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ABSTRACT: The starch foam extrusion process was mod-
eled as a multiple input multiple output (MIMO) process,
and the dynamics of the process were studied as a response
to step changes in the input variables such as starch feed
rate, screw speed, moisture content (MC), and poly(hydroxy
aminoether) (PHAE) feed rate. The responses were modeled
as first-order responses with a time delay. The linearity of
the process was determined over a range around the set-
point, and the parameters defining the first-order system
such as gain “K,” time constant “7,” and dead time “t,” were
determined in the linear range. The transfer function models
can then be used in a predictive computer control system for
on-line fine-tuning of the operating conditions. This could
ensure a consistently high quality product even when low
frequency disturbances are present in the system. It was
observed that the time constants and the dead times re-
corded for both the pressure and torque responses did not
exhibit significant variation within each manipulated or in-
put variable tested, indicating a dynamic linearity with re-

spect to each manipulated variable. It was also observed that
for the same step-input variations in the manipulated vari-
ables, the torque loading on the twin-screw extruder exhib-
ited a faster response (lower dead time), and also reached a
steady state sooner (lower time constant). The MC and screw
speed seem to be the most destabilizing variables, as they
induce rapid responses in the process variables. The MC in
the extruder was, hence, determined to be the most influen-
tial factor in the stability of the process, followed by screw
speed and starch feed rate. PHAE feed rate was the least
significant variable. Multiple step-input tests were carried
out to determine the validity of the principle of superposi-
tion. The validity of the principle of superposition implied
the linearity of the process in the domain tested. © 2006 Wiley
Periodicals, Inc. ] Appl Polym Sci 101: 3983-3995, 2006
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INTRODUCTION

Foam plastic packaging is experiencing growing pres-
sure from existing and proposed environmental and
disposal regulations, and market-based sustainability
initiatives. It presents a major disposal problem for
companies and municipalities, as it is lightweight and
bulky, and so does not lend itself to a viable economic
and environmentally responsible recycling operation
due to expensive handling and transportation costs. It
is not biodegradable, which makes disposal in soil or
composting operations untenable. Further, issues such
as sustainability, industrial ecology, biodegradability,
and recyclability are becoming major considerations
in a company’s product packaging design, especially
with single use disposable packaging. There is, thus, a
market need for bio-based, biodegradable foam plastic
packaging that can be safely and effectively disposed
in soil or in composting operations, but retains all of
the current foam plastics performance requirements.
In previous work, we have reported on the rationale,
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design, and engineering of bio-based, biodegradable
polymer materials.'™*

Starch, an anhydroglucose polymer from corn, of-
fers a structural platform to manufacture sustainable,
biodegradable foam packaging. Starch extrusion pro-
cesses are multiple input multiple output (MIMO)
complex systems. Harper® gave a detailed description
on the mechanics of extrusion. The phenomenon of
starch foaming involves the physicochemical proper-
ties of starch, which are modified during extrusion.
The rheological properties of the starch plastic are in
turn reliant on these physicochemical properties,®
which affect the quality attributes of the foamed prod-
uct.

Emphasis in starch extrusion research has focused
on developing models to describe the complex pro-
cesses in an extruder, predict some of the changes that
occur, and aid in new process development.” The con-
trol of such processes is directly linked to economic,
qualitative, and scientific interests. As far as control is
concerned, the process has to be modeled. Different
approaches, which are roughly of two types, have
been used to model extrusion processing: white-box
modeling and black-box modeling.® White-box mod-
eling requires as much knowledge as possible to in-
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Figure 1 Starch foam extrusion process schematic with manipulated, process, and product variables.

corporate all the internal laws (physical, chemical, and
biological), which rule the system. The result is that all
the coefficients of the model may have a physical
significance. However, a complete description, includ-
ing temperature effects, non-Newtonian rheology, and
dynamics, is indeed complicated, and therefore, sim-
plifying assumptions are usually made. Also, to truly
simulate the extrusion process, thermal and physical
model parameters must be determined for each par-
ticular product and extruder-die combination. On the
other hand, black-box modeling means that the model
is empirical, reduced to a simple mathematical rela-
tionship between the inputs and outputs of the pro-
cess. Such models are valid only over a definite range
of experimental conditions, but they are often ade-
quate to develop process control strategies. Concern-
ing food extrusion, three different techniques of black-
box modeling have been implemented: residence time
distribution (RTD), response surface analysis (RSA),
and dynamical identification.’ Janssen'’ and Martelli'!
presented engineering analyses of a twin-screw extru-
sion process, including discussions on RTD, melting
mechanisms, power consumption, and operating char-
acteristics of twin-screw extruders. RSA has been used
by several researchers'*'® for the optimization of ex-
trusion processing. This approach enabled correlation
of the important processing variables to product qual-
ity without an engineering model. Results were gen-
erally limited to the experimental conditions because
of the nonlinear response of the internal state of the
extruder to externally manipulated variables such as
screw speed, moisture, and feed rate. They have espe-
cially been used to establish static relationships.

