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Mathematical description of the production
of extruded products enriched with nut flour
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Summary

The article considers the optimization problem of the production of extruded products enriched with nut flour. Based
on the data obtained as a result of multifactorial experiment, the influence of all the factors involved in the process on
the functional and technological parameters that determine the quality of the product was studied. The influence of
each factor on bulk weight, expansion rate and mechanical energy density inputs of extrudates was determined using
MathCad 15 program (Mathsoft, Cambridge, Massachusetts, USA). The experimental functions of the dependences
on the above parameters of all these factors were selected and regression relationships reflecting the process were
obtained. The methodology for calculating some of the process parameters was given, which allowed the results of
experimental studies to be generalized to a production extruder. The results obtained from laboratory studies using
the similarity theory and the scale-up method were transferred to industrial extruders for the production of extrudates
with a porous structure. Research allows to design and produce extrudates with pre-defined functional properties and

quality indicators having an appropriate structure, as well as to make preliminary calculations of energy inputs.

Keywords

extrudate; process parameter; starch; nut flour; mathematical description; optimal parameter

Various supplements of plant and animal origin
that are based on starch-containing raw materials
are used to produce extrudates with various com-
position, as well as having different functional and
technological properties [1]. The wide range of
raw materials and the proper selection of process-
ing conditions allow us to produce new products
with high nutritional and biological value with
pre-defined functional properties, by applying the
innovative technology of thermoplastic extrusion
[2-4].

Development of formulas of new extrusion
products is based on the multi-factor experimental
design methodology [2, 5-7]. Therefore, the use of
raw materials and supplements of domestic origin
for the production of new extruded products for
national market becomes urgent. The production
of any product is always associated with profit-
ability [8], which relates to the process optimiza-

tion problem. In case of this study, issues of opti-
mization of the production of extruded products
enriched with nut flour are relevant and are the
aim of scientific research along these lines. On the
other hand, scientific research is one topic, while
implementation of the results obtained is another
one. Therefore, it is important to develop methods
that will facilitate production of new products un-
der industrial conditions. The results of optimizing
the production process of extruded products enri-
ched with nut flour can be used to develop a ther-
moplastic extrusion process management system
to obtain a product with pre-defined functional
and technological properties.

The topic of this research was the experimental
and theoretical study of the process of production
of promising products enriched with walnut crops
based on starch-containing raw materials by ther-
moplastic extrusion.
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MATERIALS AND METHODS

For the purpose of carrying out experimen-
tal studies, in accordance with the formulations,
the authors of the article have selected materials
as follows: cornflakes, maize starch according to
ISO 11085:2015 [9], walnuts according to DDP-02
[10], peanuts according to ISO 6478:1990 [11] and
table salt according to CODEX STAN 150-1985
[12].

Samples of extrudates for the studies were
taken from an extruder K-30 (Kiiko, Dnepropetro-
vsk, Ukraine) composed of extrusion chamber,
auger kit, forming die with various matrix diame-
ters and the control panel. The extruder cham-
ber was a hollow cylinder of 400 mm length and
19 mm inner diameter of the auger, with 6 longi-
tudinal channels designed to transport the proc-
essed mass when using raw materials with a floury
structure. On the outer surface of the cylinder,
two heating elements were mounted. In general,
the extruder has three zones, namely, the mixing,
plasticizing and charging zones. From the top of
the cylinder, a vertical single-screw proportioning
feeder with a pyramid hopper is secured. Inside
the chamber, a single-thread variable-pitch auger
with an outer diameter of 19 mm is placed. During
the studies, we used the auger kit with varying
values of charging. At the end of the extruder
chamber, a forming die with a matrix is connected
by a threaded connection. We used matrices with
various hole diameters. We varied the auger speed
from 150 min-! to 230 min-!, and measured the ro-
tary speed by means of a tachometer. The tempe-
rature in the cylinder was measured using a ther-
mocouple.

In preliminary studies, the extrusion mixture
contained 56.8 % cornflakes, 10 % maize starch,
12 % walnuts, 4.5 % peanuts, 0.7 % table salt and
the moisture content of the mixture, with added
water, was 16 %. This ratio of the components of
the extrusion mixture was determined by a method
of sensory analysis of taste, colour and rigidity.
During the experiments, the moisture content of
mixture varied between 16 % and 35 %.

