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Abstract: Changes in the parameters of the
transfer function of a twin screw extruder. The
objective of this work was to determine the static
characteristics and then the transfer function of
the process of extrusion for selected process vari-
ables, such as screw rotational speed (n) and raw
material flow rate (Q). In the study, the process
of extrusion of a mixture of raw brewers’ grains
and maize cereal of humidity of 18%. Tests were
conducted using the Clextral EV25 twin screw
extruder. It was found that the extrusion process
was an object that reflected well the areas of vari-
ability of parameters, such as object gain, time
constant and transfer function.
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INTRODUCTION

Extrusion of cereal products is a “con-
tinuous” process that allows for per-
formance of several unit operations in
a single device, such as: mixing, knead-
ing, cooking and forming. The proper
setting of parameters and stable course
of the extrusion process is thus an es-
sential factor that allows for keeping of
constant quality of the product. Changes
in input values, which are even of short
duration, may exert significant impact on
maintenance of stability of the process,
and thus on the quality of end products

[Ekielski 2006, Zelazinski 2014, Siwek
et al. 2014]. It is thus significant to get
familiar with the features of the extru-
sion process as the object of adjustment
[Erikainen and Linko 1987].

Analysis of such processes as extru-
sion is complicated, since any change in
the conditions of the process usually leads
to their stabilization on a different level
[Strejc 1981, Li et al. 2005]. Therefore,
it is difficult to apply a model developed
under the conditions established to fore-
see the course of the process while going
from one level to another [Janaszek et
al. 2007, Golisz 2009, Zawistowski et al.
2010]. This often leads to excessive en-
ergy and raw material losses [Wajtowicz
and Moscicki 2008]. It is therefore im-
portant to develop the model of the proc-
ess as an object of adjustment, taking
into account its dynamics. Such model
would be a valuable tool for: analysis
of energy efficiency and performance,
selection of the appropriate settings of
the adjustment systems, defining of gen-
eral laws, describing behavior of the ex-
trusion process as a result of the input
parameters.
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Dynamic behavior of the extrusion
process has been discussed broadly in
the context of plastic extruders, which
served as a basis for early models de-
scribing the processes of extrusion of
vegetable raw materials. The models of
extrusion of vegetable raw materials,
however, are more complex in com-
parison with plastics [Pabedinskas and
Cluett 1994]. This is associated with the
specific characteristics of vegetable ma-
terials, which, in the case of extrusion,
consist of mixes of various components.
Moreover, various components in mix-
tures usually interact strongly with one
another [Kokini et al. 1992], which re-
sults in changes taking place in the prod-
ucts during the extrusion process (such
as gelatinization of starch, denaturation
of proteins etc.), which makes the entire
model even more complicated.

One of the methods of development
of the extrusion process is the experi-
mental approach. In this method, the
transfer function is used, expressed as
a proportion between the process outputs,
described using Laplace’s equations.

The objective of this study was to de-
fine the static characteristics of the ex-
trusion process for the selected process
variables (N, Q), and then to establish
the area of variability of parameters k ,
T and 7, of the transfer function G (s) de-
scribed by equation:

Kpp s (1)

G5 = (Ts+1)"

where:

G, (s) — transfer function;

k,, — object gain;

" — object order (number of inertial
units);

T - time constant.

METHODOLOGY
Overview

The study was conducted using a mix-
ture of maize grits with 10% addition of
raw brewers’ grains. The mixture was
obtained by mixing the two ingredients
immediately before processing. The hu-
midity level of the mixture used for tests
amounted to 18%. The DOE module of
Statistica 10 software was used to pre-
pare the experiment and to process the
statistical results.

Examination of static characteristics
of the process and its transfer function
was conducted during extrusion of the
mix in the laboratory twin screw ex-
truder Clextral EV25. The proportion
of the screw length to the diameter was
L : D =27 : 1. The screw configuration
was a standard factory setting.

