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1. Introduction

In the twenty-first century, preparing the production of new
products should be subject to "eco-design of the product," which consists
to reduce the negative impact on the surrounding natural environment
of man. The dominant role in this action plays the rational use of energy
and environmental protection. In this aspect, it is important to develop
a correct and proper implementation of technological process.

Volume plastic work on cold allows to achieve high accuracy
of the product and high productivity in process like: thread rolling
(Kukietka K. 2009, Kukietka K. & Kukielka L. 2013, Kukietka K. 2014,
Kukietka K. et. al 2014, Kukietka K. 2016, Kukietka L. & Kukietka K.
2007, Kukietka L. & Kukietka K. 2012), duplex burnishing (Patyk &
Kukielka L. 2008, Patyk et al 2014), burnishing rolling (Kukietka L.
1994, Kukietka L. 1999, Kukietka L. & Krzyzynski T. 2000, Kukietka L.
2001, Kukietka L. 2002, Kukietka L. et al 2012, Kukietka L. et al 2012,
Kutakowska et al 2009, Kutakowska, Kukietka L et al 2014, Myslinski et
al 2004), drawpiece forming process (Katdunski & Kukielka L. 2014),
shot penning (Zaleski & Btawucki 2014), grinding process (Sutowski &
Nadolny 2016, Nadolny et al 2014), plastic deformations of measured
object surface (Kowalik et al. 2016), surface roughness measured after
machining (Valicek et al 2012, Kusnerova et al 2013), other like water jet
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cutting (Perec 2016) and mechanical/abrasive polishing (MP), standard
electropolishing (EP) and magnetoelectropolishing (MEP) (Rokosz
2016), plasma cutting (Skoczylas & Zaleski 2015) and modern material
behaviour modelling (Malag et al 2014). The performance of machine
parts using this technology, the use of the starting material is on average
85-97%, and material savings entail large energy savings. Savings should
also include lower costs of storage material, the elimination of chips
management, less need for cooling, lower expenditures on transport and
depreciation of production equipment (Jednovicky & Streit 1998).

One of the post-machining methods employed to shape the outer
layer, characterized by advantageous exploitation properties, is thread
rolling. The thread rolling technology has many advantages, namely:
saving material, extremely short times of execution, which affects on
high performance of production, high durability of tools, make full use of
existing machine park. In contrast to thread machining, after which the
waste remains in the shape of chips, using a rolling technology as volume
of the plastic working, it is possible to perform thread with total
consumption of material. Diameter of the blank (bar or pipe) to the rolled
thread is smaller than the diameter of the machined thread, and this
results significant savings of material (Domblesky & Feng 2002,
Kukietka K. 2009, Kukietka K. & Kukielka L. 2013, Kukietka K. 2014,
Kukietka K. et al. 2014, Kukietka K. 2016, Kukietka L.& Kukietka K.
2007, Kukietka L. & Kukietka K. 2012, Lyczko 2010, Olszak 2008).

Favourable strength (both static and dynamic) and exploitational
properties of the rolled threads are the result of plastic deformation in the
top layer of the part. In these threads, the material in the external layers is
laid in the form of fibers covering the whole thread profile (Fig. 1),
whereas in the threads made by cutting the fibers are cross-cut.

The heating of parts is realised whilst rolling, by means of visco-
plastic deformation and fretting in the areas of contact between the roller
and the objet (Fig. 2) (Kukielka L. 1994, Kukielka L. 1999, Kukielka, L.
& Krzyzynski 2000, Kukielka L. et al. 2012, Kukielka L. et al., Kukietka
L. & Kukietka K. 2015, Kukielka K. 2017).
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Fig. 1. Microstructure and texture of the rolled thread (St3 steel) a) M25 thread,
b) trapezoidal thread, ¢) Round thread (Fette 2007)

Rys. 1. Mikrostruktura i tekstura gwintu wygniatanego (stal St3) a) gwint M25,
b) gwint trapezowy, c) gwint okragty (Fet2007)

Thread rolling is carried out with using a concentrated heat
source, move together with the tool. These sources depending on their
location are dived into plane and spatial sources. Plane sources appear in
the contact zone of active surface of the roll with workpieces, while the
spatial source occur inside the wok pieces and tools (Fig. 2).