The mixture components were hydrated
before the extrusion process and it was settled
at a temperature of +5 °C for 24 h. The mixture
was extruded for the determined values of mois-
ture content, temperature, auger speed, auger
types and matrix size. A temperature of 70 °C was
maintained in the extruder’s feed zone. After the
extruder was operated in a stable mode, samples
were taken, their volume weights and expansion
rates were determined and, in parallel, the me-
chanical energy density expenditure was calcu-
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lated. The volume weights of extrudates were de-
termined as follows: vessels of a previously-known
capacity of 0.5 x 10-3 dm3 were filled with extru-
dates and then weighed on an analytical balance.
The bulk weight (p) was calculated by the follow-
ing formula:

Py (M
where G is weight of extrudates (in kilograms) and
V7 is the volume occupied by extrudates (in cubic
metres).

The sample weight of the bean before and after
heat treatment was determined using SF-400C
scales (Toms, Qilin, China) with a weighing accu-
racy of 0.01 g.

The expansion rate (Ex) of extrudates was cal-
culated as follows

Ex P 2
where D is extrudate diameter (in millimetres) and
d is the matrix die hole diameter (in millimetres).

Linear dimensions of the bean were deter-
mined using electronic digital caliper Vinca
DCLA-0605, 150 mm. (Neiko Tools, Lu Chu
Hsiang, Taiwan).

Mechanical energy density (E) was calculated
using the formula

E=M-—
¢ 3)
where M is auger torque moment (in Newton
metres), n is auger’s number of rotations (in reci-
procal minutes) and Q is extruder capacity (in kil-
ograms per hour).

To further optimize the process of obtaining
the base product, we used mathematical multi-
factorial experiment design. The main factors for
obtaining the base product were the moisture con-
tent of the extrudate mixture (W), the tempera-
ture in the extruder’s forming die (7)), the auger’s
number of rotations (n), charging degree of extru-
date (S) and the matrix diameter (d). To further
optimize the process in the case of five-factorial
experiments, it is necessary to conduct 25 experi-
ments and vary each factor at five levels [13]. The
range of factor variation was selected based on our
previous research on model systems.

In order to optimize the process, mathematical
methodology of multi-factor experimental design
was used [14]. Main factors of the process were
identified, their variation ranges were determined
(Tab. 1) and characteristic functional (perform-
ance) indicators of the product selected, which
were the optimization problem criteria. As such
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characteristic values, specific weight of the pro-
duct and its expansion rate were identified. The
scheme of the experiment according to our early
research is given in Tab. 2.

The relationships between functional indica-
tors of extrudates and the process parameters
were mathematically described using MathCad
program (Mathsoft, Cambridge, Massachusetts,
USA). We used the following functions for mathe-
matical evaluation:

Y=ax+b 4)
Y=a+é 5)
x
Y=a"+b (6)
Y =a+ exp(bx) (7)
Y = a+ bx + cx? (8)
1
r= (a+ bx + cx?) ©)

The value t of the function Y was determined
according to the Eq. 10.

VvN-K—-1
TR T (10)

where

R=,1—-(N—-1)X

N (Ye—Yp)2
*nw o vy

where R is a non-linear multi-way correlation
coefficient, N is the number of levels, K is the
number of functions influencing the process, Y is
the experimental value of the function, Y) is the
value obtained through the function calculation,
and Y, is the average value of non-linear function.

The function Y is considered significant if © > 2.
The generalized functions Yy of the multifactorial
dependences were calculated according to the for-
mula [13]:

'Y,
g~ Yar‘lg_l

(12)

where Y is a generalized function, Y; is a partial
function, [1} Y; is partial function’s derivative and
Yag is the average value of all the generalized func-
tions.

Statistical analysis

To analyse the test parameters (the moisture
content of starch paste, gelatinization point, starch
paste transparency, starch paste embrittlement
temperature and starch paste modulus of elas-

Tab. 1. Main factors of the process.

Level j
No. | Factor

1 2 3 4 5
1 |WI[%] 15 20 25 30 35
2 |T[°C] 150 160 170 180 190
3 [n[min1]| 150 170 190 210 230
4 |S 1 2 3 4 5
5 |d [mm] 2 3 4 5 6

W - moisture of the mixture, T — temperature in the extru-
der cylinder, n — auger’s number of rotations, S — charging
degree of extrudate, d — matrix hole diameter.