The extruder consisted of six-cylinder
sections, equipped with a temperature ad-
justment system with two setpoint values
each. During the tests, a constant temper-
ature profile was maintained, amounting
to: 30, 50, 80, 100, 110, 120°C, for each
of the sections from 1 to 6, respectively
(Fig. 1). The material was transferred by
a single nozzle die of circular cross sec-
tion and diameter of 2.5 mm.
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FIGURE 1. Diagram of the extruder with the tem-
perature stabilization sections: A — extruder die,
1-6 — subsequent heating sections, Q — mass flow
rate, p — pressure in the extruder head

The load of the extrusion unit (N)
was measured as the ratio of torque (T)
needed to drive the extruder screws to
the maximum value of torque (T, ): a
maximum load, at which the drive trans-
mission was disconnected by the overload
clutch. A measurement of the torque was
performed in the gearbox of the extruder

and described by formula (1):

N =t
=

max

100% (2)

For pressure measurement, a pres-
sure transducer was used as a standard,
located in the extruder head, with the
measurement range of 0-25 MPa. The
material was fed to the extruder by a
feeding screw that had been calibrated
for measurement of the mixture mass
flow rate (Q).

The extruder was equipped with a sys-
tem for recording of measurement data.
Measurement data was saved on the hard
disk with the frequency f=1 Hz. Filtration
of measurement signals was conducted
after the measurements by the algorithm
using the adaptation filters. Algorithms
written in C++ were implemented to

Matlab v12. Determining of the transfer
function parameters was conducted us-
ing the standard Matlab procedures.

The process input values were the
extruder screw rotational speed (n) and
mass flow rate of the material fed into
the process (Q) — Figure 2.

Q N
i trusion
input extrusiol p output
process

FIGURE 2. The input and output process
parameters measured

Specification of the transfer function
model using a response of the object
to step forcing

The transfer function allows for com-
parison of the impact of input factors for
various inputs. In reality, it is the ratio of
Laplace transform of the input signal to
the input signal. Thus, it allows for pres-
entation of the manner, in which the object
will process the input signal and how the
input signal will determine the output of
the object examined. Experimental deter-
mination of the transfer function consists
of emitting of a forcing signal — x(t) — to
the input and measuring of changes in
the response value — y(t) — at the output.
Each of the functions examined should
be transformed to the following format
Laplace transform:

Y(s)=a{y()} A3)

X(s)=a{x(t)} 4)
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By dividing equations by one anoth-
er, we receive the G(s) transfer function
equation:

_Y(s) _ ey}
X(s)  ar{x(®}

G(s) Q)

Determination of the transfer func-
tion of an object with unknown char-
acteristics is performed by examining
changes in the input signal of the system
upon emission of the forcing signal on
the output. In one of the most frequently
used methods, this is a step forcing, con-
sisting of a change of the stable initial
value of the input signal into the invari-
able end value (standard forcing). The
value of forcing at the object input is de-
scribed by the following function:

x(t) = k- 1(t) (6)

The response of the stable system ap-
proaches the steady state:

The extrusion process is usually pre-
sented as the 2" order object. Such ob-
ject is described by a general linear dif-
ferential equation:

Oy

oy
ot ot

ot

8, +a, - a,-y=hb,-x (g
For static conditions, differential ele-
ments assume zero values. Thus, the dif-

ferential equation format is as follows:

a - y=hb,-x (€)]
and further:
b
y=—-X (10)
a,

Using the shape of the step response
of the object, it is possible to estimate
the order of the object. If the response
of the object to the step interference is
not periodic, like presented in Figure 3,

y() =k-k,, (™) the object transfer can be modelled us-
where: ing the transfer function of the n-th order
k_, — examined object gain. described by the equation (1).
A TC Td
kkgp | o o Y,
=
P.
X2
kD | .
Yq X4 »
Ta Tb '

FIGURE 3. Response of the static object — y(t), as a response to step forcing — x(t). Determination of

constant proportional and inertial units
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Values of parameters: K, T, T, T,
present in equation (1) can be determined
graphically (Fig. 3). For the purpose of
the course of change in the output value
(Y,) as a result of forcing (X,), gain k
was determined on the basis of the fol-

lowing formula:

Y1 _Yz
\A

Xl — Xz
X2

ob

(11)

Specification of values of parameters
T,and T, allows for approximation of
the order of magnitude of the object n
according to the method developed by
Strejc [1959]. The method consists of
determination of the point of inflexion
of curve of the step response of the ob-
ject, running of the tangent to this curve
at the point of intersection and reading
of the values of parameters: T and T, T,
and assigning of order n to the estimated
model. The estimation values can be
found in the conversion table (Table 1).

where:
T, — substitute delay time;
T, — substitute time constant.

