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Abstract. In modern conditions of development, analysis of the strength of parts is impossible
without the comprehensive use of modern computer-aided design systems, one of which is the
SolidWorks CAD/CAE system and its application — SolidWorks Simulation. This work deter-
mines the dependence of the maximum stress acting on the gear block of the drum of the
UVN-74 vacuum spraying installation at full load on the number of finite elements of its mod-
el. The first stage in analysing the stress-strain state of a gear blocking the SolidWorks Simu-
lation environment is to select the type of study (static analysis) and its material. The next
stages are the selection of attachment points (fixed geometry), the application of external
loads, and the creation of a finite element model of the gear block. To solve the static prob-
lem, the parameter “at nodes” is set for the Jacobian check, and to obtain reliable results, the
“curvature-based” mesh creation algorithm is activated. To avoid errors related to mesh
density, the optimal number and size of finite elements were selected. SolidWorks Simulation
software, taking into account the connections between the elements of the created mesh, cre-
ated algebraic equations that relate the reaction to the material property of the gear block,
the constraint, and the loads. After arranging the equations into a common system, diagrams
of stresses, displacements, deformations and safety margin were created. Analysis of the
stress diagram established that this loading mode occurs within permissible limits, but
exceeding the total displacements by more than permissible ones can lead to unpredictable
results during the operation of the gear block. To determine the exact values of the total dis-
placements, their probing at critical points was used. The dependence of the maximum stress
acting on the gear block at full load on the number of finite elements was determined.
Keywords: SolidWorks Simulation, MFE, FEM, gear block, maximum stress, number of finite
elements.

Problem statement. Modern Hi-Tech specialization combines classical engineering
education with in-depth mastery of computer-integrated technologies and 3D modelling. In
modern conditions of technological development, high-quality higher technical education is
impossible without the comprehensive use of modern computer-aided design systems, one of
which is the SolidWorks CAD/CAE system [1, 2]. Its solutions help in daily work by provid-
ing a convenient integrated three-dimensional design environment that covers all aspects of
product development and helps increase the productivity of designing work [3].
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Using the SolidWorks application — SolidWorks Simulation — for analysing the strength
of parts has a number of advantages compared to traditional methods. In particular, allows for
a comprehensive analysis, increases the accuracy of calculations, reduces the duration of the
analysis, and allows for both design and verification calculations [4].

The analys is performed using the finite element method (MFE), which is currently the
standard for solving problems in solid mechanics using numerical algorithms. MFE has taken
a leading position due to its ability to model a wide range of objects and phenomena. In this
case, it is necessary to take into account the errors inevitable in any numerical approximation.
Therefore, the issue of correspondence between the calculation model and reality is the main
one when using analysis programs. This means a certain unpredictability of the results and
their interpretation.

The basic idea of MFE is that any continuous quantity can be approximated by a dis-
crete model, which is built on a set of piecewise-continuous functions defined on a finite
number of subdomains. These functions are defined using the values of the continuous quanti-
ty at a finite number of points in a given domain. In the general case, the continuous quantity
is unknown in advance, and its value must be determined at some internal points of the do-
main. But a discrete model is easy to construct if we first assume that the numerical values of
this quantity at each internal point of the domain are known. After that, we move on to the
general case.

Therefore, when constructing a discrete model of continuous quantities, the following
procedure is followed: a finite number of points (nodal points or nodes) are fixed in a given
region; in the general case, the continuous quantity at each nodal point is taken as the variable
to be determined; the domain of definition of a continuous quantity is divided into a finite
number of subdomains (elements) that have common nodal points and collectively approxi-
mate the shape of the domain.

A continuous quantity is approximated at each element by a polynomial, which is de-
fined using the nodal values of this quantity. A separate polynomial is defined for each ele-
ment, but they are selected so that the continuity of the quantity along the boundaries of the
element is preserved.

The calculation of the value of a continuous quantity at nodal points is described as fol-
lows:

— known coordinates of the element;

— node numbers in which the element is connected to other elements;

— material properties.