Tab. 2. The experiment performance grid.

No.| W[%] | T[IC] |n[min] S d [mm]
1 15 150 150 1 2
2 15 160 190 3 4
3 15 170 170 2 3
4 15 180 230 5 6
5 15 190 210 4 5
6 20 150 170 4 4
7 20 160 230 1 3
8 20 170 210 3 6
9 20 180 150 2 5
10| 20 190 190 5 2
11 25 150 170 2 6
12 25 160 190 5 5
13 25 170 230 4 2
14| 25 180 210 1 4
15| 25 190 150 3 3
16 | 30 150 210 5 3
17 | 30 160 150 4 6
18 | 30 170 190 1 5
19| 30 180 170 3 2
20 | 30 190 230 2 4
21 35 150 230 3 5
22 35 160 210 2 4
23 35 170 150 5 2
24 | 35 180 190 4 3
25| 35 190 170 1 6

W — moisture of the mixture, T — temperature in the extru-
der cylinder, n — auger’s number of rotations, S — charging
degree of extrudate, d — matrix hole diameter.

ticity) of extrusion products, statistical analysis of
the obtained data was carried out, and reliability
of these data was evaluated by 7-test using SPSS
Statistics version 20.0 program (IBM, Armonk,
New York, USA). To describe the ordered
sample, we used the statistical functions of arith-
metic mean of five experiments at each level and
standard error of the mean. We chose a reliability
value of p <0.05.
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RESULTS AND DISCUSSION

Based on the experimental studies, we deter-
mined the relationship between the process para-
meters and the functional as well as physical cha-
racteristics of extrudates enriched with nut flour.
The results of these studies are given in Tab. 3.
The results obtained are consistent with the results
obtained by other authors [2, 4, 15-17].

The obtained experimental results were
described by means of various types of mathema-
tical functions. Based on calculations, the best way
to describe the relationship between the process
parameters and the functional as well as physi-
cal characteristics of extrudates was the use of
a second-order polynome:

Y=ax+bx+c (13)

This was proven by a higher correlation coeffi-
cient than for other functions used, with the ex-
ception of the relationship between the expansion
rate of extrudates and the number of rotations of
the extruder’s auger, which was better described
by means of the function

Y="+b (14)

The values of the bulk weight, expansion rate
and mechanical energy density of extrudates cal-
culated by means of the selected functions are

given in Tab. 4. These results were close to those
obtained in the other studies [4, 17, 18].

The comparison of experimental and compu-
tational results allowed us to conclude that these
values were close to each other, indicating the
correctness of selection od these functions [2-4,
16, 18, 19]. Based on the calculations performed,
generalized relationships (functions) were ob-
tained that describe changes in functional indi-
cators and mechanical energy density based on
process parameters. These generalized functions
are presented in Tab. 5. Similar evaluations were
previously obtained by other authors [20-22].
The difference in the ratios was apparently due
to different types of extruders and raw materials
used.

These dependences are not “one-size-fits-all”
for describing the thermoplastic extrusion process,
but they can be used to predict the values of func-
tional and physical indicators of extrudates with
a fairly high degree of accuracy in the selected
ranges of process parameters [23]. They allow
us to determine the impact of each factor on the
above-mentioned indicators.

Based on previous studies [23, 24], using par-
ticular and generalized functions, we determined
optimal conditions for the thermoplastic extrusion
process of hazelnut flour-enriched extruded pro-
ducts:

Tab. 3. The relationship between the process parameters
and the functional as well as physical characteristics of extrudates enriched with nut flour.

