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Modeling and analysis of pelletization process based on a multi-hole
pelletizing device

Qinghai Jiang, Kai Wu", Yu Sun
(School of Mechanical Engineering, Nanjing University of Science and Technology, Nanjing 210094, China)

Abstract: A multi-hole pelletizing device (MPD) was proposed to simulate the granular extrusion process of animal feed due to
its cheap, fast, and controllable features. The compression mechanism was analyzed and discussed according to the
compression force-time curve. This study applied response surface methodology (RSM) with a central composite design
(CCD) to develop predictive models for the compression force F,; and the pellet properties which includes pellet density pp,
pellet moisture content M, and pellet tensile strength D, based on the MPD. The effects of feedstock moisture content M
(10%-18% w.b.), feedstock particle size S;(8 meshes -24 meshes), die temperature Ty (70C-110<C) and compression speed V,
(5 mm/min to 25 mm/min) were investigated. Response surface models developed for the compression force and pellet
properties have adequately described the pelleting process (R?>0.95). The results showed the significant effects of all factors
and most of the squared and interaction terms on the compression force and pellet physical properties. It can be concluded
from the present study that moisture content and die temperature, followed by compression speed and feedstock particle size are

the interacting process factors influencing compression force and pellet properties.
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1 Introduction

Feed constitutes up to 60%-70% of the total cost for
commercially reared broilersi™?. As the primary feed form for
poultry rearing, pellets have been used extensively in the world!®>!.
Compared with the mash feeds, pelleted animal feeds have the
following advantages: more consistent size and higher bulk density,
better flow property and thus improved ease of handling and
transportation, decreased ingredient segregation and less dust
formation during processing and thus less feed wastage, improved
palatability and animal performance*®.  However, there are
several problems with pelleted animal feeds, including high energy
consumption and unstable product quality during the feed
pelletization process. Therefore, it is important to study the
effects of processing parameters on the feed pelletization process,
so as to find the optimal conditions for the process, and finally
achieve higher pellet quality and lower production costs.

Previous research studies on feed pelletization have focused on
the establishment of a cost-competitive process with high pellet
quality and low energy consumption™®!.  The pelletization
process is complex, as the quality and energy consumption depend
on the ingredient and mechanical properties of feedstock, the steam
conditioning temperature, and the ring die size*™.  The
chemical composition and physical properties of feedstock can vary
greatly because of the differences in varieties, cultivation
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conditions and additives. Additives, such as fat, can act as
lubricants to decrease the friction between the feedstock and the die
wall®®7 The compaction characteristics of different animal
feedstock have been examined in various studies!®98,
Compared to industry experiment with high costs and difficulty of
operation, single pellet press is cheap and fast, and can be operated
easily and independently™®®. As a simple method to investigate
the material’s mechanical properties during the densification
process, the single pellet press method has been widely used for
parameter optimization in recent years'®®?3.  Significant work
for understanding the information from a single pellet press was
carried out by Holm et al.*>%!  The pelleting pressure depends on
the material properties and processing temperature in a single press,
and increases exponentially with the press channel length®®!l. The
single pellet press method clarifies the compressibility of the pellet
and allows for the evaluation of quality properties, such as density
and tensile strength, in a simple and inexpensive manner.

However, single pellet studies have their challenges in
providing process data with relevance for industrial applications of
ring die pelletizing. When Misljenovi¢ et al.?® compared the
pellets produced by a single pellet press and a ring die pellet mill,
obvious differences in pellet quality were observed between the
two pelleting methods. With the single pellet press, materials
were compressed directly with transversal fiber orientation by a
press piston in a press channel. In contrast, the conic fiber
orientation could be observed in a pellet by the ring die pellet mill.
The difference was caused by the liquidity of material and the
friction between the material and channel wall. In addition, the
materials were compressed in both the longitudinal and radial
direction when they were pressed into the press channel at the
entrance with chamfering. The effects of chamfering and opening
ratio are seldom considered for the single pellet press. The single
pellet press with a specified pressure has essential differences with
the “real life” pellet mill. Rather than being designated, the
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pressure of the pellet mill is connected and dependent on the
process factors such as the feedstock component, moisture content,
press channel length, etc. Therefore, a multi-hole pelletizing
device (MPD) consisting of a piston, a multi-hole die, and a tube
was proposed to simulate the pelleting process. With this device,
the compression pressure required to force the material flow into
press channels was investigated. The MPD was used to analyze
the effects of raw material properties and processing parameters on
the compression pressure and pellet properties, so as to increase the
understanding of the connection between the animal feed properties
and these processing factors.