A basic modeling technique applied to extrusion
processing is transfer function modeling from input/
output data. Several researchers have studied the dy-
namic modeling and control of extrusion processes,
based on their gross dynamic input-output behav-
ior,17-24

In our previous paper,” we have reported on the
twin-screw extrusion production of starch foams us-
ing poly(hydroxy aminoether) (PHAE) as the func-
tional aid, as well as on the optimization of the pro-
cess. In the present work, the dynamic response of

various process variables of a twin-screw extrusion
starch foaming process or the sensitivity of the process
parameters to the change in inputs were studied, both
of which must be known for the implementation of
process control. The dynamic characteristics are ob-
tained with step tests on four independent extrusion
operating variables: starch feed rate, moisture content
(MC), screw speed, and PHAE feed rate. The response
is monitored on the following outputs: melt pressure,
melt temperature, and specific mechanical energy
(SME). The corresponding system and its relevant ma-
nipulated, process, and product variables are shown
in Figure 1.

EXPERIMENTAL
Materials

The type of starch used was hydroxypropylated high
amylose cornstarch (70% amylose content). The starch
was purchased from National Starch and Chemicals
(Indianapolis, IN), under the trade name of HYLON 7.
The density of HYLON 7 starch is 1.2 g/cm’. The
inherent MC of the starch was 11.2% under ambient
conditions. Water was used as the plasticizer as well
as the blowing agent. The total MC of the starch was
adjusted by adding water at the feed throat of the
extruder with a volumetric pump to obtain the various
tested levels of MC. Talc (Magnesium Silicate), used as
the nucleating agent, was obtained from Luzenac (On-
tario, Canada). It has a specific gravity of 2.76 and a
bulk density of 150 kg/m?>. The talc content was main-
tained at 1% for all the experiments. Poly(hydroxy-
amino ether) (PHAE) is an additive, which offers the
adhesion and durability of epoxy resins, with the flex-
ibility and processability of thermoplastic resins.
PHAE was purchased from Dow Chemicals (Midland,
MI), under the trade name BLOX 110. PHAE has a
melt temperature of 75°C, and is produced by reacting
liquid epoxy resin (LER) with hydroxy functional
dinucleophilic amines and diglycidyl ethers of bisphe-
nol-A, hydroquinone, or resorcinol (RDGE).***”
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Figure 2 Twin-screw extrusion screw configuration.

Experimental design

The experimental setup used in this study was a twin-
screw extrusion system. The twin-screw extrusion sys-
tem consisted of an extruder driver with a speed con-
trol gearbox, a ZSK-30 twin-screw corotating extruder
with a screw diameter of 30 mm, an L/D of 32, a
positive displacement pump for injecting water into
the extruder, and accurate single-screw feeders for
feeding starch and PHAE. The screw configuration is
shown in Figure 2. This specific screw configuration
was selected to get the best physicomechanical prop-
erties based on our previous work.” A cylindrical
filament die 2.7 mm in diameter and 8.1 mm in length,
with a cooling sleeve, was assembled to the extruder.
The sensors were mounted on the die to measure the
temperature and pressure of the melt.

The dynamical behavior of the process was studied
through the following outputs: melt pressure (P) and
melt temperature (T). The specific mechanical energy
(SME) was calculated using the following formula:

RPM,

kWXtorque XW

SME=

(1

m

where SME is the specific mechanical energy (kW
h/kg); kW is the rated motor power (kW); torque is
the motor load (decimal); RPM, is the actual screw
speed; RPM, is the rated screw speed; and m is the
mass flow rate (kg/s).

The experiments consisted of different sequential
variations around the following central set point®:
starch feed = 11.16 kg/h, MC = 17.42% (w/w) on an
overall basis, screw speed = 200 rpm, and PHAE feed
= 0.78 kg/h. Its corresponding response variables are
process temperature, T = 105°C, pressure at the die, P
= 720 psi, and SME = 0.21 kW h/kg (torque loading
= 72%). The experimental design for the single input
variation runs is shown in Figure 3.

Each “forward step test” always succeeded by a
“back step test” to let the process return to its original
set point. The forward and back steps gave approxi-
mately the same results, suggesting that probably
there is negligible hysteresis.

To get significant and comparable outputs, the over-
all range of stimulation imposed on each control vari-
able was set according to the pre-estimated gain of
that variable. At steady state (set point), a step test was
performed on either one or multiple input variables.
Once the output variables reached a steady value, the
study was reduced to a static comparison between the
output Y(t) and the input U(t), i.e., to the gain K.

_ DY(t)
 DU(t)

(2)

To compare the different steady state gains, it is
possible to define a relative steady state gain Kj,

where
3 DY(t)
KR_[ Y(#) ]/ [

DU(t)] 3)

U(t)

Linearity

It is important to assess the linearity or nonlinearity of
a process, as it helps to understand and predict its
response to any variation in input. The hypothesis of
linearity is an implicit and necessary prerequisite to
most of the classical techniques of process control. A
linear system must exhibit a constant steady state
gain, whatever be the magnitude of step test applied.