Pipe before rolling
Pipe after rolling

Fig. 2. Diagram of the system of heat fluxes arising in characteristic volumes V
and areas ) during thread rolling: pipe before rolling and pipe after - surface of
the object and outer layer after previous treatment and after rolling, respectively
Rys. 2. Schemat procesu z uktadem strumieni cieplnych powstajacych podczas
obrobki, w charakterystycznych objetosciach V i obszarach ) obiektu: Sp; i Sp,
- rura odpowiednio po obrobce poprzedzajgcej i po walcowaniu

Z3

Energy of plane sources is the mechanical energy (friction roll-
work pieces). During the friction heat is produced qg, . Spatial sources of

energy is the mechanical energy (plastic deformation of the material).
During plastic deformation the heat q,,, . The total power of heat sources
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is the sum of the mechanical power sources qg, +qy;,, and wherein the

value of the temperature distribution during the rolling process depends
on the quotas for of those power sources. During the rolling, there are four
variation stages of heat field, namely: the increase, almost stabilization,
alignment, and decrease. Increase of the heat field it takes a place in the
initial phase of rolling, upon commencement of operation of sources. The
decrease of the heat field occurs in the final stage, once resolved these
sources. For practical purposes it can be assumed that the temperature field
is quasi-stationary, because instability the time periods are short and
cooling conditions are selected as to achieve stable temperature field.
Then, in any position of the tool, the temperature distribution is
characterized by the presence of elongated isotherm (Fig. 3).

Vn1<Vn2<Vn3
qc=const.
qr=const.
1-Vni

2-Vn2

3-Va3

y2[mm]
v

Fig. 3. Thermal cycle in massive body occurring during thread rolling

at different speeds V, and the constant cooling rate: a) the temperature
distribution in the surface layer of the object in the direction of the velocity
vector of the thread rolling b) isotherms T, and T,

Rys. 3. Cykl cieplny w ciele masywnym zachodzacy podczas walcowania

z roznymi predkosciami V,, i statej szybkosci chtodzenia: a) rozktad
temperatury w warstwie wierzchniej przedmiotu na kierunku wektora predkosci
walcowania, b) rozktad izoterm Ty i T;.
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The increase of the rolling speed at constant power of the heat
sources and constant cooling rate causes elongated isotherm along y, axis
(Fig. 3a) (on the direction of the rolling speed), while ahead of the source
of the thermal field decreases. Followed by also narrowing of the
isotherms perpendicular direction (Fig. 3b).

In the article (Kukielka K. 2017) shows the problem of modelling
the thread rolling process with applying of advanced methods, which
directly contributes to reduce the negative impact of this process on the
surrounding environment. Ways to solve the received discrete equations
of motion of the object together with an analysis and numerical
simulation are presented in the work (Kukielka K. 2017).

In the this paper the solutions of discrete equations of the heat
transfer of the object in the thread rolling process with applied explicit and
implicit integrations methods, were shown. Described results of experi-
mental investigations, which verify computational results and correctness
of calculating model.

2. Algorithm of numerical analysis

In the paper (Kukielka K. 2017) the discretized equations of heat
transfer equilibrium was obtained:
['CI{AG} + (KU JH 'K IH' KT+ K" D {{A®} ={{AQ} +{7AQ"}, (1)
where ['C] and ['K*], ['K°], ['K'], ['K"] are the convection and radi-

ation, heat capacities, conductivity matrices and total nodal point condi-
tions of IV gender, respectively:
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E is the total number of the finite elements in the system, Sg, Sc, Sk are
the number of the finite elements in the zones Xg, X¢ and Xy, respective-
ly.
’ The nodal point increment heat flow input vector {fAQ} is given
by:

(FAQ) =17AQup} +(AQy, 3)
where:

AQup =3 ([ [HOT [AGR d V), )

{:AQSH} Zm I(J- s ) HS(m)]T TAq(l‘n)[ ] dtzim) )

The vector {TAQ'} ={{AQ{} +{;AQ}} of the boundary conditions
of I gender is given by:

(8Q4 =30 (f g [ BT T HE MG '),

Q=" (jzm) HOTTHO1{AOM ) d Vi),

where St and Et are the number of the finite elements in the zones Xt
and volume Vr, respectively.

