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Abstract: Impact of rotational speed of extruder
cutter on the quality of corn extrudates in the
function of raw material moisture and flow rate.
The research objective was to examine the impact
of cutter rotational speed on the quality of corn
extrudates. The regulated variables used in the
design of experiment (DOE) included also such
variables as: raw material feed rate, raw material
moisture. In the research project, a co-rotating
twin-screw extruder was used of the screw length
to diameter ratio of 27 : 1. Research analysis
showed changes in the extrudate quality param-
eters due to settings of the cutter, which could be
observed, in particular, in the case of sectional ex-
pansion and resistance parameters of extrudates.
The research conducted also confirmed that the
quantity and moisture of raw material used exert
significant influence on the quality of extrudate
obtained.
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INTRODUCTION

The quality of food products depends
upon raw materials processed in the
extrusion process, as well as settings
of various process parameters. Many
publications in the field of extrusion
are based on settings of the basic vari-
ables, such as: the temperature profile,
rotational speed of the screws, diameter
of the outlet nozzle, ratio of the screws

(length to diameter), raw material flow
rate, as well as the content of the mix,
its moisture and fragmentation [ Yoshito-
mi 2004, Obatolu et al. 2006, Pilli et al.
2007, Perez et al. 2008, Dibyakanta et al.
2015]. Adjustment of these parameters
usually provides a number of opportuni-
ties of obtaining various extruded prod-
ucts, which allows for determination of
optimum quality of the product designed
[Ding et al. 2006, Bisharat et al. 2013].
Moreover, extrusion is a very sensitive
process; therefore, even a small change
in the value of one of the parameters of
the raw materials processed or the proc-
ess may influence others, which results in
high sensitivity of the process to changes
in quality of the material provided for
processing. The impact of these changes
is usually translated to changes in pres-
sure of the head and nozzle (matrix) of
the extruder, which are the so-called re-
sponse variables of the extrusion process.
Therefore, many authors, representing
various trades, associate various quality
features with pressure change, such as:
density, expansion, porosity, resistance
parameters, shape and others [Chuang
and Yeh 2004, Lisowski et al. 2015]. Un-
fortunately, despite many parameters be-
ing provided by the authors, some of the
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results of research conducted under labo-
ratory conditions cannot be reproduced
easily in industrial production, which
has been confirmed by discrepant results
of some research projects conducted us-
ing similar settings of the extrusion proc-
ess. This can be influenced, among other
things, by the extruder design parame-
ters, which are translated to their control
capabilities [Moscicki 2007, Ekielski et
al. 2015a, b]. Analyzing the available
literature, one can also note that in the
extrusion process research methodology,
information on whether the extruder
had a cutter connected is often missing;
the same applies to the cutter rotational
speed values. Taking into account the
above, examination of the impact of cut-
ter rotational speed on the selected qual-
ity indicators of extruded products seems
reasonable.

The objective of research is to exam-
ine the impact of cutter rotational speed
on the quality of corn extrudate. In order
to achieve greater variability of results,
the cutter was tested jointly with such
extrusion process variables as the raw
material flow rate in the extruder and its
moisture.

MATERIAL AND METHODS

The research material consisted of ex-
trudate of corn groats, purchased on the
local market. The corn groats parameters
were as follows: moisture 13.2%, granu-
lation 0.16-0.60 mm, starch 70%, total
protein 8.3%, total fat 0.9%, insoluble
ash [in 10% HCL] 0.10%. In research,
a co-rotating twin-screw laboratory ex-
truder EVOLUM 25 CLEXTRAL was
used with the screw length to diameter
ratio L : D=27: 1 (the extruder is owned

by the Food Technology and Gastrono-
my Institute of Lomza State University
of Applied Sciences). The extruder cyl-
inder was equipped with six heaters and
a water cooling system. This number of
sections, combined with the binary auto-
matic system of the extruder allowed for
very precise setting and controlling of
the temperature profile during the extru-
sion process. The extruder was equipped
with a calibrated volume feeder and a
precise water pump, allowing for liquid
metering directly to the extruder cylinder
with the accuracy level of 0.001 dm? -
“min~". In research, a single round outlet
nozzle of diameter of 3.5 mm was used.
The extruder was equipped with a cutter,
allowing for rotational speed adjustment
within the range of 0-1,400 rpm (four
blades, rotor diameter of 128 mm). The
extrudates obtained, prior to analysis,
were cooled in room temperature until
reaching stable moisture of 10-11% for
the period of 2 to 3 h.

The course of the experiment

Research was conducted on the basis of
a central composition plan (DOE) 2**
5-1 (Table 1) generated using Statistica
software with interactions between in-
dividual factors, such as: raw material
flow rate, raw material moisture and cut-
ter rotational speed. The plan consisted
of 16 repetitions, out of which three were
center points, 13 were non-center points
and one point marked as n = 0 (Table 1).