Dynamic (transient) responses

Once a step-input variation in the starch feed rate,
screw speed, MC, and PHAE feed rate was made
(time, t = 0), the pressure and torque readings were
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Figure 3 Single step-input step variation experimental design.
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TABLE 1
Steady State Process Gains for Step-Input Variations in the Starch Feed Rate

Step change
in starch

No. feed rate (%) Ky Kgr Kp Kgp Ktorque KR,torque Ksme Kg sme
1 —25.00 0.4 0.04 62.7 0.97 0.06 0.93 0.000 —0.01
2 —20.00 0.4 0.05 57.3 0.89 0.06 0.93 0.000 —0.01
3 —15.00 0 0 50.8 0.79 0.06 0.89 —0.001 —0.06
4 —10.00 0 0 38.5 0.60 0.06 0.88 —0.001 —0.07
5 —5.00 0 0 32.3 0.50 0.06 0.86 —0.002 —0.08
6 +5.00 0 0 179 0.28 0.06 0.89 —0.001 —0.05
7 +10.00 0 0 39.4 0.61 0.06 0.89 —0.001 —0.05
8 +15.00 0.6 0.06 47.8 0.74 0.06 0.93 0.000 —0.01
9 +20.00 0.9 0.1 60.5 0.94 0.06 0.92 0.000 —0.01

10 +25.00 0.7 0.08 68.1 1.06 0.06 0.93 0.000 —0.01

manually recorded every 5 s until a steady state was
reached. A common assumption in many time series
techniques is that the data are stationary. A stationary
process has the property that the mean, variance, and
autocorrelation structure do not change over time.
These conditions were too drastic for these experi-
ments, as the measurements of process variables were
very noisy. It was assumed that the process would
become stationary and, by graphical estimation, the
time required to reach each steady state was calcu-
lated approximately.

Multiple input tests

Some multi-input experiments were carried out by
performing step tests simultaneously on multiple ma-
nipulative variables. The principle of superposition
was verified for multiple step input tests, within the
linear domain. If the principle of superposition is sat-
isfied, it implies that the system is linear within the
domain tested. The variation of the process variables,
namely, pressure, torque, and SME in response to the
multivariable input step tests were measured at steady
state. Pressure, torque, and SME were also calculated
theoretically, using a linear combination (principle of
superposition) of the steady state gains previously
determined by single input step tests. The following
formula was used,

DY = K ren reeaD(starch feed)
+ Kscrew speedD(ScreW speed)

+KueD(MC) +KppasgD(PHAE) — (4)

where, Y is pressure/torque/SME.

These experiments were conducted to verify if the
linearity observed on each variable could be extrapo-
lated through an additive law to a multivariate con-
trol. The values of pressure, torque, and SME obtained
for the multiple input tests were fit to a model deemed

appropriate, using STAT-EASE “Design of Experi-
ments 6.0” modeling software. A central composite
response surface experimental design® was employed
to investigate the influence of step-changes in the
starch feed rate, screw speed, MC, and PHAE feed rate
on the process variables (pressure, torque, and SME),
which further govern the foam product functionalities
(density, expansion ratio, and resilience). Regression
analyses were employed to fit the experimental data to
linear polynomials.* In these experiments conducted,
the extruder almost always verified the conditions,
which postulate that a bounded variation of the input
induces a bounded variation of the output (BIBO sta-
bility). This means that, for and around the set point
selected, the extruder remains far away from any un-
controllable change that could lead to an over-torque,
or an over-pressure, and consecutively to a blockage
of the screws (shutdown).

RESULTS AND DISCUSSION
Step-input variations in the starch feed rate

The absolute (K) and relative (Ky) steady state process
gains for step-input variations in the starch feed rate
are shown in Table I. For the range of the tested set
points, the melt temperature T was hardly sensitive to
the variations in starch feed rate because feed varia-
tions induce tiny variations in self-heating. The self-
heating would be as a result of the shear imposed on
the extruding material (viscous dissipation). The set
temperature at the die was 105°C. The maximum tem-
perature rise was 2°C for a 25% increase in starch feed.
Similarly, the temperature decreased with a decrease
in starch feed rate (though negligible). Hence, the
values of Gy, for this variable were positive. The tem-
perature decreased by just 1°C for a 25% decrease in
starch feed.