2 Materials and methods

2.1 Experimental setup

The MPD experimental system designed for pelleting
consisted of a piston, a cylindrical tube, and a multi-hole die with
diameters of 39.9 mm, 40 mm, and 39.9 mm, respectively. The
multi-hole die had seven press channels that were 3.8 mm diameter
holes drilled through a cylindrical steel die. The multi-hole die
had press channels of 38 mm in length and chamfer angle of 45<at
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the entrance of channels. The multi-hole die was located in the
tube by a metal ring and assembled at the end of the tube. The
apparatus was mounted on a universal testing machine that was
used to apply an external load to a pressing piston at a certain speed.
The compression force (F,.) applied could be measured by the
universal testing machine. The MPD was equipped with six
heaters of 400 W around the tube to heat the MPD and feedstock
during pelleting. The temperature was controlled by a digital
controller. A series of mesh sieves were used to distinguish the
feedstock particle size. The MPD experimental system is shown
in Figure 1. Although the MPD cannot represent all aspects of a
real industrial pellet mill, it can give an indication of how the
process parameters affect the compression force and the pellet
quality in press channels. In addition, some process parameters
such as temperature and friction are connected and dependent on
each other in the industrial pellet mill. By contrast, the process
parameters are easier to adjust in a MPD. Therefore, the
experimental results obtained with a MPD will be useful and
referenced for process adjustments, reducing energy consumption,
and the improvement of pellet quality during industrial pelletizing.

Figure 1 MPD experimental system

2.2 Preparation of materials

The diet formulations of animal feedstock used are shown in
Table 1.

In this study, the effects of feedstock moisture content (M),
feedstock particle size (Sy), die temperature (T4 representing the
influence of temperature), compression speed (V.) on the pellet
properties and compression force were experimentally investigated.
Feedstocks of five different sizes were created by sieving with US
series sieves (8, 12, 16, 20, and 24 meshes). The sieve size only
represented the five size levels rather than the actual size of the
feedstock particles.

Table 1 Diet formulations (%, as-is basis)

Ingredient Content/%
Corn 64
Soybean meal 29.9
Soybean oil 3.3
Defluorinated phosphate 14
Limestone 0.8
Salt 0.15
Poultry premix 0.25
DL-Methionine 0.07
Coban 0.08
BMD 0.05

The feedstock moisture content of each group was determined
using a moisture analyzer (MA 45, Sartorius, Germany) at 105<C
and then adjusted to 10%, 12%, 14%, 16% and 18% (w.b.)

according to Equation (1) respectively. The feedstock after
treatment was then sealed in plastic bags and kept for compression.
1-w,

m, =m, x100% (1)

X

where, m, is the final mass of feedstock after treatment, g; my is the
initial mass of feedstock before treatment, g; wp is the initial
moisture content, %; w, is the desired moisture content, %.
2.3 Experimental method

The structural integrity and physical properties of the pellet
production may be affected by the combination of steam pressure,
conditioning temperature, and material characteristics. Based on
the MPD and RSM, the present study investigated the influences of
processing parameters on pellet properties and established
predictive models for compression force and pellet properties, such
as pellet density (p,), pellet tensile strength (D), pellet moisture
content (Mg;). RSM s an effective statistical technique to build
and optimize multifactor experimental models and to evaluate the
effects of processing parameters on desirable responses?62%l.
Compression force, pellet density, pellet moisture content, and
pellet tensile strength were responses, while feedstock moisture
content and feedstock particle size, die temperature and extrusion
speed were factors. Due to the small pellet size and low
production rate, durability and bulk density tests which require a
bulk quantity of pellets are unsuitable for pellets extruded from the
MPD. In this study, the pellet qualities are represented by the
pellet density, pellet moisture content, and pellet tensile strength.