Function Parameter Level/ Average
1 | 2 3 | 4 | 5 value
Bulk weight [10-3 kg-m-8]
p1j w 0.510 0.103 0.211 0.308 0.358 0.226
p2j T 0.249 0.277 0.236 0.204 0.215 0.226
p3j n 0.216 0.222 0.231 0.252 0.210 0.226
P4 S 0.275 0.241 0.200 0.192 0.223 0.226
p5j d 0.215 0.203 0.237 0.234 0.242 0.226
Expansion rate
Exqj w 1.930 2.640 2.190 2.020 1.840 2.12
Exgj T 2.180 2.200 2.060 2.110 2.070 212
Exa; n 1.940 2.210 2.140 2.040 2.280 212
Exa; S 1.950 1.960 2.140 2.220 2.340 212
Exs; d 2.270 2.590 2.140 1.960 1.650 212
Mechanical energy density [103 J-kg™]
Eqj w 9.940 7.728 8.906 5.958 3.994 7.305
Ejj T 6.602 8.908 7.700 6.596 6.720 7.305
Ej n 5.996 6.602 7.788 6.404 9.736 7.305
Eyj S 8.108 5.732 5.772 9.934 6.980 7.305
Es; d 8,284 9.194 5.388 8.082 5.578 7.305

W — moisture of the mixture, T — temperature in the extruder cylinder, n — auger’s number of rotations, S — charging degree of

extrudate, d — matrix hole diameter.
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Tab. 4. Calculated values of bulk weight, expansion rate and mechanical energy density of extrudates.

. Calculated values of a function at level j Average
Function

1 | 2 | 3 | 4 | 5 value
Bulk weight [10-3 kg-m-3]
p1 = 0.22123 - 0.01407W + (0.528 x 10-3)W2 0.129 0.151 0.200 0.275 0.376 0.226
p2 = 0.92108 - 0.00732T + (0.019x10-3)T2 0.248 0.233 0.222 0.215 0.212 0.226
p3 = -0.32330 + 0.00582n — (0.015x103)n2 0.210 0.230 0.238 0.234 0.218 0.226
ps = 0.35440 — 0.08569S + 0.01171S2 0.280 0.230 0.203 0.199 0.219 0.226
ps = 0.19392 + 0.00762d + 0.0001d2 0.210 0.218 0.226 0.234 0.243 0.226
Expansion rate
Ex1 = 0.02566 + 0.20114W - (0.434 x10-3)W2 2.066 2.311 2.340 2.151 1.746 2.122
Ex2 = 3.68840 — 0.01532T + (0.036x10-3)T2 2.194 2.151 2.116 2.087 2.066 2.122
Exz = 2.61048 — 90.57343:n1 2.007 2.078 2.134 2.180 2.217 2.122
Exs = 1.85840 + 0.06351S + 0.00671S2 1.929 2.012 2.109 2.220 2.344 2.122
Exs = 1.86920 + 0.38611d — 0.07171d2 2.354 2.382 2.266 2.007 1.604 2.122
Mechanical energy density [103 J-kg'1]
E1 = 8.17263 + 0.24533W — 0.01037W?2 9.519 8.931 7.824 6.198 4.054 7.305
E> = -76.4956 + 1.01381T — (3.04 x10-3)T2 7112 7.817 7914 7.402 65.281 7.305
E3 = 18.55419 - 0.15915n — (0.51x103)n2 6.260 6.371 6.893 7.828 9.173 7.305
E4 = 8.20440 - 1.076554S + 0.21186S2 7.340 6.899 6.881 7.288 8.118 7.305
Es = 9.58680 — 0.46497d — 0.02343d2 8.563 7.981 7.352 6.676 5.954 7.305

W — moisture of the mixture, T — temperature in the extruder cylinder, n — auger’s number of rotations, S — charging degree of

extrudate, d — matrix hole diameter.

Tab. 5. Generalized functions of the process parameters.

Generalized function Equation Eq.
Bulk weight _ [0.22123 - 0.001407W + (0.528 x 10*)W?] x [0.92108 — 0.00732T + (0.019 x 107°)T?] 15
[10-3 kg'm3] p= 0.2263 x [(0.3544 + 0.0856S + 0.011752) x (0.1939 + 0.00762d + 0.0001d?)]~*

) [0.0256 + 0.2011W - (4.34 x 1073*)W?] x [3.6884 - 0.0153T + (0.036 x 1073)T?]
Expansion rate Ex = — 16

2.123 x [(1.8584 + 0.0635S + 0.00671S%) x (1.8692 + 0.03861d - 0.0717d?)]~*

Mechanical energy E= (8.1726 + 0.2425W — 0.0104W?) x [18.5542 — 0.15915n + (0.5 x 1073)n?] 17
density [103 J-kg'] - 7.305

W — moisture of the mixture, T — temperature in the extruder cylinder, n — auger’s number of rotations, S — charging degree of

extrudate, d — matrix hole diameter.

p (W;T;S;d) = min.
Ex (W;T;S;d) = max.