Use the principles of step-by-step integration scheme (Kukielka
L. & Kukielka K. 2015) in this section is presented for the solution of
transient heat transfer problems. To approximate the velocity component
{fA®} in term of {*A®} in the equation (1) we can use the Euler method

)

(with the temperature varies linearly over the time interval At) and the
direct integration methods: the Houbolt method, the Wilson ® method,
and the Newmark method. In this paper, an example to using the Houbolt
method to solution the equation (1) is showed. The Houbolt method re-
duces directly to a static analysis. The following finite approximate of the
velocity component {fA®} is employed:
{fA@) =a,{{A@} —a,{' @} +a,{ " 0O} —a,{ "0}, (6)

where:

a, =11/(6At), a, =7/(6At), a, =3/(2At), a, =1/(3At), (7)
are the integral constants.
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Substituting (6) into (1) and arranging all known vectors on the
right-hand side, we obtain for the solution of {{A®} :

['K1{;A®} ={;{AQ} +{'Q}, (3)
where:
['K]=a,['Cl+['K*]+[' K ]+['K ] +{['K"], ©)
{ Q' Cl(a,{' O} -a,{ O} +a,{ " O}), (10)
{{AQ) ={;AQ} +{{AQ'}. (11)

As shown in (10) the solution of {fA®} required knowledge of
{@}, {™®} and {°“O}. Although the knowledge of {"A®} and
{’A@®} is useful to start the Houbolt integration scheme, it is more accu-

rate to calculate {* ®} and {** ®} by some other means; i.e., we employ
special starting procedures. One way of the proceeding is to integrate (1)
for the solution of {*@®} and {**@®} using a different integration
scheme, possibly a conditionally stable method such as the central differ-
ence scheme such as the central difference scheme with a fraction of At

as the time step. The complete algorithm used in the integration is given
in Table 1.

Table 1. Step-By-Step Solution Using Houbolt Integration Method
Tabela 1. Rozwigzanie Krok po Kroku przy wykorzystaniu metody
catkowania Houbolt

A. Initial Calculations:
1. Form matrix ['C],['K*],['K°],['K']and ['K"].
2. Initialise {"®} and {*@}.
3. Select time step At and calculate integration constants:
a, =11/(6At), a, =T7/(6At), a, =3/(2At), a, =1/(3At).
4. Use special starting procedure to calculate {* @} and {** ©}.

5. Calculate effective matrix ['K]:

[K]=a,['CI+['K"]+['K ]+['K']+{['K"].
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B. For Each Time Step
1. Calculate effective heat load at time t:

{Q'Cl(a,{ O} —a,{ " O} +a,{ 7" O}).
2. Calculate effective incremental heat load at time step t—1:
(FAQ) =({AQ} +{;AQ'}.

3. Partition of the heat equilibrium equation for two blocks, we can
write the problem in the form:

|:[ Knxn t nxw :H{TA@HXI}} {{t Aanl}} {{ anl}}
(K] [ KWXW A0 AQ ) (1M
where vectors {TA®@'}, {AQ™'} are knows and {TA@™'},

{FAQ™"} are not known.

4. Solve for temperature increment vector {FA@}*'} at time step using
the modified Newton-Raphson iteration method:

(K, B0 =0AQ T +{1Q ) 1K, 1570, -
5. Substituting vector {{A@*'} into equation:
FQM =K, A0 M H'K, I AO, ), {1 Qu) s

and solve we obtain the vector {; AQ2 o
6. Calculate the temperature vector at the end of iteration 1:
o) = o) (a0}
7. Calculate vector {fA@®} at step time:

[[A®} =a,{{A®} —a,{' @} +a,{ * @} -a,{ " O}.
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3. THREAD ROLLING application for numerical analysis

Developed by author application THREAD ROLLING in ANSYS
system fully satisfy advanced requirements and can be successfully used to
simulate thread rolling process in real conditions. In this application the
algorithm shown in point 2 were applied. Increasing technical and eco-
nomic requirements also decrease negative impact on environment lead to
search for new technology and materials, which require the development
of new theoretical models and their numerical implementation. This article
presents the practical application called THREAD ROLLING to modeling
and simulation process of thread rolling with round outline. The purpose of
a computer simulation is to restore investigated process base on a mathe-
matical model by using a computer and examine the impact of the envi-
ronment (input signals) and internal properties of an object (process pa-
rameters) on the characteristics of the object.