In this work, the pelleting temperature is represented by die
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temperatures indirectly, and the temperature in the core of the
compressed material is unknown. The tube and die were
preheated and maintained to a specific temperature (70<C, 80T,
90<C, 100<C and 110<C) by the digital controller during the
pelleting process. This was consistent with the work of Zimonja
et al.”®! who suggested that the pelleting temperature should be in
the range of 80<C-90<C. The load speed of the piston was
adjusted to a specified value (5 mm/min, 10 mm/min, 15 mm/min,
20 mm/min, and 25 mm/min). Before the compression, a
multi-hole die and piston were placed in the tube and heated to a
specified and steady temperature. In each experimental run, 25 g
feedstock adjusted to specified moisture content and particle size
was loaded into the tube and then the pressing piston was placed
into the tube. In order to raise the temperature to the die
temperature approximately without evident moisture loss, the
feedstock was kept between multi-hole die and piston for 90 s.
With the displacement of the piston at a certain speed, the
feedstock was compacted and then forced to pass through the press
channels, and the cylinder products were finally formed. Each
pressing was replicated 3 times. During the compression process,
the raw material particles were forced together and the interparticle
bonding was created by the applying mechanical force. In the
present study, the MPD was not equipped with a cutter, and thus
the extruded pellets were longer. The schematic diagram and
picture of the MPD are shown in Figure 2.

Die~" !
Figure 2 Schematic diagram and picture of the MPD

Pelleting experiments were conducted using the central
composite design (CCD).  The influences of the process
parameters and material properties on the compression force and
pellet properties were analyzed based on the analysis of variance
(ANOVA). The coded levels and actual values of the process
factors are shown in Table 2. To prevent being affected by
moisture from the air, the pellets were cooled in ambient conditions
for 30 min and then stored in sealed plastic bags until further tests
were conducted.

Table 2 Experimental conditions tested for pelleting animal

feed ina MPD
Coded levels Mt St Ty Ve
-2 10 8 70 5
-1 12 12 80 10
0 14 16 90 15
1 16 20 100 20
2 18 24 110 25

2.4 Compression force
The information about processability can be represented by
Fo. for pelleting and the yield stress of materials. F, represents

the minimum pressure required to force the compressed materials
to flow into and pass through the open-end cylindrical press
channels at a certain speed. F, absented in most single pellet
presses is co-varying with material properties and processing
parameters in a MPD, consistent with the industrial pellet process.
The sample materials were compressed at a specified compression
speed until most materials were extruded from the press channels.
The compression force-time curve based on the MPD is shown in
Figure 3. The compression force can be used as a reference for
the energy consumption of the pelleting process.
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Figure 3 Compression force-time curve based on the MPD

The pelletization process can be divided into three
sections?®%:  compression, flow and friction component
corresponding to the three parts of the compression force-time
curve in Figure 3. In the first section involving the process of
material pre-compaction, some non-permanent elastic deformation
of the material in the tube that lasts only as long as the pressure is
applied could be induced during compaction, corresponding to the
first part of the compression force-time curve.  With the
movement of the piston, the compression force increased slowly,
and the raw material particles would be rearranged and stacked
during the compression section. The flow component represents
the energy required to force the compressed materials into the press
channels as shown in the second part of the compression force-time
curve. In this section, the compression force increased
exponentially accompanied with elastic and plastic deformation of
the particles. The material was forced to flow into the press
channels at point K. As the press channels were filled with
material, the compression force increased. The friction section
involving the friction between the feedstock and die wall stands for
the energy required to press the compressed material from inside to
outside of the die, as presented in the stable part of compression
curve. When the materials came out from press channels, the
compression force kept steady and smooth until most materials
were pressed out while the compression curve increased rapidly
again. In this study, F, is determined by the valley of the friction
part in the curve.

