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The screw briquetting machine has problems which have been attributed to poor design. There are lim-
ited theoretical studies targeted at solving problems of biomass briquetting machines. The briquetting die
determines the final shape and quality of the biomass briquettes. The performance of the screw briquet-
ting machine is also dependent on the design of the briquetting die. In this paper, mathematical models
were developed to study the die pressure using a plug flow theory. Effects of die entry angle, die reduc-
tion ratio, length of briquetting die, biomass compact yield strength and friction on the die pressure were
investigated using the models. Increasing the die entry angle, reduction ratio, compact yield strength and
friction coefficient resulted in increase in the die pressure. Increase in length of briquetting die and fric-
tion coefficient also resulted in increase in the die pressure. Optimum die entry angle was dependent on
the yield strength of compacted material and the friction coefficient at the interface between the die and
the compacted material. This study is useful in developing improved screw briquetting machines.
© 2019 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Developing renewable sources of energy is becoming increas-
ingly necessary to cater for population who have limited access
to energy. This is particularly so for the rural communities of
developing countries which are basically agricultural based
(Jekayinfa and Scholz, 2009). The regional and global potential of
utilizing agricultural produce as biofuels for energy production is
very high (Kaygusuz and Tiirker, 2002; Moreira, 2006; Ojolo
et al., 2012a; Omer, 2005; Yokoyama et al., 2000). However, agri-
cultural biomass has poor fuel properties which include low bulk
density, low energy density, hygroscopic property, poor storage-
ability and high moisture content (Lipinsky et al., 2002). For bio-
mass to be utilized in other technologies such as the gasification
and combustion technologies, they need to be compacted to forms
with better fuel properties (Ojolo and Orisaleye, 2010; Ojolo et al.,
2012b). This is done by densification of the biomass materials
which require mechanical or thermomechanical means.
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The screw briquetting machine is a promising technology for
the conversion of biomass into briquettes in developing countries.
The screw briquetting machine produces briquettes with holes at
the centre which aids combustion. The briquettes also have a car-
bonized surface which improves water resistance of the briquettes.
However, the existing presses have high power consumption and
the screw is prone to rapid wear. Babu and Yuvaraj (2001) have
attributed the problems to poor design. Gabriele et al. (2001) noted
that extruders are adapted for new uses without preliminary
design and optimization in many cases. A few studies (Matis
et al., 2011; Ojolo et al., 2015; Orisaleye et al., 2019; Orisaleye
and Ojolo, 2019; Zhong, 1991) have investigated the design and
performance of the screw of the briquetting machine using theo-
retical models.

Limited analysis has, however, been carried out for the design
and optimization of the geometry of the die (Kovacova et al.,
2014). The die of the briquetting machine provides a constriction
which determines the pressure developed in the extruder and
the throughput of the machine. Controlling the die pressure is
important to achieve an optimal performance of the extruder with
a maximum production rate. Kovacova et al. (2014), Orisaleye
(2016) and Orisaleye and Ojolo (in press) investigated the pressure
distribution along the die by using theoretical models. It is, how-
ever, important to determine the optimum die pressure which is
required to push compacted biomass through the die. Selecting
the optimum pressure would be key to designing efficient screw
briquetting machines.
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Nomenclature

Aq Cross sectional area of compact before passing through
die entry

Ay Cross sectional area of compact after passing through
die entry

B Diameter of hole in compacted material

By Diameter of hole in compacted biomass at inlet of die
entry

B; Diameter of hole in briquette in briquetting die

D Diameter of compacted material

Dq Inlet diameter of die entry

D, Diameter of briquetting die / outlet diameter of die en-
try

F1,F2,---,F6 Forces acting on elemental slice

Ly Length of briquetting die

L Length of die entry

l Length of compact

L Length of compacted material before passing through
die entry

L Length of compacted material after passing through die
entry

P Pressure

Pp Ideal die pressure

Pr Frictional pressure at the die entry

Py Die pressure in the in briquetting die

Prq Total pressure at the die entry

Pr; Total die pressure

%4 Volume

w Work done

Y Yield strength of compacted biomass

z Coordinate along die axis

€ Strain

4 Annular ratio of the briquetting die

lo Annular ratio at the inlet of die entry

04 Taper angle at the die entry

0p Taper angle of hole in compacted biomass at die entry
K Stress transmission coefficient

Ly Friction coefficient at the compact-die interface

s Friction coefficient at the compact-screw end interface
o Stress

de Effective angle of powder friction

X Correction factor

In this study, mathematical models were developed to study the
die pressure of a screw briquetting machine. The effects of geomet-
rical, material and operational parameters on the pressure required
for extrusion were studied during simulation of the developed
models.