The melt pressure P, however, displayed significant
variations due to an increase/decrease in the starch
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TABLE 1I
Steady State Process Gains for Step-Input Variations in the Extrusion Screw Speed

Step change in

No. screw speed (%) Ky Kgrr Kp Kgp Kiorque KR torque Ksme Kg smEe
1 —12.50 0.04 0.08 -29 —0.80 —0.005 —1.47 0.000 -0.28
2 —10.00 0.00 0 -2.8 -0.78 —0.006 —1.54 0.000 -0.39
3 —7.50 0.00 0 -2.8 -0.78 —0.005 -1.52 0.000 —0.40
4 —5.00 0.00 0 -29 —0.81 —0.005 -1.50 0.000 —0.43
5 —2.50 0.00 0 -3.2 -0.89 —0.006 -1.56 —0.001 —0.52
6 +2.50 0.00 0 -3.8 —1.06 —0.006 —1.67 —0.001 -0.71
7 +5.00 0.00 0 -3.5 -0.97 —0.006 -1.56 —0.001 —0.63
8 +7.50 0.07 0.13 -35 —0.98 —0.005 —1.46 —0.001 -0.57
9 +10.00 0.05 0.10 -3.3 -0.92 —0.005 -1.31 0.000 —0.44

10 +12.50 0.04 0.08 -3.2 —0.88 —0.004 -1.21 0.000 -0.36

feed rate. The increase in P with the starch feed would
be basically due to an increase in the filling ratio, and
vice versa. Thus, the values of Ky for this variable were
positive. It was observed that the relative gains varied
with the magnitude of the step test, and they increased
as the size of the step change increased. Also, the
values of the gains were different for the positive tests
and the negative tests.

An increase in the starch feed rate leads to an in-
crease in the motor load (torque) on the extruder
drive, as a larger amount of material was being pro-
cessed. The SME increases with an increase in the
torque on the motor, while decreases with an increase
in the starch feed rate. The net result was a decrease in
the value of SME. On the other hand, a decrease in the
starch feed rate gave lower values of torque, and
finally a higher value of SME. Thus, the values of Ky
for this variable were negative. Also, it was observed
that the relative gains decreased with an increase in
the magnitude of the step size.

Step-input variations in the screw speed

The absolute (K) and relative (Ky) steady state process
gains for step-input variations in the screw speed are
shown in Table II. Similar to the results observed for
changes in the starch feed rate, the changes in temper-
ature due to changes in screw speed were negligible,
with the T changing by *1°C with an increase/de-
crease in screw speed, respectively. These changes
were due to an increase/decrease in the viscous dis-
sipation associated with material being worked be-
tween the screws and the barrel.

An increase in screw speed leads to a decrease in
pressure due to a decrease in the viscosity of the melt
due to increased shear (equation), and vice versa. Thus,
the values of Ky, for this variable were negative. Also,
it was observed that the values of the relative gains
were almost constant over the range studied, indicat-
ing the possibility of linearity. Unlike the trend ob-

served earlier in step changes in the starch feed rate,
the values of K; decreased with an increase in the
magnitude of step size.

An increase in the screw speed decreased the
torque, while both have opposing effects on the SME.
The net result was a decrease in the SME, giving a
negative value for K. Similarly, the torque increased
with a decrease in the screw speed, finally resulting in
an increase in the SME, giving negative values for Ky
again.

Step-input variations in the moisture content
(% MCQ)

The absolute (K) and relative (Ky) steady state process
gains for step-input variations in the % MC are shown
in Table III. For the three process variables (T, P and
SME), the variations in MC induced greater responses
than the variations in starch feed rate and the screw
speed.

It was observed that the temperature decreased by
3°C, with only a 10% increase in the MC, and it in-
creased by 2°C, with a 10% decrease in MC. This
resulted in higher values of K as compared to those
reported earlier for the step tests in screw speed and
the starch feed rate.

Also, the pressure and SME values varied inversely
with step changes in the MC. A decrease in MC leads
to an increase in the viscosity of the melt, leading to an
increase in the melt pressure and the torque (and thus
SME). It was observed that the values for the relative
gain with respect to MC were almost constant, imply-
ing a linear system. It was also observed that the step
changes in MC influenced the SME input more than it
affected the melt pressure, contradictory to the effects
of changes in screw speed and the starch feed rate. A
decrease in MC leads to an increase in the viscosity of
the melt, leading to an increase in the melt pressure
and the torque.
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TABLE III
Steady State Process Gains for Step-Input Variations in the Moisture Content
Step change in
moisture

No. content (%) Ky Kgr Kp Kgp Ktorque KR,torque Ksme Kg sme
1 —10.00 —114.8 —0.19 —3789.6 —0.92 —5.2 —1.25 —-1.78 —1.47
2 —8.00 —143.6 —0.24 —3588.7 —0.87 —5.2 —-1.27 -1.79 —1.49

3 —6.00 —95.7 —0.16 —3445.1 —0.83 —-54 —1.30 —1.82 —1.51
4 —4.00 —143.6 —0.24 —3445.1 —0.83 —5.6 —1.35 —1.88 —1.56