In order to adjust the results obtained
to experimental data, a research model
was constructed (model 1):

Z:BO +BIX1 +BzX2 +B3X3 +
+ B X\ X, + BeX X5 + BoXo X3 + BuX? +
+ BsX?, + BeX’3 (1)
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TABLE 1. Coded levels for design of the response area
ma telr{iz‘;vﬂow RaW material | Cutter rotational ' Exoan. Porosit
Item| ~ keh )] moisture [%] speed [rpm] Density si% | Force [ ore~y
X X X [gem ] N | PO
1 [-1 cm ‘]
coded | uncoded | coded | uncoded | coded | uncoded
1 -1 6 -1 14 -1 200 7.02 4.80 0.12 63.00
2 -1 6 -1 14 1 400 6.02 4.80 0.09 62.00
3 -1 6 1 20 -1 200 11.48 4.50 0.14 43.00
4 -1 6 1 20 1 400 8.37 4.01 0.10 46.00
5 1 10 -1 14 -1 200 5.72 5.01 0.08 57.00
6 1 10 -1 14 1 400 4.62 4.69 0.07 54.00
7 1 10 1 20 -1 200 8.37 4.94 0.11 62.00
8 1 10 1 20 1 400 5.48 4.42 0.07 52.00
9 o 5 0 16 0 300 10.66 4.13 0.11 44.00
10 o 11 0 16 0 300 7.13 4.99 0.07 57.00
11 0 8 a 11 0 300 9.35 478 0.08 72.00
12 0 8 a 21 0 300 7.07 435 0.10 26.00
13 0 8 0 16 o 132 6.32 4.53 0.12 45.00
14 0 8 0 16 o 468 5.73 4.53 0.09 47.00
15 0 8 0 16 0 300 5.72 4.53 0.12 47.00
16 0 8 0 16 0 300 5.55 427 0.10 68.00

including the 2nd degree polynomial for
dependent variables. Significance of the
factors examined in the model was deter-
mined using the Anova test with statisti-
cal software: StatSoft, Inc. (2012), Sta-
tistica (data analysis software system),
version 10. Significance was determined
at various levels (0.1, 1 and 5%).

Analysis of quality parameters

In order to determine the physical prop-
erties of the samples obtained, four basic
quality parameters were applied, such as:
density, sectional expansion, resistance
and porosity, measured over the cross-
section of extrudate. For density tests,
buoyancy method was used in accord-
ance with the standard [BN-87/9135-05].

The sectional expansion coefficient was
determined as the ratio of extrudate di-
ameter to matrix outlet nozzle diam-
eter according to the method [Alvarez-
-Martinez et al. 1988]. Resistance tests
(texture characteristics) of extrudates
were conducted using universal testing
machine AXIS 500 (Poland) equipped
with the force measurement head (max
25 N). The maximum force needed to
pierce extrudate was examined. For this
purpose, a round bolt of diameter of
2 mm was installed (rate of travel
0.02mm"s ™', displacement 12 mm). Sam-
ples used in the tests were of diameter of
5-10 mm and length of 8.2—12.4 mm.
Porosity tests were conducted on the
image analysis workstation equipped
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with a microscope and image analysis
software: a stereoscopic microscope
Opta-Tech SL + camera 3 megapixel.
The images were saved in TIF format
in resolution of 2,048 x 1,536. Poros-
ity was determined using the method of
Gosselin and Rodrigue [2005], using the
irregular envelope of the analyzed group
of air pores in the images analyzed. For
porosity analysis, LabView 2013 pack-
age was used with the Vision Assistant
7.1.1 software, where images were trans-
posed to monochrome area and subjected
to specialist graphic processing. Then,
the obtained images of byte grayscale
(56 levels) were converted to divalent
bitmaps and appropriate shades of gray
thresholds were chosen in the range of
1-255. In this manner, on the surface of
sample cross-sections, porosity was de-
termined as the number of pores per unit

of area, expressed in cm?

Hayter et al. [1989].

, according to

RESULTS

Coefficients taken into account in equa-
tion (1) and Table 2, obtained through
reverse regression allowed for selection
of the best adjusted model for empirical
data, and the results were then obtained
using 3D response surface.