(18)
(19)

By differentiating the experimental partial
functions, taking into account the generalized,
organoleptic and visual evaluations (the best or-
ganoleptic value was observed at bulk weight
p = 113 kgm3 and at the expansion ratio of
Ex = 3), we determined optimal values of the ex-
trusion process parameters. As data in Tab. 6 indi-
cate, the optimal values of the parameters calcu-
lated for both functional indicators were close to
each other. This indicated that the optimization
problem could be solved by one of these functional
indicators. This is in good agreement with other
literature data [4, 5, 17, 21, 24, 25].

To calculate the mechanical energy density in-
puts, we set the derivative of the corresponding
partial function to zero

dE(n)
on

where n = 155 min-1.

Then, we determined the mechanical energy
density £ input taking into account all the process
parameters

= (1130 x 1073*)n - 0.159 =0

(20)

E(d)
E=EW)XE(T) XE(n) X E(S) x £ (21)
E = (717 x 103) J-kg™

where E, is the average value of mechanical ener-
gy density (in joules per kilogram).
The results obtained in laboratory studies
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Tab. 6. Optimal values
of the extrusion process parameters.

Process Functional properties of the base product
parameters p = 113 kg'm3 Ex =3
W [%] 20 20
T[C] 190 188
n [min-1] 170 170
S 4:1 5:1
d [mm] 3 3

W — moisture of the mixture, T — temperature in the extru-
der cylinder, n — auger’s number of rotations, S — charg-
ing degree of extrudate, d — matrix hole diameter, p — bulk
weight, Ex — expansion rate.

were generalized using the theory of similar-
ity and the scale-up method for the production of
these products on industrial extruders. It is known
that there are similarities between the techno-
logical processes if they have geometrical and
time-related similarities, similarities between the
fields of physical quantities, as well as similarities
between the initial and boundary conditions [7, 14,
17, 21]. Process parameters such as the moisture
content of raw materials and their treatment tem-
perature can be directly transferred to the produc-
tion conditions, so the moisture content of 20 %
of raw materials and the temperature of 190 °C in
the laboratory extruder cylinder are the operating
parameters of the industrial extruder. As for the
matrix diameter, the compression ratio of raw ma-
terials from the auger and the number of its rota-
tions, the influence of these factors on the extru-
sion process is expressed by the process duration
and the stresses induced by mechanical impact on
raw materials. The raw materials processing time
(¢) in the extruder is determined according to the
equation
vV
Qv

where V' is the volume of the processed mass in
the extruder (in cubic metres), Oy is the volumet-
ric production of the extruder (in cubic metres per
hour).

It should be noted that similarity between the
values of processing time in the laboratory and
production extruders requires serious changes in
the equipment drive system, but there is an inverse
correlation between the processing time and me-
chanical stress that affect the functional properties
of extrudates. Thus, insufficient time required for
raw materials processing can be filled out by more
intense mechanical treatment. Mechanical impact
on processed raw materials can be evaluated (with
high accuracy) by the shear-stress rate (vs) of the

t (22)
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fluid (molten) mass moving in the extruder. For
the circular hole of the extruder’s matrix, it is cal-
culated according to the equation and expressed in
metres per second

Qv
nd3K

Vg =32 (23)
where d is matrix diameter (in metres) and K is the
number of matrix holes.

In view of the above, the following equation is
valid:

b1 Vg
ly Vg

(24)

where t1 and 12 is raw materials processing time in
the laboratory and industrial extruders, respective-
ly (in seconds), vs1 and ve2 is the shear-stress rate
of the fluid mass in the laboratory and industrial
extruders, respectively (in metres per second). On
the other hand, the raw materials processing time
in the extruder is equal to the total lag time of
masses passing through its cylinder, moulding die
and matrix (maximum shear deformation zone),
that is why we used in calculations the lag time ¢ of
the fluid mass in the matrix.