5 —2.00 0 0.00 —3732.2 —0.90 —6.3 —1.53 —2.09 —-1.73

6 +2.00 0 0.00 —5167.7 —1.25 —-5.5 —1.32 —1.82 —1.51
7 +4.00 —143.6 —0.24 —4449.9 —1.08 —5.3 —1.28 —-1.78 —1.47
8 +6.00 —-1914 —0.32 —4402.1 —1.06 =51 —1.23 —1.70 —1.41
9 +8.00 —143.6 —0.24 —4234.6 —1.02 =5.0 —1.20 —1.66 —1.38
10 +10.00 —172.3 -0.29 —4191.6 —1.01 —4.7 —-1.14 —1.59 —1.31

Step-input variations in the PHAE content

The absolute (K) and relative (Ky) steady state process
gains for step-input variations in the PHAE feed rate
are shown in Table IV. It was observed that the
changes in PHAE content did not affect the tempera-
ture of the melt, except a change of +1°C at a step
change of =100% in the PHAE content, respectively.
Also, the step changes in the magnitude of PHAE
content marginally affected the pressure, giving low
values of relative gain K; as compared to those ob-
tained by step changes in starch feed, screw speed,
and MC. A positive step change in the PHAE content
leads to a decrease in pressure, and vice versa. Thus,
the values of Ky, for this variable were negative. How-
ever, the controlled variable that PHAE content influ-
enced maximum is the SME input to the process. The
SME decreased with an increase in the PHAE content
and vice versa. The value of the relative gain for this
variable Kz was maximum near the set point and
decreased as the magnitude of the step change in-
creased.

Thus, from the aforementioned results, it can be
seen that the temperature was the least affected out-
put, while pressure and SME were the most affected
outputs for the present screw profile and operating

conditions. For extruder control, MC seemed to be the
most influencing variable, followed by screw speed,
the starch feed rate, and PHAE feed rate.

Linear domains

From the aforementioned relative steady state gains, it
can be seen that the system was typically nonlinear.
However, it was possible to determine the minimal
domain around the central set-point, within which the
process could be assumed linear. It is possible that the
process could be controlled within this domain, using
linear control algorithms. It was possible to identify a
linear domain by plotting the absolute variation of the
output variable versus the absolute variation of the
input variable. Figures 4(a)-4(d) show the variations
in pressure with different step variations in the starch
feed rate, screw speed, MC, and PHAE feed rate,
respectively. The variations in torque and SME with
step-changes in these manipulated variables were
plotted likewise, and are not shown.

The absolute and relative linear domains for the
various response variables to step-input variations in
the manipulated variables are shown in Table V (en-
tries 1-12). In the case of pressure as the response

TABLE IV
Steady State Process Gains for Step-Input Variations in the PHAB Feed Rate

Step change in

PHAE feed
No. rate (%) Ky Kgr Kp Kgp Ktorque KR,torque Ksme Kg smEe
1 —100.00 -1.3 —0.01 —84.5 -0.09 -0.14 —0.15 —0.06 -0.22
2 —50.00 0 0.00 —-81.9 -0.09 -0.19 —0.21 —0.08 —0.28
3 —25.00 0 0.00 —66.6 —0.07 -0.25 —-0.27 —0.09 —0.34
4 —10.00 0 0.00 -76.8 —0.08 -0.26 —0.28 -0.09 —0.34
5 +10.00 0 0.00 —64.0 -0.07 -0.29 -0.32 —0.10 —-0.38
6 +25.00 0 0.00 —614 —0.07 —0.31 —0.33 —0.10 —0.39
7 +50.00 0 0.00 -79.4 -0.09 -0.20 -0.22 -0.07 -0.27
8 +100.00 -1.3 —0.01 —93.4 -0.10 -0.15 -0.17 —0.06 —-0.21
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Figure4 Linearity in pressure with step-input variations in the (a) starch feed rate, (b) screw speed, (c) moisture content, and

(d) PHAE feed rate.

variable (entries 1-4, Table V), the MC possibly had
the smallest linear domain of the system, and there-
fore, seemed to be the most destabilizing variable of
the system. PHAE feed rate, on the other hand, was
the least destabilizing variable. Under the present op-
erating conditions, the starch feed rate and the screw
speed provided equivalent relative linear domains.
Mulvaney et al."” stimulated the food extrusion pro-
cess by step tests on screw speed, MC, and feed rate
and followed the process response through pressure
records. They implicitly made the hypothesis that the
process is linear.