2. Methodology

Behravesh et al. (2010) and Zolfaghari et al. (2010) have
observed a plug flow behaviour of plastic composite with high
wood flour content above 60%. Zolfaghari et al. (2010) performed
experiments to investigate the flow balance of an extrusion die
for various wood flour/high-density polyethylene (HDPE) composi-
tions. Wood flour content was varied from 40 to 70% by weight. It
was observed that the pure HDPE melt behaves similar to a non-
Newtonian fluid but an approximate plug flow was obtained when
wood content was increased. Behravesh et al. (2010) attempted
theoretical study with experimental verification to predict die
pressure in wood-plastic composite extrusion. The theoretical
study considered non-Newtonian flow and hot extrusion. It was
observed that the experimental die pressures were higher than
predictions from the non-Newtonian flow equation but lower than
predictions from the hot extrusion scheme. By applying a correc-
tion factor to the hot extrusion scheme, Behravesh et al. (2010)
found that the values predicted were close to those obtained
experimentally.

The theoretical models for the die of the briquetting machine
were, therefore, developed on the assumption of plug flow through
the die. Other assumptions are that Coulomb frictional condition
exists at the interface between compacted biomass and the die
and slipping occurs at the boundary of the material and the die.
Also, coefficient of friction is independent of pressure or tempera-
ture; pressures within the plug are non-isotropic; and strain-
hardening effect on the biomass material is neglected. Fig. 1 shows
the schematic diagram of the die geometry under consideration.

2.1. Extrusion pressure at the briquetting die

The briquetting die is the cylindrical part of the die shown in
Fig. 1 positioned after the conical die entry. The briquetting die

R
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Fig. 1. Schematic illustration of the extrusion die geometry for the biomass
briquetting machine.

gives the briquette its final shape. A slice of plug flowing through
the briquetting die is shown in Fig. 2a. The annular ratio is the ratio
of the diameter of the central hole, B,, to the diameter of the die or
briquette, D,, given as:

B,
¢=p, (1)

Fig. 2a shows the forces acting on the elemental slice taken
from the plug flowing through the briquetting die. Using the figure,
the analysis of the briquetting die pressure is developed. The forces
acting on the elemental slice are (Orisaleye, 2016; Orisaleye and
Ojolo, in press)

Y
F1=P7 (D§ - B§> (2)
_ (2 g2
F2 = (P+dP)Z (02 BZ> (3)
F3 = kPnD,dz (4)
F4 = u,F3 = pykPnD,dz (5)

The lateral stress coefficient, or stress transmission coefficient,
K, is defined in terms of the effective angle of powder friction, ¢,,
as (Ennis et al., 2008):
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Fig. 2. (a) Forces acting on the plug of material flowing through the briquetting die; (b) Forces acting on the elemental slice of material flowing through the conical die entry.

_ 1—sing,
1 +sing, ()

A force balance is taken over the element in the direction of the
flow (the z-direction). The force balance over the element is:

F1-F2-F4=0 (7)
By substituting Eqgs. (2)-(6) into Eq. (7) and simplifying, the

expression for the force balance is:

@ _ 4uyxD,

P DB

dz (8)

During extrusion, the pressure drops to zero at the end of the
die. Therefore, Eq. (8) can be integrated taking the limits from
the start of the die to the end of the die as:

P, .0
[ dp_ / B L (9)
Jo P Ji, D5-B

To obtain a finite solution, the reference pressure is taken as the
atmospheric pressure, Eq. (9) becomes:

P;+0.1 0
/[ db_ [7_ 4Dz g, (10)
Joa p , D;—B
The die pressure, Py, is therefore, expressed as:
4u,KLy
Pp=01exp| —2%—-]-0.1 11
‘ (Dz (1- :2>>

Mulji and Mackley (2004) proposed that experimental data can
be modelled using a similar equation for the die land based on the
Coulomb friction law for contact between solid bodies.

2.2. Extrusion pressure at the conical die entry

The study of Behravesh et al. (2010) showed that for composites
with highly filled solid (wood) component, the flow behaviour is
closer to the hot extrusion scheme. This requires, therefore, that
the die entry pressure is modelled considering the ideal, or fric-
tionless, die pressure and the frictional die pressure. The slice of
plug flowing through the die entry is shown in Fig. 2b.