2.5 Pellet density

The pellet density was determined by mass and volume of
granular pellet immediately after extruding the material from press
channels and cooling. The two ends of granular pellet were
smoothed with sandpaper. The pellet densities were calculated
according to Equation (2) through measuring the mass, diameter,
and length for at least 10 pellets using a Vernier caliper®".

m
Py =\7 2

P
where, p, is the pellet density, kg m3 mis the pellet mass, kg; V,
is the pellet volume, m=.
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2.6 Pellet moisture content

During the pelleting process, materials can dry up caused by
the temperature of the tube and die. The pellet moisture content
was determined by drying manually crushed pellets in a moisture
analyzer (MA 45, Sartorius, Germany) at a temperature of 105<C.
2.7 Pellet tensile strength

Pellet tensile strength is often used to evaluate the quality of a
densified cylindrical pellet. Tensile strength is designed to
simulate the pressure suffered by pellets in lower layer caused by
upper layers during transportation and storage operations. The
pellet tensile strength depends on cohesion force including
capillary forces, mechanical interlocking forces of rough particle
surfaces, electrostatic forces of feedstock particles, and cementing
agent’®.  The larger particles in raw material improve mechanical
interlocking and the finer particles increase the number of contact
points between particles during the pelletization process. In this
study, the sample pellet strength was determined by tensile strength
test. The crushing force is defined as the maximum load of a
single pellet located between two plates with a constant speed of
5 mm/min before crushing. The schematic diagram of the tensile
strength of pellet is shown in Figure 4. The data presented is an
average of three measurements. The tensile strength (o) for
cylindrical pellets was calculated by the following equationt®233!:

2F

= bh @)

where, ¢ is the tensile strength, MPa; F is the crushing force, N; D
is the diameter, m; h is the length of the sample pellet, m.

I Force

Figure 4 Schematic diagram of the tensile strength of pellet
3 Results

3.1 Experimental results

Results of the response variables are shown in Table 3. The
cylindrical pellets produced by the MPD at different process
conditions are shown in Figure 5.

Figure 5 Pellets produced by a MPD at different process
conditions

Table 3 Pelleting experimental data collected based on central
composite design

Test Met St Ty Ve Fout Pp Mep Dp
number  (x1) (X2 (X3, (Xa) /KN /kgm? 1% IMPa

1 14 16 90 5 1543 1227.65 10.87 2.69
2 14 16 70 15 3939 125477 1244 182
3 14 16 90 15 27.03 1226.04 11.07 238
4 12 20 80 10 4432 126758 10.72 2.3
5 16 12 100 10 1405 117215 1184 238
6 14 16 90 15 251 1226.83 10.98  2.37
7 16 12 80 10 1978 121745 1335 241
8 14 16 90 15  26.02 122252 1086 243
9 18 16 90 15 1214 117323 1459 214
10 12 20 80 20 5459 1269.52 10.89 1.97
11 16 12 80 20 2784 1206.26 1319 201
12 16 20 80 10 171 121166 1314 236
13 12 12 100 20 3026 124943 1042 212
14 16 20 100 10 1354 118247 1221 245
15 10 16 90 15 56.8 131535 9.21 2.02
16 14 16 90 15 2448 123975 1124 242
17 14 16 90 25 3093 119932 1153 2.09
18 12 12 100 10 2722 125876  9.82 2.46
19 12 12 80 20 5502 1260.86 10.66 1.96
20 14 8 90 15 2679 123492 1154 239
21 14 16 90 15 2646 122419 1119 233
22 16 12 100 20 1399 117577 1299 231
23 16 20 100 20 1575 116753 12.65 2.32
24 12 12 80 10 4353 127034 1058 2.28
25 14 24 90 15 1907 121488 1215 242
26 14 16 90 15 2331 123156 1113 233
27 12 20 100 20 3111 124534 1067 214
28 12 20 100 10 2438 124156 10.03 2.35
29 14 16 110 15 1962 120345 10.38 2.25