Knowing the shear-stress rate of the processed
mass, its lag time in the matrix hole channel of the
laboratory extruder, as well as the technical data
of the industrial extruder, the required diameter
of the matrix hole of the industrial extruder can be
determined. In particular

_om (25)

where #,; is the residence time in the fluid mass
matrix (in seconds), L is matrix length (in me-
tres), vm is the the speed of the extrusion mass (in
metres per second).

The fluid mass rate in the matrix was deter-
mined based on the principle of conservation of
mass

Qc = Qd = Qm (26)
PV, = pvgFg = puy By (27)

where Q. Q4 Om are the mass productions in
the extruders cylinder, molding die and matrix,
respectively (in kilograms per second), F¢, Fdq, Fm
are the areas of the extruder’s cylinder, moulding
die and matrix, respectively (in square metres)
and v, v4, vin are the speed of the extrusion mass
in the extruder’s cylinder, moulding die and matrix
respectively (in metres per second).
Then

Voo _%2 _Ea

= (28)

Vo1 01 Ep
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where o1 and o2 are mechanical stresses in the la-
boratory and industrial extruders, respectively (in
Pascals), E1 and E> are mechanical energy densi-
ties inputs in the laboratory and industrial extru-
ders, respectively (in joules per kilogram). E1 was
determined based on the optimization condition
and for the industrial extruder, £2 was determined
according to the formula

N,
Q2

where N7 is industrial extruder capacity (in joules
per second) and Q2 is the mass production of
industrial extruders (in kilograms per second).

Finally, from Eq. 30, we found the required
diameter of the selected extruder’s matrix hole
for the production of extrudates with optimal
functional indicators.

E, (29)

_ 3 Q2
d= 32@ (30)
CONCLUSION

Based on the conducted studies, we could
identify the process parameters that can be used
to regulate the functional properties of extruded
products enriched with nut flour. The optimal pa-
rameters of the process of thermoplastic extrusion
for the production of extrudates enriched with nut
flour were determined. The generalized math-
ematical dependences for the process to deter-
mine the functional characteristics of extrudates
(p = 113 kg'm=3 and Ex = 3). The methodology
for calculating certain parameters, with a view to
choose the industrial extruder, was developed.

Acknowledgements

This work was supported by Shota Rustaveli
National Science Foundation of Georgia (SRNSFG)
grant FR18 — 16641 “Studying the process of extrusion
products production enriched with walnut crop flour®.

REFERENCES

1. Shurchkova, Y. A. - Ganzenko, V. V. -
Radchenko, N. L.. Exstruzionnaia obrabotka
zerna soy. (Extrusion processing of soybean grain.)
Hranenie i pererabotka zerna (Dnepropetrovsk), 9,
2007, pp- 51-53. ISSN: 2306-4498 (print). In Russian.

2. Saldanha do Carmo, C. — Varela, P. — Poudroux, C. —
Dessev, T. — Myhrer, K. — Rieder, A. — Zobel, H. -
Sahlstrom, S. — Knutsen, S. H.: The impact of
extrusion parameters on physicochemical, nutri-

10.

11.

12.

13.

tional and sensorial properties of expanded snacks
from pea and oat fractions. LWT — Food Science
and Technology, 712, 2019, article 108252. DOI:
10.1016/j.1wt.2019.108252.

. Beck, S. M. — Knoerzer, K. — Foerster, M. — Mayo, S. —

Philipp, C. — Arcot, J.: Low moisture extrusion of
pea protein and pea fibre fortified rice starch blends.
Journal of Food Engineering, 237, 2016, pp. 61-71.
DOI: 10.1016/j.jfoodeng.2018.03.004.

. Wang, S. — Gu, B. J. — Ganjyal, G. M.: Impacts of

the inclusion of various fruit pomace types on the
expansion of corn starch extrudates. LWT — Food
Science and Technology, 710, 2019, pp. 223-230.
DOI: 10.1016/j.1wt.2019.03.094.

. Carvalho, W. P. C. - Takeiti, C. Y. — Onwulata, C. 1. —

Pordesimo, L. O.: Relative effect of particle size
on the physical properties of corn meal extrudates:
Effect of particle size on the extrusion of corn meal.
Journal of Food Engineering, 98, 2010, pp. 103-109.
DOI: 10.1016/j.jfoodeng.2009.12.015.