2.2.1. Ideal pressure at die entry
The ideal die pressure is determined from the work done per
unit volume stated as (Dieter, 1988):

%:/ade (12)

At yielding, the stress, o, assumes the value of the yield
strength, Y. By assuming volume of material is constant over the
die entry, and taking the work done as product of pressure and vol-
ume, Eq. (12) can be written as (Orisaleye and Ojolo, in press):

4L, (tan? 04 — tan’ 0,)
D3(1-¢%)

2L (tan 6y — {tan b))
D,(1-%)

PD = XYIH{] +

(13)

y is the correction coefficient proposed by Behravesh et al., 2010
and it takes into consideration the strong dependence of tensile
strength on temperature.

2.2.2. Frictional pressure at die entry

The frictional component of the entry die pressure is analysed
using the schematic diagram in Fig. 2b showing the forces acting
on the elemental slice at the die entry. The forces shown in the ele-
mental slice are expressed as (Orisaleye and Ojolo, in press):

F1 :P% [(D+dD)2 - (B+d3)2] (14)
_ T2 g2

FZ_(P+dP)4<D B) (15)

F3 = ;cpg (2D + dD)dz (16)

F4 = ;cpg(23+d3)dz 17)

F5 = p1,F3 = ,ud;ch(ZD +dD)dz (18)

F6 = uF4 = ,uSKPg(ZB + dB)dz (19)

The force balance on the element, along the z-direction is:
F1 - F2 — F3sin04 + F4sin0, — F5cos 04 — F6 cos 0, = 0 (20)

By substituting Eqs. (14)-(19) into Eq. (20) and simplifying, the
expression becomes:

(tan 04 — K sin Og — pyK cos 0y)

ap_ 4
P D

—{(tan 0, — xsin 0, + p i cos 0,)

- ¢ o

The term, {,, is the annular ratio at the start of the die entry and
is expressed as:

B ﬁ _ (D, + 2L; tan 0,
"Dy Dy+2L tanby

Noting that the extrusion pressure at the briquetting die must
be equal to the pressure at the end of the conical die entry, the fric-
tional component, obtained by integrating Eq. (21), can then be
stated as:

4 tan 04 — K sinOg — L K COS 6
=

L (22)

2.3. Total die extrusion pressure

The total extrusion pressure at the conical die entry is the sum
of Egs. (13) and (23) given as:
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2L, tanfy 4L, tan® 04
Pri = yYInd 1+
" { Da(1-2) " D3(1- )
4L, | (tan6q — xcsin g — gk cos bq)
+Prexp || —= (24)
[[ DZ{ (1-2)

The total die extrusion pressure is the sum of the total extrusion
pressure at the conical die entry with the die extrusion pressure at
the briquetting die. This is expressed as:

PT2 — O.Iexp <4'udKLd>

Dz (1-¢%)
2L, tan6y  4L;tan? 64
+YInd 1+ .
{ D:(1-¢%) Dy(1-¢%)
4L, [ (tan 6y — % sin 0g — gk cos Og)
+Pexp|| —== 25
L p[[ Dz{ — 25)

3. Results and discussion

The effects of geometrical, operational and material parameters
on the components of the die pressure are discussed in this section.
The geometrical parameters investigated are the die entry angle,
die reduction ratio and the length of the briquetting die. The oper-
ational parameter was the friction coefficient at the interface
between the biomass material and the die. The material parameter
was the yield strength of the biomass compact.

3.1. Effects of parameters on ideal die pressure at the die entry

The ideal pressure is required to push the compacted biomass
through the reduced section of the die, assuming frictionless con-
tact between the compacted material and the briquetting die.
Fig. 3a shows the effects of the yield strength and die angle on
the ideal die pressure. The ideal die pressure is seen to increase
non-linearly with increase in the die angle. The ideal die pressure
also depends on the yield strength of the compacted biomass
material in the die entry. Fig. 3a shows that a low die pressure is
developed when the yield strength of the material being processed
is small. This is expected as processed material with low yield
strength offers a lower resistance to the pressure applied to push
it through the conical die. The yield strength is a function of tem-
perature at the die and the degree of compaction of the biomass
material. Mitchual et al. (2013) have also shown that the strength
of briquettes is a function of the species of the biomass material,
the particle size and the compaction pressure.

Fig. 3b shows the effect of the inlet, or entry, diameter on the
die pressure. The figure shows that for a specified diameter of
the briquette, a larger inlet diameter will increase the die pressure.
Consequently, it can be deduced that for a larger die entry diame-
ter, or higher die reduction ratio, a greater pressure will be
required to push the material through the die. This is because lar-
ger amount of material is pushed through a die with an outlet ori-
fice of specified diameter when the inlet diameter is larger. This
will cause a higher resistance to material flow than when a smaller
inlet diameter is used which reduces the amount of material
required to flow through the die.