It was found that the parameters that
exerted the most significant influence on
density changes was raw material mois-
ture. with values significant at the level
0f 0.1%, and raw material feed rate (2nd
degree polynomial), significant at the
level of 1%. From the regression model
analyzed, interactions (1 vs 2 and 1 vs
3) were removed, which resulted in in-

TABLE 2. Significant coefficients for the regression equations (1)* obtained for response surface

Estimated coefficients
Coefficients Density Expansion Force Porosity
[grem ] [-] [N] [pore-cm *]
BO —0.113730** 10.78393%** 19.38330%* 79.51141*
Bl 0.024033%** —0.47167*** —-1.17082 0.43432
B2 0.008832 —0.71095%** —2.04601* —4.78427
B3 0.000104 0.00281 0.04349* 0.12744
B4 —0.000549%** 0.01005%%** 0.05582* —0.10070
B5 —0.000923** 0.03362%** 0.10416* 0.22277
B6 —0.000000 0.00001** —0.00004* —0.00022
B7 - 0.02277%** - -
B8 - —0.00041** - -
B9 —0.000014** —0.00026** —-0.00159 -
R? 0.8914 0.8608 0.6821 0.575
Rzadj, 0.87323 0.82783 0.62656 0.51342
MS 0.0000504 0.0137071 1.582716 61.3847

* Significant at the level of 5%, ** significant at the level of 1%, *** significant at the level of 0.1%,
# X| — raw material flow rate; X, — raw material moisture; X3 — cutter rotational speed.
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creased probability of the remaining
variables. The density change results
were presented in Figures 1 and 2. It was
found that extrudate density depended on
changes in rotational speed of the cutter
and it changed significantly along with
the raw material feed ratio (Fig. 1) and
moisture (Fig. 2). Extrudate density de-
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FIGURE 1. Extrudate density in the function of
cutter rotational speed and raw material feed rate
at moisture of 16%.

FIGURE 2. Extrudate density in the function of
cutter rotational speed and raw material moisture
at feed rate of 6 kg-h™!
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creased along with increase in the cutter
speed at all levels of raw material feed
intensity set. At the same time, increased
feed rate resulted in substantial decreas-
ing of extrudate density. On the other
hand, increase in raw material moisture
resulted in very substantial changes in
density, particularly at high raw material
moisture, in particular, with regard to
cutter rotational speed of 100-300 rpm.
The impact of changes in the pa-
rameters of the extrusion process on the
expansion level has been presented in
Figures 3 and 4. It was found that this
coefficient had significant influence on
all process variables except for rotation-
al speed (2nd degree polynomial). All
interactions were also of significance,
at the levels of 1 and 0.1. Figure 4 illus-
trates a substantial increase in the expan-
sion degree at the minimum feed rate of
5 kg-h™ along with increase in rotational
speed of the cutter. At the highest feed
rate and the lowest rotational speed of
the cutter, the chart is reversed. Probably
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FIGURE 3. Extrudate expansion in the function
of cutter rotational speed and feed rate at raw ma-
terial moisture of 16%
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FIGURE 4. Extrudate expansion in the function

of cutter rotational speed and moisture at feed rate
of 6 kg'h™!

with these parameters resistance of the
cutter blade was lesser than resistance of
the outlet nozzle itself. A sudden expan-
sion increase could thus be caused by in-
creased pressure in the extruder chamber
due to the initiated process of raw mate-
rial throttling in the extruder nozzle. Al-
varez-Martinez et al. [1988] and Harper
and Tribelhorn [1992] refer to the forces
at the outlet nozzle to be the main fac-
tor influencing the expansion coefficient
(die swell). These parameters, of course,
depend very much on the extrusion proc-
ess temperature. Moisture of the raw
material fed and the difference between
pressure inside the extruder cylinder and
atmospheric pressure [Chuang and Yeh
2004].

The impact of changes in the extru-
sion process parameters analyzed on
changes in the resistance parameters has
been illustrated by Figures 5 and 6. It
was found that extrudate resistance de-
pended on such parameters of the extru-
sion process as: raw material feed rate,

raw material moisture and cutter speed.
All of the parameters marked were sta-
tistically significant at the level of 5%.
It was found that extrudates character-
ized by the highest resistance were pro-
duced at cutter rotational speed of about
300 rpm. Both increasing of the cutter ro-
tational speed and its decreasing resulted
in deterioration of product resistance. It
was also observed that increased raw ma-
terial feed rate contributed to reduction
of resistance parameters of the raw ma-
terials. Research using penetration tests
were also conducted by [Desrumaux et
al. 1999, Ding 2006]. The results ob-
tained indicate that extrudate resistance
may be correlated not only with feed
rate, but also raw material temperature
and moisture.

Figures 7 and 8 present the results
of porosity tests in the function of cut-
ter rotational speed and raw material
feed rate or moisture. It was observed
that changes in rotational speed on the
chart assumed the shape of a small para-

FIGURE 5. Extrudate resistance parameters in the
function of cutter rotational speed and feed rate at
raw material moisture of 16%
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FIGURE 6. Extrudate resistance parameters in the
function of cutter rotational speed and raw mate-
rial moisture at feed rate of 6 k-h™!

a0

0
0 0
g & =2 T
3 S e e s e A e
2 SISO
g RN SRR
L RERSRISNSs
3 SN
£2 & .