. Sokolov, M. V.. Matematicheskoe modelirovanie

protsessa ekstruzii rezinovikh smesey s uchetom
podvulkanizacii i stepeni plastikacii profilirovannogo
ekstrudata. (Mathematical modelling of the extru-
sion process of rubber compounds taking into
account scorching and the degree of plasticization of
the profiled extrudate.) Vestnik Tambovskogo gosu-
darstvennogo tehniceskogo universiteta, 23, 2017,
pp. 440-451. ISSN: 0136-5835. <http://vestnik.tstu.
ru/rus/t_23/pdf/23_3 009.pdf> In Russian.

. Odisharia, K. — Khoshtaria, S. — Ebanoidze, Z..:

Sistemebis da procesebis modelireba. (Modelling of
systems and processes.) Thilisi : Georgian Aviation
University, 2011. ISBN: 978-9941-0-3120-5. In
Georgian.

. Khabeishvili, A. — Khabeishvili, N.: Gherovani sis-

temis dinamikuri gaangarisheba injinruli kherkhit.
(Dynamical calculation of the rod system on the
shock, by the engineering method.) Ganat’leba, 16,
2016. pp. 221-226. ISSN: 2346-8300. <https://gtu.ge/
Journals/newsletters/Ganatleba_2016_2(16)_1.pdf>
In Georgian.

. ISO 11085:2015. Cereals, cereals-based products

and animal feeding stuffs — Determination of crude
fat and total fat content by the Randall extraction
method. Geneva : International Organization for
Standardization, 2015.

UNECE Standard DDP-02. Walnut kernels.
Geneva : The United Nations Economic Commission
for Europe, 2019. <https://unece.org/fileadmin/
DAM/trade/agr/standard/dry/Standards/DDP02_
Walnutkernels_2019_e.pdf>

ISO 6478:1990. Peanut — Specification. Geneva :
International Organization for Standardization,
1990.

CODEX STAN 150-1985. Standard for food grade
salt. Rome FAO/WHO Codex Alimentarius
Commission, 2012.

Grachev, Y. P. — Plaksin, Y. M.: Matematicheskie
metody planirovania exsperimentov. (Mathematical
methods of experimental design.) Moskow : DeLi
Print, 2005. ISBN: 5-94343-096-2. In Russian.

159


https://doi.org/10.1016/j.lwt.2019.108252
https://doi.org/10.1016/j.jfoodeng.2018.03.004
https://doi.org/10.1016/j.lwt.2019.03.094
https://doi.org/10.1016/j.jfoodeng.2009.12.015
http://vestnik.tstu.ru/rus/t_23/pdf/23_3_009.pdf
http://vestnik.tstu.ru/rus/t_23/pdf/23_3_009.pdf
https://gtu.ge/Journals/newsletters/Ganatleba_2016_2(16)_1.pdf
https://gtu.ge/Journals/newsletters/Ganatleba_2016_2(16)_1.pdf
https://unece.org/fileadmin/DAM/trade/agr/standard/dry/Standards/DDP02_Walnutkernels_2019_e.pdf
https://unece.org/fileadmin/DAM/trade/agr/standard/dry/Standards/DDP02_Walnutkernels_2019_e.pdf
https://unece.org/fileadmin/DAM/trade/agr/standard/dry/Standards/DDP02_Walnutkernels_2019_e.pdf

Tsagareishvili, D. et al.

J. Food Nutr. Res., Vol. 60, 2021, pp. 153-160

14.

15.

16.

17.

18.

19.

20.

160

Burtelov, L. V.. Matematicheskoe modelirovanie
processa exstruzii psevdoplastichnykh sred na odno-
chervyachnykh mashinakh na primere rezinovoy
smesi. (Mathematical modelling of the extrusion
process in pseudoplastic media on single-screw
machines using the example of a rubber compound.)
[Dissertation thesis.] Tomsk : Tomsk Polytechnic
University, 2006. <http://earchive.tpu.ru/han-
dle/11683/6253> In Russian.

Arivalagan, M. - Manikantan, M. R. -
Yasmeen, A. M.—Sreejith, S. — Balasubramanian, D. -
Hebbar, K. B.— Kanade, S. R.: Physiochemical and
nutritional characterization of coconut (Cocos nuci-
fera L.) haustorium based extrudates. LWT — Food
Science and Technology, 89, 2017, pp. 171-178. DOI:
10.1016/j.lwt.2017.10.049.