The main advantages of computer simulation in comparison with
other methods of the process analysis are:

— the model flexibility — is easy to making changes in the simulated
model also filling model with new phenomena,

— easy to introduce various types of extortion and disturbance (random)
and extreme extortion and disturbance without destroying usually ex-
pensive material model,

— relatively low cost and short preparation time of simulation,

— the reliability of simulation results - especially when we can compare
the simulation results with the results obtained from measurements on
a real object.

Numerical calculations in ANSYS system were realized by the

following sequence:

a) data preparation (PREPROCESSOR):

— defining the workpieces and the tool geometry,

— defining the material properties of the workpiece and tool (depends of
temperature),

— generating the finite element grid (mesh),

— defining contact between tool-workpieces, by introducing the contact
finite element TARGET and CONTA,

— applying boundary condition (displacement, forces, temperatures),
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b) solving (SOLVER)
— introducing number of steps and iterations, convergence conditions,
etc.
— setting the course of calculations,
c¢) analysis of solutions and edit the results (POSTPROCESSOR - Gen-
eral Postproc or Time History Postproc).

4. Examples of numerical solution

Elaborated application THREAD ROLLING for spatial (3D) and
plane (2D), with assumption of spatial state of stress and plane state of
displacement and strain. In the exemplary simulation is shown the possi-
bility of using reduced model to simulate the impact of the flat profile of
the working rollers active surface on the thread rolling process realization
and quality. The tool is a rigid body E—o, however the model material
as an elasto/thermo-visco-plastic body with nonlinear hardening (Fig. 4).
The model has discretized by finite element PLANE184 with linear func-
tion of the shape. Shape coefficient (SC=B/A=1) rectangular finite ele-
ment is define as a ratio height B to width A of elements (Fig. 4).

AN AN AN
TS 7 u,=0 u,=0 FFSa
e
’ Graph oy - & for steel C55
T,=20°C

Fig. 4. Discretized computational model 2D for the external thread rolling
with round profile

Rys. 4. Dyskretny model komputerowy 2D dla procesu walcowania gwintow
zewnetrznych z okragltym profilem
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In the contact zone the boundary conditions for displacement are
unknown. The calculation was carried out for following properties: roll-
ing by means of a D =61 mm diameter roller-shaped element; depth of
rolling w=0.8 mm; velocity of rolling v, =0.025, 0.05, 0.1 m-s'l;
object material — steel C55, roller — 145Cr6; heat conductivity coeffi-
cients A, =42-0.012-AT WmK'; A, =13.2207 —0.0032-AT

W-m™K"'; mass density p= 7850/(1 +3-a- AT) g'm™; heat capacity
c=484+0.01-AT J-(kg'K); coefficient of fretting
n=p,(1-0.003-v,)(1-0.000015-AT) ; heat resistance in the surface

contact R=0 (ideal contact) and R4 =0.094 m>K-W™' (real contact),
yield stress !, =924(0.066+ V)" x (1+:6V)*"*(1.737 - 0.043' T"?)
MPa, where ‘&' and [&{"" are intensity of true strain and strain rate at

time t, respectively, Young’s modulus E =510"T """ GPa, Poisson’s
ratio v =0.299-T"""”

The nonlinear analysis of the temperature in the contact zone is
demonstrated in the Figure 5-7.

L474E+09
.948E+09
.142E+10
.190E+10
L237E+10
.284E+10
.332E+10
.379E+10
.426E+10

e
T

Fig. 5. Distribution of the contact pressure (MPa) for successive rings during
the thread rolling process with round outline for various value of temperature
Rys. 5. Rozktad naciskow kontaktowych (MPa) dla kolejnych pierscieni rolki
podczas procesu walcowania gwintow z okragltym profilem dla r6znych
warto$ci temperatury

The results for contact pressure during the thread rolling process
are shown on Fig. 5. We can observed that increase of the temperature of
rolled materials decrease the value of contact pressure. The distribution
of the displacement vector sum (1), m, maps of equivalent plastic total
strain Huber-Mises-Hencky’s (2), maps of equivalent total stress Huber-
Mises-Hencky’s, (3) after thread rolling process with round outline for
temperature 20°C and 200°C we can observe respectively on Figs. 6 and
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7. The value of displacement vector sum is still the same, but for strain
and stress the value is smaller for higher temperature.