For torque as the process response variable (entries
5-8, Table V), MC and screw speed provided narrow
linear domains of *10% and *12.5%, respectively.
However, with respect to the variations in starch and
PHAE feed rate, the process variations in torque load-
ing were linear in a relatively wider range of *25%.
With SME as the response variable (entries 9-12, Table
V), the screw speed seemed to be the most destabiliz-
ing variable, as it governed the load (torque) on the
extruder drive. The MC had significant influence too,
as it affected the viscosity of the extrudate, which in
turn governed the torque on the motor. Sanei'® ob-

TABLE V
Absolute and Relative Linear Domains

Process Absolute linear Relative linear

No. variables Control variables domain domain (%)

1 Pressure Starch feed rate +1.67 kg/h +15.00

2 Screw speed moisture content +25 rpm +12.50

3 PHAE feed rate +1.74% +10.00

4 Starch feed rate +0.39kg/h +50.00

5 Torque Starch feed rate +2.8kg/h +25.00

6 Screw speed moisture content +25 rpm +12.50

7 PHAE feed rate +1.74% +10.00

8 Starch feed rate +0.20kg/h +25.00

9 SME Starch feed rate +1.67kg/h +15.00
10 Screw speed moisture content +15rpm +7.50
11 PHAE feed rate +1.74% +10.00
12 Starch feed rate +0.39 kg/h +50.00
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Figure 5 Transient response of pressure to different step-input variations in the moisture content modeled as a first-order
process with a dead time (lag). (a) +10% step change in the moisture content, (b) +8% step change in the moisture content,
(c) +4% step change in the moisture content, (d) original steady state (0% step change in the moisture content), (e) —4% step
change in the moisture content, (f) —8% step change in the moisture content, and (g) —10% step change in the moisture

content.

served the change in viscosity (with an online rheom-
eter) as a consequence of variations of screw speed.
The author concluded that the process is linear under
the range of screw speeds tested. Moreira et al." used
step tests on screw speed and MC to study the dy-
namical behavior of the extruder through pressure.
They performed step tests of medium magnitude, and
also back steps to return to the initial set point. They
suggested that the process might be nonlinear.

As the temperature was not affected considerably,
the linear domains were not determined. The variation
in temperature was characterized by small jumps (*+1
to 2°C), and hence, no particular trend was observed.
Onwulata et al.® and Lu et al.*! undertook fairly
complete studies by adding temperature as an input
variable and by following the effect of step tests both
on product variables (like expansion ratio) and on
process variables (like melt pressure). The authors
used step tests of great amplitude and did not pro-
nounce on the linearity of the system.

Dynamic responses

Figure 5 shows the transient response of pressure to
some step-input variations in the MC. These transient
responses of pressure (P) and torque to step-input
variations in the manipulated variables were modeled
as first-order processes (process gain, K; time constant,
7) with a dead time, f; (lag) (FODT Model). Many
processes are higher than first order (contain more
than one lag term), and so any first-order model will

only be an approximation. However, the approxima-
tion is sufficient in most cases and many of the pro-
portional integral derivative (PID) tuning procedures
use a FODT process model. Costin et al.** critically
reviewed dynamic modeling and control of plasticat-
ing extruders, and concluded that the gross dynamic
input/output behavior may be generally described by
simple first-/second-order models. Chan et al.*> stud-
ied the pressure responses to screw speed changes as
a first-order function times a lead-lag function to ef-
fectively model responses with an initial increase or
decrease, followed by an exponential decay to the final
steady state value. Equation (5a) represents a first-
order process with a dead time in the time domain,
while eq. (5b) represents that process in the Laplace

domain, using “s” as the Laplace operator.

P(t) = Kp[1 — e """V7] Ay (5a)
Kpe ™
P(s) = S 11 X(s) (5b)

Where, K; is the steady state process gain for pressure
as the response variable; ¢ is the time constant for the
first-order process; t; is the dead time (lag); X is the
manipulated variable (starch feed rate/screw speed/
MC/PHAE feed rate); and Ay is the amplitude of the
step-input change in the manipulated variable.

The steady state process gain, apparent time con-
stant, and apparent dead time were determined
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TABLE VI
Dynamic Properties (Pressure)
Process Time
steady state constant Dead time
gain K (7, s) (ty s)

Step changes in starch feed rate (%)

+5.00 17.9 23 28

+15.00 47.8 25 32

+20.00 60.5 24 32

—5.00 323 24 29

—15.00 50.8 31 35

—20.00 57.4 31 36
Step changes in screw speed (%)

+5.00 -35 16 12

+10.00 -33 15 13

+12.50 —-3.2 17 12

—5.00 -29 16 11

—10.00 -2.8 10 16

—12.50 —-29 9 18
Step changes in moisture content (%)

+4.00 —4449.9 12 18

+8.00 —4234.6 10 21

+10.00 —4191.6 13 20

—4.00 —3445.1 12 19

—8.00 —3588.7 10 24

—10.00 —3789.6 13 23
Step changes in PHAE feed rate (%)

+25.00 —61.4 24 22

+50.00 -794 29 24

+100.00 -93.5 38 26

—25.00 —66.6 27 20

—50.00 -819 32 23

—100.0 —84.5 35 18

graphically based on the procedure developed by
Ziegler and Nichols.> Table VI provides the first-
order time constants and the dead times, in addition to
the steady state process gains for the transient re-
sponses of pressure with step input variations in the
starch feed rate, screw speed, MC, and PHAE feed
rate, while Table VII provides the parameters for the
transient responses of the torque loading. The process
gains have been discussed earlier in this section. The
data for characterization of the process were easily
obtained in the laboratory, and subsequent modeling
and determination of parameters were straightfor-
ward. These models would be suitable for dynamic
simulation of the process using commercially avail-
able computer software, which would enable optimi-
zation of the process via simulation. The individual
transfer functions could be combined to give a com-
plete multivariable description of the starch foam ex-
trusion process.