Indexes d and t refer to values read
from the curve (index d) and the clos-
est value read, entered in Table 1 (index
t). On the basis of familiarity with the
transfer function — G(s) — it is possible
to determine the course of change of the
signal, which will be obtained at the out-
put of the object for the set change of
the input signal, calculating the inverse
Laplace transform:

y(t) = {X(9)-G(s)} (13)

Using the shape of the curve express-
ing the response of the system being
examined, it is possible to find the dy-
namic response, expressed by a change
in pressure inside the extruder die and
a change in loading of the main drive
motor in the time function. The change
of the pressure value in the extruder die
— p(t) — and load — N(t) — is enforced by

TABLE 1. Assigning of the inertial order and time constant (T ) depending on the read values

of parameters: T, T, and T_

T/T, | 0000 | 0104 0218 | 0.319 | 0.410 | 0.493 | 0.570 | 0.642 | 0.709 | 0.773
N 1 2 3 4 6 7 8 9 10
TIT 0 1 2 3 5 6 7 8 9

Value t is calculated from equation

el T | (12)
Tl [Tl

step change in the rotational speed of the
extruder screw — n(t) — or by a change
in the quantity of material — Q(t) — fed
for the process. These changes can be
presented as the course of changes in the
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value of pressure in the cylinder of the
extruder, obtained as a result of change
in the input value (Q). The values meas-
ured have been presented in Table 1.

Due to technical reasons, range Q for
parameters: K , Tz and To, has been nar-
rowed, and the 3D diagrams provided
presented approximated values within
the range of 2-9 kg-h.

Conducting of the experiment

The mathematical model of the extrusion
process was developed by measuring the
selected output values, depending on the
value of the input parameters. On this
basis, a model of the course of the proc-
ess was established. Table 2 presents the
input values (n — revolutions, Q — flow
rate of raw material). The output values
were recorded only after the process sta-
bilization (about 10 min).

The transfer function around the se-
lected duty points was established by
measuring the object response [N(t),

TABLE 2. Changes in the process input values

p(t)] to step forcing of input values (AQ,
An). The size of the change in rotational
speed (An) and the quantity of material
fed (AQ) were based on the subsequent
measurement points, calculated in the
Design of Experiments module of Sta-
tistica software. Step forcing was im-
plemented only after stabilization of the
process, changing the value of only one
variable. The observations were con-
cluded after stabilization of settings at
the new level of output values. Table 1
presents absolute forcing values used in
research.

RESULTS

Statistic characteristics of
the extrusion process

Tables 3 and 4 present the input values
set as the parameters of the extrusion
process and the output values param-
eters as the values obtained during the
extrusion process.

Process input

Value

Rotational speed of N extruder screws
[rpm], under set conditions

150

200 250 300 350

Forcing value (An) [rpm]

-50

Raw material flow rate (Q) [kg-h™],
under set conditions

5.04

10.86 | 12.82

Forcing value (AQ) [kg-h™]

5.82

1.96 X

TABLE 3. Die pressure and extruder screw motor load values obtained under static conditions

(Q = 10.86 kgh)

Erocess Extruder screw rotational speed 150 200 250 300 350
input (n) [rpm]

Process Pressure value (p) [bar] 201 192 155 148 147
output Load (N) [%] 71 65 56 42 i
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TABLE 4. Die pressure and extruder screw motor load values obtained under static conditions

(n =250 rpm)

:sstess Raw material flow rate (Q) [kgh-] 504 | 1086 | 12.82 | 16.00
Process Pressure value (p) [bar] 150 155 160 171
output Load (N) [%] 50 56 64 75

The characteristics obtained in Fig-
ures 4 and 5 have been presented in form
of 3D charts as functions: N = f(Q, n)
and p = f(Q, n). It was found that both
the percentage load of the motor N and
the obtained pressure (p) changed sig-
nificantly along with the input values: Q
and n. Moreover, the tendency of these
changes was similar. The trends indi-
cate that N and p values tend to decrease
along with reduction in the flow rate of

NOSRX XXX
RERILEEES

N [%]

FIGURE 4. Object static characteristics: N = (Q, n)

material fed and increasing of the ex-
truder screw rotational speed.