FIGURE 7. Extrudate porosity in the function of
cutter rotational speed and raw material feed rate
at raw material moisture of 16%

bolic curve, which confirms the thesis of
non-significance of most variables. An
exception here is raw material moisture
— its increase results in reduced porosity.
According to Ekielski et al. [2007], high
porosity is usually a positive feature for
raw materials extruded as it may prove
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FIGURE 8. Resistance parameters of extrudate
in the function of cutter rotational speed and raw
material moisture at feed rate of 6 kg-h™!

high uniformity of the sample. Low po-
rosity, on the other hand, may be translat-
ed to emergence of large pores of irreg-
ular shape. According to other authors.
larger pores in general are characterized
by more resistant and thicker walls, and
thus products with large pores are usu-
ally rather crispy than brittle [Lanuay et
al. 1983]. In general, it is also accepted
that high porosity of extrudates may
prove high sensory qualities of such raw
materials [Ekielski et al. 2007].

In order to verify the model, the se-
lected values obtained from regression
analysis (forecasted values) were com-
pared with the values obtained in em-
pirical research (Table 3). Those were
average values obtained from three rep-
etitions with standard deviation. In or-
der to check variability of forecasting of
response in the model a bilateral t-test
was conducted for independent samples.
Since the test significance (p value) was
greater than 0.05, there was no justifica-
tion for rejection of the null hypothesis,
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TABLE 3. Results of t-test conducted to compare the real experimental values with the expected values

S(t)aetflfigfeﬂ s Density Expansion Force Porosity
Expected value 7.457639 4.582083 6.357136 52.81250
Actual value* 7.458 +/-0.008 | 4.582083 +/-0.079 | 6.357136 +/-0.009 | 52.81250 +/—0.098
Quotient F variances 1.466 1.161715 1.151624 1.737507

p variances 0.193 0.609450 0.615251 0.061213

p bilateral 0.9833 1.000 0.9937 0.9141

flo: o = 11-Leal < table at p <0.10.“Ho’was accepted.

Average of three repetitions.

assuming equality of the averages be- REFERENCES

tween the empiric and forecasted values.
In this case, the values were close to one;
thus, it can be assumed that usability of
the model for forecasting of various re-
sponses is high.

SUMMARY AND CONCLUSIONS

1. Extruder cutter rotational speed is the
parameter, which is not always pro-
vided in the extruder setting specifica-
tions. Discrepant results of tests using
the same raw materials in literature
may depend, among other things, on
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this parameter.

2. Research has confirmed that raw
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extruded products obtained. Research
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cutter rotational speed may result in
changes of such parameters as sec-
tional expansion.

3. The research results obtained indi-
cate that extrudate quality can be in-
fluenced even by external changes,
associated with the extruder cutter
activation.
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Streszczenie: Wplyw predkosci obrotowej ob-
cinarki na jakos¢ ekstrudatow kukurydzianych
w funkcji natezenia przeptywu surowca i jego wil-
gotnosci. W pracy przedstawiono wyniki badan
wplywu ustawien obcinarki ekstrudera na jako$¢
ekstrudatow kukurydzianych. Celem badan jest
zatem wskazanie, czy predko$¢ obrotowa obcinar-
ki ekstrudera wptywa na podstawowe parametry
jakosciowe typowych ekstrudatéw kukurydzia-
nych. W badaniach wykorzystano centralny plan
kompozycyjny, wygenerowany w programie Sta-
tistica 12, ktory obejmowat 16 powtorzen. Zmien-
nymi regulowanymi wykorzystywanymi w planie
doswiadczania (DOE) byty dodatkowo takie para-
metry, jak: ilo$¢ podawania surowca, wilgotnosé
surowca. W badaniach wykorzystano wspotbiez-
ny, dwuslimakowy ekstruder o stosunku dhugosci
do $rednicy §limaka wynoszacym 27 : 1. Analiza
badan wykazala, ze zmiany predkosci obrotowej
obcinarki ekstrudera maja wptyw na jako$¢ uzy-
skiwanych produktow. Stwierdzono, ze zmiany
parametrow jakos$ciowych ekstrudatéw na skutek
ustawien obcinarki mozna bylo zaobserwowaé
szczegblnie w przypadku ekspansji radialnej oraz
parametrow wytrzymatosciowych ekstrudatow.
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Przeprowadzone badania potwierdzity rowniez,
ze ilo§¢ podawanego surowca i jego wilgotnosé
wplywaja istotnie na zmiany jako$ciowe uzyski-
wanych ekstrudatow.
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