelletiser unit is significant, but different pelletising

Fig. 11 Jenike shear tester
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behaviour was detected among the carbon steel, POM and
the load cell (BPMD) pelletiser unit segment wall materials.
The wall friction coefficient between GPA-spelt chaff and
POM (0.386) is higher than that between GPA-spelt chaff
and carbon steel (0.299). This is a remarkable difference.
The position of the BPMD load cell influenced the number
(n) of sequentially fed raw material portions (layers). At the
same temperature and moisture content, when BPMD was
positioned in the 2" pelletiser unit segment, the number
of layers was maximal (n,,,,). The reason for this observed
phenomenon might be the higher elastic deformation of the
POM wall compared to carbon steel, meaning the material
could flow downward more easily in the active part. Table 1
shows the measured number of layers and radial back pres-
sure (pg—pressure perpendicular to the press channel wall)
results as a function of the BPMD position and temperature.

In the case of the 20 °C temperature tests, after the feed
of ten raw material layers (0.3 g each) and when the BPMD
was positioned in the 3rd pelletiser unit segment, the meas-
ured radial pressure in the cell was 2.7 bar. After the feed of
29 layers, the piston was stopped, and the measured radial
pressure was 9.9 bar in the 3rd segment. Data in Table 1
should be interpreted accordingly. When no more compres-
sion was possible, because the pre-set maximal oil pressure
in the hydraulic cylinder had been reached, pelletising was
stopped, the pellet was removed and cut, and the body den-
sity of each segment was measured as described earlier. Fig-
ure 12 shows some pellets made by the single pelletiser unit
at 60 °C and with 20 wt% moisture content as an example.

The BPMD load cell was positioned into pelletiser seg-
ments no. 2, 3 and 4 at a time. The body density of a pel-
let segment slightly depends on the position of the BPMD
device. If the BPMD was in segment no. 2, the body den-
sity of pellet segment no. 3 was 971 kg/m®, while when the
BPMD was in segment no. 4, the pellet segment density of
the same position decreased to 856 kg/m>. Data in Table 2
should be interpreted accordingly. Possible reasons for
this observed phenomenon were described above. Table 2
also shows that the applied higher pelletising temperature
resulted in higher body pellet segments densities for the
same moisture content raw materials (20 wt%). The weight
of a produced pellet segment in the active part was typically
25g.

GROUND PRE-AGGLOMERATED SPELT CHAFF
Moisture content of 20 wt.%: Temperature of 60°C
Particle size < 1 mm
Position of pellet 2 5

2 E ’
Position of
PONI disc 3 g

PELLET PRODUCTS

Fig. 12 Pellets produced by the single pelletiser unit

4
10 mm

Measured radial back pressure values decrease along
the direction of the applied force (x axis) in the active part
(Table 3). At 20 wt% moisture content and 60 °C temper-
ature, pressures are in the 9-23.7 bar range (Fig. 14). At
20 wt% moisture content and 20 °C temperature, this range
is from 8.4 to 21.1 bar (Fig. 13). Regarding the density, it
is observed that increasing radial back pressure results in
higher density at the same position of the BPMD load cell.

In each pelletising segment, the measured body density
and radial pressure values are average measured values
characterising the total 13.75 mm height segment. There-
fore, in Figs. 13 and 14 bars represent these average val-
ues. However, a point can be plotted in the centre point of
each segment and in this way functions can be fitted to the
measured points. Dotted lines represent a density or radial
pressure curve as a function of x (position in the channel).
The aim of this early stage curve fitting is only the deter-
mination of the initial body density and initial radial pres-
sure at the x =0 mm point. The initial body density values
are p,(20 °C)= 1100 kg/m* and p (60 °C) = 1100 kg/m".
The initial radial pressure values are pg (20 °C) =34 bar
and pg,(60 °C) =37 bar. Curves shown in Figs. 13 and
14 can be transformed into dimensionless forms by the

Table 1 Relationship between
number of layers and radial

Radial back pressure, py (bar)

back pressure

Temperature (°C) 20 °C 60 °C
Number of layers (n) 10 20 PR (M) 10 20 Pr (Nay)
Position of BPMD 2 30 9.8  21.1(33) 5.9 10.3 23.7 (34)
327 9.1 9.9 (29) 34 9.8 14.9 (31)
2.4 55 8404 24 5.2 9.6 (29)
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Table2 Body density distri- 3 3
bution of measured pellet seg- Density of pellet segments, p (kg/m”)
ments Temperature 20 °C 60 °C
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Position of BPMD 2 1080 971 901 1093 1021 902
3 1056 959 907 1103 987 935
1054 856 631 1095 886 773
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Fig. 13 Pellet segment density (bottom) and radial back pressure dis-

tribution (top) along x at 20 °C

points.
In this form, as Fig. 15 shows, the following dimension-
less function can be well fitted:
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Table 4 Parameters curve-fitted to the density results
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Fig. 16 Relative radial pressure (pr/pg,) as a function of the relative
position (X/X¢)