De Pilli, T. — Carbone, B. E. - Fiore, A. G. -
Severini, C.: Effect of some emulsifiers on the struc-
ture of extrudates with high content of fat. Journal
of Food Engineering, 79, 2007, pp. 1351-1358. DOI:
10.1016/j.jfoodeng.2006.04.054.

Singh, S. K. — Singha, P. - Muthukumarappan, K.:
Modeling and optimizing the effect of extrusion
processing parameters on nutritional properties of
soy white flakes-based extrudates using response
surface methodology. Animal Feed Science and
Technology, 254, 2019, article 114197. DOI: 10.1016/j.
anifeedsci.2019.06.001.

Li, X. — Masatcioglu, M. T. — Koksela, F.: Physical
and functional properties of wheat flour extru-
dates produced by nitrogen injection assisted extru-
sion cooking. Journal of Cereal Science, 89, 2019,
article 102811. DOI: 10.1016/j.jcs.2019.102811.
Zverev, S. V. — Zvereva, N. S.: Funktsionalnye zerno-
produkty. (Functional grain products.) Moscow :
DeLi Print. ISBN: 5-94343-106-3. In Russian.
Meuser, F. — van Lengerich, B. — Reimers, H.:

21.

22.

23.

24.

25.

Kochextrusion von Stirken. Vergleich experi-
menteller Ergebnisse zwischen Laborextrudern
und Produktionsextrudern mittels Systemanalyse.
Starch/Starke, 36, 1984, pp. 194-199. DOI: 10.1002/
star.19840360603.

Ostrikov, A. N. — Abramov, F. V.: Matematicheskaya
model’ processa exstruzii pri neizotermicheskom
techenii vyazkoj sredy v odnoshnekovykh exstru-
derakh. (Mathematical model of the extrusion
process with non-isothermal flow of a viscous medium
in single-screw extruders.) Izvestiya vysshikh ucheb-
nykh zavedenij. Pishchevaya tekhnologiya, 7, 1999,
pp- 49-52. ISSN: 0579-3009. In Russian.

Zverev, S. — Sesikashvili, O. — Bulakh, Y.: Soya.
Pererabotka i primenenie. (Soy. Processing and appli-
cation.) Chisinau : Lambert Academic Publishing,
2018. ISBN: 978-613-8-18491-1. In Russian.

Lykov, A. V. — Mikhailov, Y. A.: Theory of heat
and mass transfer. College Park : Institute for
Physical Science and Technology, 1963. ISBN: 978-
0706505610.

Ackar, D. — Jozinovic, A. — Babic, J. — Milicevic, B. —
Balentic, J. P. — Subaric, D.: Resolving the problem
of poor expansion in corn extrudates enriched with
food industry by-products. Innovative Food Science
and Emerging Technologies, 47, 2018, pp. 517-524.
DOI: 10.1016/j.ifset.2018.05.004.

Bisharat, G. I. — Oikonomopoulou, V. P. -
Panagiotou, N. M. — Krokida, M. K. —Maroulis, Z. B.:
Effect of extrusion conditions on the structural prop-
erties of corn extrudates enriched with dehydrated
vegetables. Food Research International, 53, 2013,
pp. 1-14. DOI: 10.1016/j.foodres.2013.03.043.

Received 7 February 2021; 1st revised 23 March 2021;
accepted 15 April 2021; published online 14 June 2021.


http://earchive.tpu.ru/handle/11683/6253
http://earchive.tpu.ru/handle/11683/6253
https://doi.org/10.1016/j.lwt.2017.10.049
https://doi.org/10.1016/j.jfoodeng.2006.04.054
https://doi.org/10.1016/j.anifeedsci.2019.06.001
https://doi.org/10.1016/j.anifeedsci.2019.06.001
https://doi.org/10.1016/j.jcs.2019.102811
https://doi.org/10.1002/star.19840360603
https://doi.org/10.1002/star.19840360603
https://doi.org/10.1016/j.ifset.2018.05.004
https://doi.org/10.1016/j.foodres.2013.03.043