It was observed that the time constants and the dead
times recorded for both the pressure and torque re-
sponses did not exhibit significant variation within
each manipulated or control variable tested. Thus, the
system displayed linear dynamic characteristics with
respect to each manipulated variable. It was also ob-

NABAR AND NARAYAN

served that for the same step-input variations in the
manipulated variables, the torque loading on the
twin-screw extruder exhibited a faster response (lower
dead time), and also reached a steady state sooner
(lower time constant). For example, for step-input
variations in MC, the dead time in the pressure re-
sponse was approximately 20-22 s and the time con-
stant was approximately 10-13 s. However, the dead
time in the torque response was approximately 11-13
s, while the time constant was approximately 8§-10 s.

Also, the response in pressure was fastest to step-
input variations in the MC, followed by the screw
speed and the starch and PHAE feed rates. The re-
sponse in torque loading was also fastest to step-input
variations in the MC as well as the screw speed, fol-
lowed by the starch and PHAE feed rates. Thus, the
MC and screw speed seem to be the most destabilizing
variables, as they induce rapid responses in the pro-
cess variables.

Multiple input tests

The experimental design shown in Table VIII was
implemented for the multiple input step tests. The
experimental (measured) and calculated values (from

TABLE VII
Dynamic Properties (Torque)
Process Time
steady state constant Dead time
gai'n Ktorque (T/ S) (tdl S)

Step changes in starch feed rate (%)

+5.00 0.06 21 16

+15.00 0.06 26 15

+20.00 0.06 23 15

—5.00 0.06 19 20

—15.00 0.06 22 18

—20.00 0.06 19 19
Step changes in screw speed (%)

+5.00 —0.006 13 10

+10.00 —0.005 12 12

+12.50 —0.004 15 10

—5.00 —0.005 9 11

—10.00 —0.006 14 10

—12.50 —0.005 12 8
Step changes in moisture content (%)

+4.00 —53 10 12

+8.00 =5.0 11 10

+10.00 —4.7 7 15

—4.00 -5.6 11 12

—8.00 =52 11 14

—10.00 —52 9 13
Step changes in PHAE feed rate (%)

+25.00 —0.31 22 19

+50.00 -0.21 26 16

+100.00 —0.15 25 23

—25.00 —0.25 16 20

—50.00 —0.20 20 21

—100.0 —0.14 32 22
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TABLE VIII
Design for Multiple Input Tests
Screw Moisture
Starch feed speed content PHAE feed

Run rate (%) (%) (%) rate (%)
1 +10 +10 +10 +10
2 +10 +10 +10 0
3 +10 +10 0 +10
4 +10 0 +10 +10
5 0 +10 +10 +10
6 +10 +10 0 0
7 0 +10 +10 0
8 0 0 +10 +10
9 +10 0 0 +10
10 +10 0 +10 0
11 0 +10 0 +10
12 —10 -10 —10 —10
13 -10 —-10 —-10 0
14 —-10 -10 0 —-10
15 =10 0 —-10 —-10
16 0 -10 —-10 —-10
17 —-10 -10 0 0
18 0 =10 —-10 0
19 0 0 -10 —-10
10 —-10 0 0 —-10
21 -10 0 —-10 0
22 0 —-10 0 —-10

principle of superposition) of pressure, torque, and
SME are shown in the Figures 6-8, respectively. The
principle of superposition was fairly satisfied in the
control variables, the error margin being low, espe-
cially in the case of the pressure readings. It was also
observed that the pressure readings obtained from the
experiment were always higher than those calculated
by the principle of superposition. The validity of the
principle of superposition in the aforementioned mul-
tiple input tests suggested that the process was suffi-
ciently linear in the domain tested.

950
P) (calculatem
900 B (P) (experimental)

850 1

(Pressure) (psi)
~
3

10 11 12 13 14 15 16 17 18 19 20 21 22
Multiple Input Runs

Figure 6 Measured (recorded) values of pressure com-
pared to the calculated (from “principle of superposition”)
values for the different multiple step-input variation runs.
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Figure 7 Measured (recorded) values of torque compared
to the calculated (from “principle of superposition”) values
for the different multiple step-input variation runs.

A linear model was fit using STATEASE “Design of
Experiments 6.0” modeling software with pressure
(P), torque, and SME as the response data, and the
starch feed rate, screw speed, MC, and PHAE feed rate
as the factors (manipulated variables). The final model
equations in terms of the coded factors “A” (starch
feed rate), “B” (screw speed), “C” (MC), and “D”
(PHAE feed rate) are shown in egs. (6a)—(6c), while the
final model equations in terms of the actual factors are
shown in egs. (7a)—(7c). Significance level was defined
as P < 0.05.