Table 5 Parameters curve-fitted to the radial pressure results

Tempera- Initial density a (constant), — b (exponent), — R?, -
ture, °C  (p,), kg/m3
20 1100 0.65 2.32 0.9994
60 1100 0.44 2.1 0.9997
» b

X
L-1-a: <—> 3)
Po Xc

The parameters of curve fitting are summarised in
Table 4.

The high coefficient of determination (R?) values indi-
cate that the introduced function (Eq. 3) fits well with the
measured data. Figure 16 shows the measured relative radial
pressure—relative position points.

As Fig. 16 shows, in this form the following dimension-
less function can be well fitted:

d
Pr _ l—c- <i> 4)
Pro Xc

The parameters of curve fitting are summarised in
Table 5.

The high coefficient of determination (R?) values indi-
cate that the introduced function (Eq. 4) fits the measured
data well. However, there is a slightly lower R? value for the
20 °C test results, because in the last pelletiser segment the
measured radial pressure is relatively high. The same type of

@ Springer

Tem- Initial radial c (constant), — d (exponent), — R?, -
perature, pressure (Pg,),

°C bar

20 34 0.85 0.4 0.9813
60 37 0.81 0.45 0.9998

power law function (Egs. 3 and 4) can be applied to the body
density and the radial pressure, but note that the exponent
for the density is b> 1 and for the radial pressure itisd< 1.
The measured exponents indicate different density and radial
pressure tendencies in the pelletising channel. Equation 2,
developed by Holm et al. (2006), estimates the necessary
longitudinal pressure for a continuous pelletising operation
for producing pellets in a given length channel. The indus-
trial pelletising machines should be run according to this
operational condition, namely the pellets should not stop in
the channels. The movement in a channel is actually semi-
continuous according to the sequential nature of feed of
ring die and flat die pelletisers. The operators should avoid
the permanent stop of the raw material in the channels. In
this paper, a novel method and equipment is reported where
the pellet movement in the channel was stopped at a given
pre-set pelletising pressure and in this state, the density and
radial pressure distributions were measured. It is obvious
now that Eq. 2 cannot be used to describe tests under these
different conditions. However, experimental Eqgs. 3 and 4
display a very good fit with measured data.
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According to the literature review, no test device for pres-
sure distribution measurement inside a press channel exists,
typically the pelletising force on the die is measured. There-
fore, the comparison of these novel results with literature
data is not possible.

4 Conclusion

A single pelletising unit and a novel sensor, namely the back
pressure measurement disc (BPMD), were developed and
calibrated. Using this instrument, the upper pressure limit
of a ring die or flat die pelletising machine can be deter-
mined. For a given pre-set pressure, the number of sequen-
tially loaded biomass portions can be determined at the point
when the movement of the compressed biomass in the press
channel stops. This condition should be avoided with indus-
trial machines, therefore it is important to predict such pres-
sures. The developed instruments and test protocols make
it possible to measure the body density and radial pressure
distribution in the press channel.

According to the measurement results, the material of
the press channel wall (steel, POM, BPMD) influenced the
density and radial pressure distribution in the channel. The
effect of the different wall friction coefficient on the radial
pressure seems to be apparent, because wall friction supports
the pelletising piston. Experiments however have shown that
the wall cannot be treated as fully rigid, because the differ-
ent Poisson ratios of different wall materials also affected
pelletising.

Dimensionless power law relative body density—relative
position and relative radial pressure—relative position func-
tions were introduced for the measured data. The very high
coefficient of determination (R?) values indicate good fit.
The same type of power law function (Egs. 3 and 4) can be
applied for the body density and the radial pressure, but the
exponent for the density is b> 1 and for the radial pressure
itis d < 1. The measured exponents indicate different density
and radial pressure tendencies in the pelletising channel.

The developed new load cell, single pelletising unit and
test protocol can be used right now to test and model only
the upper limit,—when the continuous flow in the channel
stops and the piston is backed—of industrial machines oper-
ation. That is a challenge for the future to further develop
the protocol to carry out tests during continuous pelletising.
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