Values of dynamical parameters of
the object

The transfer function values were es-
tablished for two forcing variables: step
change in the quantity of raw material
fed and change in rotational speed of the
extruder screws. Figure 6 presents the
response of relative value of motor load

p [MPa]

Q
FIGURE 5. Object static characteristics: p = f(Q, n)

1 50

99 148 197

246 295 344 393

FIGURE 6. A change in the driving system load (N) during change of rotational speed of the screws (n)



86 A. Ekielski, T. Zelazinski, A. Jesionek

to step interference in form of change
of the rotational speed of the extruder
SCrews.

The chart presented in Figure 7 in-
dicates that parameter k , tends to in-
crease along with the flow rate of raw
material (Q) and reduction of rotational
speed of screw (n) except for rotational
speed range of 140-180 rpm. Under
these conditions, the value of parame-
ter k , decreased slightly and it reached
the lowest point at the smallest n and g
values.
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FIGURE 7. The gain of object (k) in the func-
tion of rotational speed of screws (n) and the raw
material flow rate (Q)

A similar tendency was observed in
the chart describing the time constant
(T2) in f(n, Q), (Fig. 8). It is also pos-
sible to observe a tendency of increase
of parameter Tz along with reduction of
parameter Q and rotational speed of ex-
truder screws (n).

Tz [s]

FIGURE 8. Time constant (Tz) in the func-
tion of rotational speed of screws (n) the raw
material flow rate (Q)

Parameter To, like the parameters
described earlier, increased along with
reduction of n and g (Fig. 9). Its values,
however, changed only within the range
of 18.2-25.3%.

To [s]

FIGURE 9. Time constant (To) in the screw ro-
tational speed function (n) and the raw material
flow rate function (Q)
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CONCLUSIONS

1. The extrusion process is an object,
which reflects well the parameter
changeability areas, such as object
gain, time constant and transfer func-
tion. The charts allow for identifica-
tion of positions characterized by
sudden increase of k , as well as To.

2. The process of extrusion of cereal
products has visible non-linearity
features.

3. The obtained results for static param-
eters of the object are characterized
by patterns similar to those described
in literature. The transfer function
components change simultaneously
to a significant extent, depending on
the process parameters.
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Streszczenie: Zmiany parametrow transmitan-
cji operatorowej ekstrudera dwuslimakowego.
W pracy przedstawiono przykitad wyznaczenia
charakterystyki statycznej i transmitancji opera-
torowej procesu ekstruzji. Badania obejmowaty
analize danych pomiarowych wybranych zmien-
nych procesowych takich jak predkos¢ obrotowa
slimakow (n) oraz natezenie przeptywu surowca
(Q). Wyniki pomiaréw pozyskano podczas pro-
wadzenia badan nad ekstruzja surowego mitéta
browarnianego i kaszki kukurydzianej o wilgot-
nosci 18%. W badaniach wykorzystywano eks-
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truder dwuslimakowy Clextral EV25 (oprogra-
mowanie ekstrudera pozwalato na doktadny zapis
danych pomiarowych z czestotliwoscia 1 Hz).
Stwierdzono, ze proces ekstruzji jest obiektem,
ktéry dobrze odzwierciedla obszary zmiennosci
parametrow, takie jak: wzmocnienie obiektu,
stala czasowa oraz transmitancja operatorowa.
Wyniki badan potwierdzity réwniez doniesienia
innych autorow, ze ekstruzja to proces o wyraz-
nych cechach nieliniowosci.

Stowa kluczowe: ekstruzja, ekstruder, transmi-
tancja, stan nieustalony
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