a) b)
i “"‘V* P ——— J

_231E-03  .G62E-03 .984E-03 .001325 -207E-06 .236215 472429 .708643 .544858
.166E-03 .497E-03 .828E-03 .001158  .0014% -118107 354322 -590536 826751 1.06297

0

c)
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.136E+09 .408E+09 .680E+09 .951E+09 .122E+10

Fig. 6. Distribution of the displacement vector sum, m (a), maps of equivalent
plastic total strain Huber-Mises-Hencky’s (b), maps of equivalent total stress
Huber-Mises-Hencky’s, MPa (c) after thread rolling process with round outline
for temperature 20°C

Rys. 6. Rozklad wektora przemieszczen wypadkowych, m (a), mapa catkowi-
tych plastycznych odksztatcen zastepczych wedtug hipotezy Hubera-Mises'a-
Hencky’ego (b), mapa catkowitych naprezen zastepczych wedtug hipotezy Hu-
bera-Mises’a-Hencky’ego, MPa (c) po procesie walcowania gwintéw okragtych
dla temperatury 20°C

a) b)
.332E-03  .664E-03 .996E-03 .001328 CS40E-07  .234276 468552 702828 937104
.166E-03 .438E-03 .830E-03 .001162 .001454 .117138 .351414 .58569 .819566 1.05424
c)
11650.8 _212E+09 .423E+09 .635E+09 .B46E+09

-106E+08 .317E+09 .529E+09 . T40E+09 . 952E+09

Fig. 7. Distribution of the displacement vector sum (a), m, maps of equivalent
plastic total strain Huber-Mises-Hencky’s (b), maps of equivalent total stress
Huber-Mises-Hencky’s, MPa (b) after round thread rolling process for
temperature 200°C

Rys. 7. Rozklad wektora przemieszczen wypadkowych (a) m, mapa catkowi-
tych plastycznych odksztatcen zastepczych wedtug hipotezy Hubera-Mises'a-
Hencky’ego (b), mapa catkowitych naprezen zastgpczych wedtug hipotezy Hu-
bera-Mises'a-Hencky’ego, MPa (c) po procesie walcowania gwintow okraglych
dla temperatury 200°C
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From the environmental point of view must be increased rolling
speed, since it reduces the processing time. In the figure 8 it shows the
effect of rolling speed on the temperature field in object and tool for ideal
contact and for the occurrence of thermal resistance and coefficient of
friction py = 0.2.

1 T T H T : T I ; T 7 1 T.K
D I ! S o f | | L
| [ROLLING ELEMENT ] byt OBIECT ] 350 |[ROLLING ELEMENT __| N - OBIECT - 350
| —— 0.1 0.1
335 T 335
\__i005 N1 005 |
/ — 320 / H— 320
0.025, 0.025]
- 105 L 305
— —
L 290 ] 290

0,1 0,05 0 04 08 mm 0,1 005 0 04 0.8 mm

Fig. 8. Distribution of resultant temperature inside the roller and the object in
axis z, for ideal contact (a) and with heat resistance in the surface contact (b)
Rys. 8. Rozktad wypadkowej temperatury wewnatrz rolki i na przedmiocie na
osi 7, dla idealnego kontaktu (a) oraz z opornoscia cieplng wewnatrz
powierzchni kontaktu (b)

5. Experimental verification

Proposed in this paper a new way through the centerless rolling
doesn’t have the above drawbacks. The essence of this approach is to
eliminate the fixed steady and the introduction of a system which con-
tains four roller rolling surface (Fig. 9). The head is designed to conven-
tional lathes and is fastened in place of the chuck. Head design allows for
easy change of force and roller change (Kukietka K. 2009, Kukietka K.
& Kukielka L. 2013, Kukietka K. 2014, Kukietka K. et al. 2014,
Kukietka K. 2016). In the working zone rolling fluid is given. The cyclic
process of gradual loading, forming, calibrating and unloading is repeat-
ed until the desired length of thread is received. On the Fig 9. The real
working head system during the thread rolling process is shown, where
the temperature is measured by thermo visual hand camera made by Flir
(Fig 9).

Figure 10 shows the temperature distributions during rolling of the
pipes in the contact zone and outside it for different velocity rate, ie.
v=0.025,0.1 m's”. From conducted researches of measuring temperatures

indicates the growth of rolling speed directly affects the growth of the tem-
perature, the highest values is observed in the contact zone and after the roll-
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ing process, that are the direct result of plastic deformation. For example, for
a speed of v=0.025 ms’ maximum measured temperature was 25.8°C,
while the speed v=0.1 m's™ reached value to 58.9°C.