3.2. Effects of parameters on the frictional die pressure at the die entry

The effect of friction coefficient on the frictional die pressure at
the conical die entry is shown in Fig. 4a. From the figure, it is
observed that for specified inlet and outlet diameter of the die
entry, the die pressure due to friction reduces with an increase in
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Fig. 3. (a) Effect of the yield strength of compacted biomass material on the ideal
die pressure; (b) Effect of the inlet diameter of the die of the briquetting machine on
the ideal die pressure.

the die angle. This is because of a reduced contact length at the
interface of the compacted biomass and the die. It is also observed,
as expected, that an increase in the friction coefficient between
rubbing surfaces leads to an increase in the die pressure required
to extrude the compacted biomass.

Fig. 4b shows the effect of the inlet diameter of the die entry on
the extrusion pressure of the die. It is shown that, for a specified
diameter of briquette, the frictional die pressure increases with
increase in inlet diameter of the die. For specific die entry angle,
friction coefficient and briquette diameter, increasing the die entry
diameter will result in an increase in the die entry length. This,
consequently, increases the rubbing length which is the interface
between the compacted material and the die. The increase results
in the increase in die pressure.

3.3. Optimum die entry angle

It is important to determine the optimum die entry angle for
application in the screw extruder biomass briquetting machine.
The optimum die entry angle is the angle at which the pressure
required to push the compacted material through the briquetting
die is minimum. As previously observed, the ideal die pressure
increases with an increase in die angle while the frictional die pres-
sure decreases with increasing die angle. An optimum die angle,
given parameters of operation, needs to be determined to ensure
the minimum pressure for the extrusion. Fig. 5 shows plots to
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Fig. 4. (a) Effect of friction coefficient on the frictional pressure of the extrusion die;
(b) Effect of the inlet diameter on the frictional pressure of the extrusion die.

determine the optimal die angle of a briquetting die. The plots con-
sider both the ideal and frictional die pressures. It is observed from
the figures that there is a minimum die extrusion pressure for
specified operational, material and geometric parameters.

From Fig. 5a, it is seen that the friction coefficient between the
interface of the compacted biomass and the die affects the optimal
die angle. The optimum die angle is observed to increase with
increase in the frictional coefficient. A higher pressure is required
at the optimum die angle when a higher friction coefficient exists
between compacted material and the die.

As earlier noted from a study by Mitchual et al. (2013), the
strength of briquettes is a function of the species of the biomass
material, particle size and compaction pressure. Fig. 5b shows
the plot to determine the optimal die angle for compacted biomass
materials which have different yield strengths. It is observed that
compacted biomass material with higher yield strength requires
a smaller optimal die angle.

3.4. Effects of parameters on the extrusion pressure at the briquetting
die

The effect of friction coefficient and length of the cylindrical bri-
quetting die on the die pressure is discussed in this section. As
observed from Fig. 6a, the briquetting die pressure increases with
increasing length for a fixed diameter. In essence, and as shown
in Fig. 6b, the die pressure increases with an increase in the
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Fig. 5. (a) Determination of the optimal briquetting die angle for different friction
coefficients between surfaces of compacted biomass and die; (b) Determination of
the optimal briquetting die angle for different compacted biomass yield strength.

length-to-diameter ratio of the die. The reason is because the con-
tact surface between the compacted material and the briquetting
die is increased with increasing length. A higher pressure will,
therefore, be required to push the material through the longer bri-
quetting die. It is also observed from Fig. 6a that the briquetting die
pressure increases with an increase in friction coefficient. This
because a greater force, or pressure, is required to overcome higher
friction at the contacting surfaces.

4. Conclusion

In this study, mathematical models for the study of the die pres-
sure of the screw extruder biomass briquetting machines were
developed. Plug flow of material through the die was assumed.
The effects of geometrical, material and operational parameters
on the pressure at the die entry and the briquetting die were inves-
tigated. The optimum die entry angle was dependent on the yield
strength of the compacted material passing through the die and
also on the friction coefficient at the interface between the die
and the compacted material. Increase in the friction coefficient,
yield strength, die angle and inlet diameter resulted in increase
in the die entry pressure. Increase in friction coefficient and bri-
quetting die length also resulted in increase in the die pressure.
The observations from this study contribute to analyses required
for development of improved screw extruder biomass briquetting
machines.
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