The information that allows obtaining a single solution to the problem and determining
the global matrix is given in the form of boundary conditions and fixation conditions. The
computational program, using data on the computational model, calculates the stiffness matri-
ces of the elements and the loads on them, forms a vector of external loads and a global stiff-
ness matrix, imposes specified constraints on the elements, and performs a triangular decom-
position of the global matrix. Next, the program solves the system of linear equations and cal-
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culates the vector of linear displacements for the elements for which stresses, strains, dis-
placements, and safety margins are calculated.

The set of elements into which the structure is divided is called a finite element mesh
(FEM). Before it is generated on the model, the optimal values of the mesh resolution and the
sizes of the finite elements (FE) are determined. The use of a mesh with a large resolution,
consisting of large elements, contributes to a significant deviation of the shape of the FE
model from the original geometry. A significant increase in the mesh density leads to a sharp
increase in the number of FE; this leads to the fact that machine resources may not be enough
to solve the problem. In addition, with the automatic method of generating FE, the location of
element nodes often does not meet the necessary conditions [5, 6].

Controlling the size and density of the FEM, as well as manually specifying the number
and location of element nodes, helps create a mesh with the optimal number and size of FE,
which allows you to increase accuracy and reduce the time spent on calculations. The size of
the generated mesh (number of nodes and elements) depends on various parameters. In the
early stages of structural analysis, where approximate results may be appropriate, a larger el-
ement size is specified for faster solution. A smaller element size may be required for a more
accurate solution [7].

For a solid mesh, the best accuracy is achieved with a mesh of identical ideal tetrahedral
elements whose edges are equal in length. However, due to curved shapes, small edges, thin-
walled elements, and sharp corners, the edge lengths vary. Therefore, it is impossible to create
a mesh of ideal tetrahedral elements. And when the edges of an element differ in length, the
accuracy of the results decreases: on very sharp or curved boundaries, placing middle nodes
leads to the formation of distorted elements with intersecting edges. Therefore, to solve static
problems, the parameter “at nodes” is set for the Jacobian check [8], and to obtain reliable re-

sults, the “curvature-based” mesh creation algorithm is activated [9].

Also, when analysing an object, errors may occur related to the mesh density, that is, it
IS necessary to choose the optimal number and size of FE.

Analysis of recent research and publications. The authors of [10] determined the de-
pendence of the nodal stress on the number of FE of the earring model of the installation for
electrocontact welding of powder materials.

The authors [8, 9] assessed the influence of mesh quality on the accuracy of calculations
of the hydraulic distributor spool and the puller capture, using a high-quality mesh based on
curvature, and for the Jacobian check, the parameter “in nodes” was set with the selection of
the optimal number and size of the FE.

The authors [11] determined the grid parameters that determine the minimum permissi-
ble value of the safety factor ([n] = 1.5) of the driven gear of the gear unit of the drum of the
UVN-74 vacuum spraying installation. To do this, they changed the maximum size of the grid
elements and compared the experimental results: the minimum value of the safety factor,
greater than the permissible one, corresponds to the maximum size of the mesh element of
5.54739077 mm. But in this work, the load is applied only to the driven gear — the forces act-
ing on the driving gear are not taken into account.
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The purpose of the study. It is necessary to determine the dependence of the maximum
stress acting on the gear block at full load on the number of SE.

Presentation of the main research material. When modelling the gear unit in Solid-
Works, its geometric model was first created. The first stage in analysing its stress-strain state
in the SolidWorks Simulation environment was to select the type of research (static analysis)
and the material (steel 1.4541 — X6CrNiTi18-10).

The next stage is the selection of mounting locations (fixed geometry) and the applica-
tion of external loads to the gear unit (circular force: to the driving gear Fts = 367 H, to the

driven gear — Ft; = 354 H; radial force to the driving gear Frg = 134 N, to the driven gear — Fr;
=129 N — Fig. 1).
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Figure 1 — Fixing and application of loads in static analysis of a gear block

The next step is to create a finite element model of the gear block (Fig. 2).
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Figure 2 — Parameters of the finite element mesh of the gear block (a)
and its reflection on the solid (b)
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The instantaneously increasing magnitude of the force and moment of inertia causes a
sharp increase in contact stress and bending in the gear pairs. In addition, the concentration of
this stress occurs on a small area of contact between the gear teeth and the wheel. In this case,
the main load is perceived by one tooth of the gear block.