Fig. 9. Rolling system: 1 — conventional lathe, 2 — angular thread rolling head,
3 —rolling rolls, 4 — workpiece 5 — handle the workpieces in vice, 6 — manual
thermal imaging camera Flir

Rys. 9. Uktad obrobkowy: 1 — tokarka konwencjonalna, 2 — katowa glowica do
walcowania gwintow, 3— rolki walcujace, 4 — przedmiot obrabiany, 5 — uchwyt
przedmiotu w imaku nozowym, 6 — reczna kamera termowizyjna firmy Flir

$FLIR]58.9°C $FLIR

19°C e 34"

Fig. 10. The temperature distributions during rolling of the pipe for different
velocity rate, ie. v=0.025,0.1 m's”

Rys. 10. Rozktad temperatury podczas procesu walcowania rur dla réznych
warto$ci predkosei, tj. v=0.025,0.1 m-s™



Numerical Simulations of the Thread Rolling Process... 175

6. Conclusions

The presented method of numerical calculation of temperature
fields is correct for any rolling conditions and the state of the output ob-
ject and the history of his material. Using the application THREAD
ROLLING it is possible to carry out a comprehensive analysis of thermal
phenomena occurring during the thread rolling process. Can specify ei-
ther the temperature distribution and the distribution of heat fluxes in the
rolling zone for specified processing conditions, or conversely — for re-
quired temperature is possible to determined output state of the object
and the conditions for implementation of rolling — include technological
parameters (ie. velocity and depth of rolling).

The example shown illustrates how it affects the speed of rolling
on temperature distribution, contact forces and the state of displacement,
strain and stress in the object.

Application THREAD ROLLING in ANSYS system enables
a complex time analysis of deformation (displacements, strains), forces,
contact pressure, states of stresses and temperature occurring in object
folding from a workpieces and a tool. It is possible to make a complete
analysis for following data:

— any object geometry (eg. shaft, sleeve) and tools (an outline of the
active surface, the number of rings, etc.)

— any material of workpieces and the tools material (Young’s modulus,
Poisson ratio, initial yield stress, tangent modulus, nonlinear depend-
ence of the properties plastic materials: strain and strain rate, tempera-
ture and various models of hardening),

— different conditions of friction in the contact area,

— any horizontal and vertical movement of the tool in time.

The use of thread rolling process in place of the traditional methods
of formulation through the loss of material gives a very large benefits in
terms of environmental protection. Thread rolling process is carried out in
about ten-fold less. In addition, the new processing technology is an inno-
vation process and is a breakthrough character of technology because it
replaces the machining method by plastic shaping threads. The use of tra-
ditional treatments produces waste in the form of chips sliced material,
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dust, noise and waste coolant from machine tools — contaminated emul-
sion, which is hardly workable waste and require special disposal.

Additional benefits in terms of environmental protection resulting
from the application of modern methods of production preparation,
through the application of numerical simulation methods in place of the
traditional long-term iterative process of reaching the required solution
by experimental study.
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Symulacje numeryczne procesu
walcowania gwintow jako ekologiczne
i ekonomiczne narzedzie badawcze
w procesie wdrazania nowoczesnych technologii

Streszczenie

W pracy przedstawiono sposob rozwigzywania dyskretnego rownania
ruchu ciepta w obiekcie podczas procesu walcowania gwintdw przy wykorzy-
staniu metod jawnego i niejawnego catkowania. Zamieszczono przykladowe
wyniki analiz numerycznych dla procesu walcowania gwintdow w programie
ANSYS. Pokazano rowniez rozktady temperatur dla roznych wartosci predkosci
walcowania.

Abstract

In the this paper the solutions of discrete equations of the heat transfer of
the object in the thread rolling process with applied explicit and implicit integra-
tions methods, were shown. Examples of simulations of the rolling process in
ANSYS programs are presented. Also the temperature distributions for various
value of rolling velocity were shown.

Stowa kluczowe:
walcowanie gwintow, eko-modelowanie, ekologiczne procesy technologiczne,
sformutowanie wariacyjne, metoda elementow skonczonych

Keywords:
thread rolling, eco-modelling, ecological technological process,
variational formulation, Finite Element Method
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