30 16 20 80 20 2467 118457 1327 2.04

3.2 Regression analysis

The effects of the feedstock moisture content and feedstock
particle size, die temperature and compression speed on the
compression force, pellet density, pellet moisture content, and
pellet tensile strength were determined. Respectively, ranges of
the compression force, pellet density, pellet moisture content, and
pellet tensile strength are 12.14-56.8 kN, 1167.53-1315.35 kg/m®,
9.21%-14.59%, and 1.82-2.69 MPa. Higher compression forces
and higher pellet density were observed at a lower moisture content
of material (10% and 12%, w.b.) and lower-to-medium die
temperature (80<C and 90<C). Higher feedstock moisture content
(16%, 18%, w.b.) and medium-to-higher die temperature (90<C,
100<C) resulted in lower pellet density. The highest and lowest
pellet moisture content were observed at the highest and lowest
material moisture content accordingly. Lower tensile strength
values were observed at lower die temperature and
medium-to-higher compression speed (15 mm/min, 20 mm/min
and 25 mm/min).

Analysis of variance (ANOVA) was then performed to remove
the insignificant terms (p>0.1) in the Design-Expert software.
The response surface models corresponding to the response
variables are shown in Table 4. All of the regression equations
were statistically significant at p<0.0001 and R®>0.95, indicating
that the effects of process factors on the compression force and
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pellet properties were adequately described.

Table 4 Response surface models developed for compression
force and pellet properties

Response

- Model R?
variable

y1=544.30682—37.83513x;—0.22573%,—4.81408x5 +
Fout 3.53462x,+0.16384x,x3—0.031837x3X4 + 0.63635x,%+
0.013041x5°

V2=1551.70325—28.26770x,—0.84244%,+0.89454x5+
Pp 4.01099x,—0.15255X1X3+0.88249x,%—0.16685x,>

Y3=30.03628—0.85375%; —0.37237x,—0.24531xX3—
Mep 0.25721x4+0.0032625x3x, +0.052522x,%+0.012271x,>
+0.00087593x3°

Ya=—-7.6925+0.53583x; +0.14996X3—0.097417x4 +
0.000775X3X4—0.018438x,2—0.00085x5

0.9782

0.9699

0.9793

Dy 0.9544

In Table 4, y, to y, are the response variables (Foy:, pp, Mcp, Dp),
X; to x4 are the natural independent variables (M, St Tg, Vo).
Response surface plots were drawn for the compression force and
pellet properties using the response surface model developed based
on the experimental data to understand the interaction effects of the
process factors. Each plot was drawn for two individual process
factors by keeping other process factors at the center point of the
central composite design. The results from the analysis of
variance (ANOVA) of the experimental data indicated the
significance of the linear, quadratic, and interaction terms of the
process factors on the compression force and pellet properties.

4 Discussion

4.1 Compression force

On the basis of the regression models obtained in section 3.2,
the contour plot of the compression force is shown in Figure 6,
with the abscissa of the feedstock moisture content and the ordinate
of die temperature. It indicates that there were significant
interactions between the feedstock moisture content and die
temperature. Higher temperature and moisture content led to a
lower compression force due to the lubrication effect of protein, fat
and moisture which can reduce the friction force through the press
channels, and result in a low compression force. Further, higher
temperatures will promote the lubrication effect. In contrast,
lower temperature and moisture content will result in a high friction
between the raw material and the press channel walls during the
pelletizing process.  The high friction will lead to high
compression forces and consequently high energy consumption
when up-scaling the process to a pellet mill.  Figure 7 shows the
compression force as a function of the die temperature and
compression speed.  Significant interactions between the die
temperature and compression speed can be observed. The
compression force increased with the decreasing of die temperature
and the increasing of compression speed. Due to the promotion
effects of temperature on lubrication, higher temperatures can lead
to a lower compression force. Moreover, lower compression
speed will extend the compression period for the material in the
MPD.
4.2 Pellet density

Pellet density, representing the influence of bulk density in this
paper, is an indicator of savings in transportation and storage.
Figure 8 shows the effect of die temperature and the feedstock
moisture content on the pellet density. The contour plot indicates
that lower die temperature and lower feedstock moisture content
maximized the pellet density. It is evident from the contour plot
that as the moisture content increased, the pellet density decreased.