P = 738.03 + 54.45A — 70.55B — 73.56C — 6.05D
(6a)

Torque = 0.73

+ 0.078A — 0.082B — 0.064C — 0.023D (6b)
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Figure 8 Measured (recorded) values of SME compared to
the calculated (from “principle of superposition”) values for
the different multiple step-input variation runs.
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Figure 9 Response surface of pressure for the various ma-
nipulated variables.

SME = 0.21 + 5.432E — 03A — 4.28E
— 03B — 0.018C — 9.655E — 03D (6¢)

P =1693.75 + 48.79 (starch feed rate)
— 3.528 (screw speed) — 4215.37 (MC)
— 77.58 (PHAE feed rate) (7a)

Torque = 1648 + 0.0695 (starch feed rate)
— 4.115E — 03 (screw speed) — 3.684 (MC)
— 0.29 (PHAE feed rate) (7b)

NABAR AND NARAYAN

SME = 0.483 + 4.87E — 03 (starch feed rate)
— 2.14E — 04 (screw speed) — 1.058 (MC)
— 0.124 (PHAE feed rate) (7c)

Figure 9(a) shows the response surface of pressure
for the starch feed rate and screw speed as manipu-
lated variables, while Figure 9(b) shows its response
surface for the MC and PHAE feed rate as input
variables. Thus, Figure 9 shows that variations in the
MC, screw speed, and starch feed rate induced signif-
icant variations in pressure as compared to those due
to step-changes in the PHAE feed rate. Figure 10
shows the comparison between the actual values of
pressure obtained and the values from the linear
model developed. The variance analysis for these data
revealed a determination coefficient (R?) of 0.9943 (P
< 0.0001). Similarly, the R* values for torque and SME
were 0.9502 (P < 0.0001) and 0.9533 (P < 0.0001),
respectively. Thus, multiple regression analyses
showed a significant linear effect of the manipulated
variables on the response variables. The coefficients of
the manipulated (input) variables in eqs. (7a)—(7c) are
similar to the values of the steady state process gains
for the corresponding single step-input tests per-
formed earlier, suggesting the linearity of the process
within the domain tested.

The nonlinearity of the process was demonstrated
by Cayot et al.** by the observation of the transient
responses. Majority of the responses were reported to
be of first order with a delay. Second-order responses
were also recorded by Cayot et al.,** but no correlation
was developed between the response and the manip-
ulated variables.

CONCLUSIONS

The starch foam extrusion process was modeled as a
MIMO process, and the dynamics of the process were

903.00—

824.22

45.44 —

Predicted

666.65 —

587.87— %

T I I T i
587.87 666.65 745.44 824.22 903.00

Actual

Figure 10 Actual values of pressure obtained versus values
from the linear model developed.
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studied as a response to step changes in the input vari-
ables such as starch feed rate, screw speed, MC, and
PHAE feed rate. The responses were modeled as first-
order responses with a time delay. The linearity of the
process was determined over a range around the set-
point, and the parameters defining the first-order system
such as gain “K,” time constant “7,” and dead time “¢,”
were determined in the linear range. The transfer func-
tion models can then be used in a predictive computer
control system for on-line fine-tuning of the operating
conditions. This could ensure a consistently high quality
product even when low frequency disturbances are
present in the system. It was observed that the time
constants and the dead times recorded for both the pres-
sure and torque responses did not exhibit significant
variation within each manipulated or control variable
tested. Thus, the system displayed linear dynamic char-
acteristics with respect to each manipulated variable. It
was also observed that for the same step-input variations
in the manipulated variables, the torque loading on the
twin-screw extruder exhibited a faster response (lower
dead time), and also reached a steady state sooner (lower
time constant). The response in pressure was fastest to
step-input variations in the MC, followed by the screw
speed and the starch and PHAE feed rates. The response
in torque loading was also fastest to step-input varia-
tions in the MC as well as the screw speed, followed by
the starch and PHAE feed rates. Thus, the MC and screw
speed were the most destabilizing variables, as they
induce rapid responses in the process variables. The MC
in the extruder was, hence, determined to be the most
influential factor in the stability of the process, followed
by screw speed and starch feed rate. PHAE feed rate was
the least significant variable.

Multiple step-input tests were carried out to deter-
mine the validity of the principle of superposition. The
validity of the principle of superposition implied the
linearity of the process in the domain tested. The
hypothesis of linearity is an implicit and necessary
prerequisite to most of the classical techniques of pro-
cess control. A linear model was fit using STATEASE
“Design of Experiments 6.0” modeling software, with
pressure (P), torque, and SME as the response data,
and the starch feed rate, screw speed, MC, and PHAE
feed rate as the factors (manipulated variables). Mul-
tiple regression analyses showed a significant linear
effect of the manipulated variables on the response
variables.
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