SolidWorks Simulation software, taking into account the connections between the
elements of the created mesh, creates algebraic equations. They relate the reaction to the
material property of the gear block, the constraint and the loads [12]. After arranging the
equations into a large common system, the unknowns are found (Fig. 3).

Figure 3 — Results of calculation of von Mises stresses (a), total displacements URES (b),
total deformations ESTRN (c) and safety factor FOS (d) of the gear block

Fig. 3 shows the load distribution on the contact surface of the teeth: the colour scheme
of the spectral diagram characterizes the contact area of the gear unit — the red colour indi-
cates the meshing areas that operate with critical parameters. Since the red colour is absent on
the total stress distribution diagram (Fig. 3, a), this loading mode occurs within permissible
limits. But the red colour is present in Fig. 3, b. This indicates that the total displacements ex-
ceed the permissible ones, which can lead to unpredictable results during the operation of the
gear block.

To determine the exact values of the total displacements, their probing at critical points
was used (when probing the results plot, the software displays the node or element number,
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the value of the constructed result, and the global coordinates of the node or element centre
(Fig. 4).
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Figure 4 — Probing of total displacements in a dangerous section near their maximum values

The conducted research of the gear unit established: the maximum nodal von Mises
stresses occur at node 22750 and are 261.6 MPa; the maximum resultant displacement URES
occurs at node 969 and is 0.00215 mm; the maximum equivalent deformation ESTRN occurs
at node 6109 and is 0.001053 mm. The experimental curve obtained as a result of changing
the number of finite elements of the gear block model is presented in Fig. 5.
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Figure 5 — Dependence of maximum stress on the number of finite elements gear block
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Thus, since the constructed model of the gear block has a complex geometry, then:

— when constructing the mesh, an increase in the number of finite elements is required
in places of large curvature and a significant change in the geometric characteristics of the
elements of the connected structures;

— to construct a grid of optimal size, it is necessary to conduct a series of experiments,
gradually increasing the number of finite elements and comparing the obtained research re-
sults;

— starting from a certain number of finite elements, the value of the maximum stress
will change insignificantly, which will determine the optimal mesh size to obtain the mini-
mum permissible value of the safety factor.

Conclusions. The dependence of the maximum stress acting on the gear unit at full load
on the number of finite elements of the created model has been determined. But although the
strength condition is satisfied, the total displacements are greater than the permissible ones,
which can lead to unpredictable results during the operation of the gear block.
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3acmocysanna KomMn’1omepHo-inmezpoeanux mexHo02ii
Y CYUACHUX [HIHCEHEPHUX CUCHEMAX

3a Oonomocoro SolidWorks Simulation eusnavena 3anedxdcHicmv MAKCUMAILHO2O
HanpysicenHs, 0ilouoe0 HA OIOK uecmepeHb 6apabana YCMAaHo8KU 6AKYYMHO20 HANULEHHS
YBH-74 npu nognomy Ha8aHmagiceHui, 8i0 YUCIA CKIHYEHHUX elleMeHmis tioco moodeni. Jlnsa
po38'a3Ky cmamuyHoi 3a0aui 0151 Akobiesoi nepesipku ecmanogieno napamemp ““y gyznax”’, a
0/151 OMPUMAHHI OOCMOBIPHUX Pe3YIbMamie akmugizo8ano aieopumm cmeopeHus cimku “‘Ha
0CHOGI Kpueusnu”. [ YHUKHeHHs. NOXUOOK, N08'A3aHuX 30 WilbHICMIO CImKU, Nidiopano on-
MUMAIbHE YUCTIO | PO3MID CKIHYEHHUX eleMeHmis. AHANi30M enopu Hanpy#ceHb 6CMAHOBIEHO
— 0aHUll pedcuM HABAHMANCEHHS. NPOMIKAE Y OONYCMUMUX MeHCax, djle NepesuiyerH s cymap-
HUX nepemiujenb Modice npuzeecmu 00 Henepeobayy8anux pe3yivbmamie npu excniyamayii
610Ky wecmepers. [LJo6 susHauumu mouHi 6eIUYUHU CYMAPHUX NepeMilyeHsb, 8UKOPUCTNAHO

iX 30HOY8AHHS Y KDUMUYHUX MOYKAX.
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