And this is because the void space between the raw material
particles is occupied by amounts of water molecules, and cannot be
expelled during the compression when increasing the feedstock
moisture content!®>3, which will result in increasing volume and
decreasing density of the extruded pellets. On the other hand, the
lubrication effect of increasing material moisture content decreases
the compression force, leading to a lower pellet density. Higher
pressure is commonly recognized as beneficial for decreasing the
material porosity and formation of solid brides between the
particles®*®!.  Comparing Figures 6 and 8, it is clear that the
trend of the increase of pellet density and compression force with
feedstock moisture content and die temperature followed an almost
similar trend to one another. In addition, moisture evaporation
from the surface is more rapidly in press channels at higher
temperatures due to the contact with the hot die. This might be
one of the reasons for the lower pellet density at higher die
temperatures as observed during the pelleting process.
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Figure 6 Effects of feedstock moisture content and die
temperature on the compression force
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4.3 Pellet moisture content
The pellet moisture contents, which were lower than those of
the bulk feedstock increased linearly approximately with the
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increasing feedstock moisture content approximately. A contour
plot (Figure 9) was drawn for the pellet moisture content with
respect to the die temperature and compression speed. Figure 9
shows that the pellet moisture content decreases with increasing die
temperature and decreasing compression speed. The reduction is
mainly owing to the intensive evaporation of water attributed to the
contact with the hot die during the pelletization process, especially
at lower compression speeds, leading to a longer dwell time and
higher die temperature leading to more evaporation of water.

. 11.62
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A L A
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Die temperature/ C
Figure 9 Effects of die temperature and compression speed on the
pellet moisture content

Although higher moisture content decreased the energy
consumption, excessively higher pellet moisture content might be
one of the reasons for microbial degradation and mildew of the
pellet products during storage.

4.4  Pellet tensile strength

Figure 10 shows the effects of the die temperature and
compression speed on the pellet tensile strength. It is evident
from the contour plot that as the compression speed increased, the
pellet tensile strength decreased. The reduction is mainly due to
the shortened dwell time in the press channels.  Starch and protein,
which can be softened with heating before and during compression,
play an important role in the binding that occurs among the raw
material particles during pelleting™®'".  Solid bridges between the
raw material particles in granular pellets are mainly formed after
cooling. As the die temperature increased, the pellet tensile
strength increased at first due to the promotion effect of binder and
then decreased slightly due to the reduction of the compression
force at higher die temperatures.
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Figure 10 Effects of die temperature and compression speed on
the pellet tensile strength
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5 Conclusions

The influences of pelleting process factors on the compression
force and pellet properties were investigated experimentally based
on RSM and MPD, and the following conclusions were obtained:

Compression force depends on the process factors of
pelletization, and it can be obtained based on the MPD.

Higher feedstock moisture contents (>15% w.bh.) and higher
die temperatures (>98<C) at the feedstock particle size of 15 mesh
and compression speed of 15 mm/min reduced the compression
force down to less than 17 kN and the pellet density to 1200 kg/m®.
High moisture and die temperature could help to reduce the
compression force and thus reduced energy consumption. Higher
die temperature and lower compression speed resulted in more
intensive evaporation of water and lower pellet moisture content
for safe storage. Lower die temperature and higher compression
speed increased the compression force and resulted in lower
strength pellets.

The combination of higher feedstock moisture content and die
temperature at low compression speeds is a potential way to
achieve lower compression force, lower energy consumption, and
acceptable pellet density and tensile strength.

ANOVA of the experimental results indicated that feedstock
moisture content, die temperature and compression speed
influenced all the response variables including compression force
and pellet properties. Response surface models developed for
compression force and pellet properties with respect to the pelleting
process factors adequately described the pelleting process (R?>
0.95).

Parameter optimization based on the MPD can be useful and
referenced for process adjustments, reduction of energy
consumption, and improvement of pellet quality during industrial
pelletizing.
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