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OPTIMIZATION OF ROTATING ASSEMBLY MASSES
IN MECHANICAL TRANSMISSIONS OF MACHINE UNITS

Introduction. The stabilization of kinematic and dynamic characteristics in machine assemblies, which exhibit
periodic changes during steady-state operation, has necessitated the development of methods for optimizing fly-
wheel masses to enhance the productivity of machine executive bodies.

Problem Statement. Stabilizing the parameters of machine assemblies with additional flywheel masses in-
creases the overall weight and inertia of the mechanism. Therefore, it has become essential to design mechanical
transmissions with optimized rotating assembly masses that can perform the function of flywheel masses.

Purpose. This study has aimed to develop a method for estimating the mass of a rotary assembly in a me-
chanical transmission during the preliminary design stage, utilizing the power parameters of the machine unit.

Materials and Methods. Analytical approaches have been employed to study the dependencies in a machine
unit model and its rotary assembly, featuring cylindrical gears.

Results. A functional dependence of the rotary assembly mass on torque, gear ratio, and the mechanical cha-
racteristics of gear wheel and shaft materials has been established. Mass coefficients for gears and shafts have
been derived, allowing variation through material selection and heat treatment. This expands the range of optimi-
zation options and simplifies solving multivariate design problems.

Conclusions. The proposed method for estimating the rotary assembly mass at the preliminary design stage,
based on the machine unit’s power parameters, has shown promise. It provides a clear framework for aligning the
masses of assembly components with the required flywheel moment, ensuring stabilization of the machine unit’s
kinematic and dynamic characteristics.
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At the present stage, the most eftective approach to
addressing optimization problems in mechanics in-
volves various modeling methods. These methods
provide a comprehensive understanding of the in-
terconnections between the elements of the de-
signed machine or mechanism and enable targeted
modifications of parameters or, when necessary, the
overall structure [1—4]. Modeling data allows the
evaluation of a technical system’s behavior under
both ideal and extreme operating conditions.

The modeling method has enabled the varia-
tion of mechanism parameters such as the size
and mass of components and assemblies, the gear
ratio of mechanical transmissions, and kinematic
and force parameters. This approach facilitates
the analysis of their influence on the mechanism’s
performance or its individual components. Such a
methodology provides insights into the periodic
changes in the acting forces and the transfer func-
tion of a mechanical transmission, which in turn
determine the corresponding variations in the ki-
nematic and dynamic characteristics of the machi-
ne unit’s drive in a steady-state operating mode.

Typically, the task of reducing the amplitude of
fluctuations in the kinematic and dynamic char-
acteristics of the machine unit’s drive has been
addressed by installing a flywheel, which increas-
es the equivalent moment of inertia [5—9]. While
the use of a flywheel significantly reduces the am-
plitude of angular velocity fluctuations in the
driving link, it also substantially increases the
mechanism’s weight, leading to higher inertia.

To address the limitations of this approach, it is
advisable to design new mechanical transmissions
during the preliminary configuration stage of the
machine unit’s drive, with rotating assembly mas-
ses capable of fulfilling the flywheel’s function.

The primary elements of mechanical transmis-
sions are assemblies that perform rotational motion.
In some cases, the mass of such assemblies consti-
tutes more than two-thirds of the gearbox’s weight.
This factor can be leveraged to eliminate the disad-
vantages of additional flywheel masses by designing
new mechanisms with the moments of inertia of ro-
tating masses optimized to function as a flywheel.
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Furthermore, designing suitable transmissions is
necessary because finding a standard gearbox with
the required parameters is practically impossible.

This approach enables the adjustment of the
equivalent moment of inertia without altering
the parameters of the machine’s executive body.
In this case, the role of the flywheel is performed
by the rotating assembly masses of the mechani-
cal transmission.

Thus, solving the stated problem involves se-
lecting the mass of the rotating assembly of the
mechanical transmission during the preliminary
design stage to ensure it corresponds to the fly-
wheel moment of inertia.

The unique aspect of designing a mechanical
transmission assembly with optimized mass lies in
the significantly greater number of unknown de-
sign variables compared to the equations of const-
raints. Therefore, the task involves reducing the
number of unknowns in the objective function,
imposing certain restrictions on the range of their
variation [10, 11], and determining the impact of
relevant parameters on the nature of mass varia-
tion. Consequently, it is advisable to consider op-
timizing the mass of individual components of
the assembly and imposing constraints on certain
parameters of these components.

The corresponding problem has been addressed
in studies [12—14], but only with a focus on op-
timizing the mass of the gear wheels in mechani-
cal transmissions. Considering the multi-criteria
and multi-variant nature of solving optimization
problems for machine unit parameters and their
components, these studies have derived dependen-
cies for determining the mass of gear wheels in
the following form:

my = A(l+u)z;;

my = A(1+1j2§,
u
where: m, is the mass of the pinion, kg; m, is the
mass of the wheel, kg; u is the gear ratio of the me-
chanical transmission; z, is the number of teeth on

the pinion; z,is the number of teeth on the wheel;
A is the mass coefficient of the gear wheels, kg.
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Recommendations for selecting the mass coefli-
cient A, considering the interdependent geomet-
ric parameters of gear transmissions, have been
presented in studies [13, 14]. These recommen-
dations are based on reducing the number of un-
known design parameters and introducing speci-
fic constraints on the intervals of their variation.

A limitation of the equations obtained for esti-
mating the mass of gear wheels during the pre-
liminary design stage is the mass coeflicient A that
is determined by the following dependence:

3
Azlnp\vba[ T ] )
8 oS

where: y, is the coefficient of the gear rim width
to center distance; m, is the normal module of
meshing, mm; f is the helix angle, degree; p is the
specific gravity of the gear material, kg/m?.

Thus, the mass coefficient A is a function of
three variables representing the geometric parame-
ters, A = f (y,,, m, p) under the condition that
p = const. These parameters that are not defini-
tively determined during the preliminary design
stage, significantly complicate the process of se-
lecting the optimal mass for the gear wheels.

Using a similar approach, studies [15, 16] have
derived the formula for calculating the mass of a
shaft model element with bearings, at the prede-
sign stage:

my, = %npKd 31 ,
where: m, is the mass of the shaft with inner bea-
ring rings, kg; Kis the general structural coeffi-
cient for recalculating the geometric parameters
of the shaft model elements with bearings; a,’b1 is
diameter of the initial section of the shaft, mm;
p is the specific gravity of the shaft material, kg/m?.
Thus, the mass of the rotary assembly of a me-
chanical transmission at the predesign stage, ac-
cording to studies [12—16], is calculated by the
following formula:
m=m,, +m,.
Considering the interdependent relationships
between the geometric parameters of gear trans-
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Fig. 1. Models of the machine unit (a) and the mechanical
transmission assembly ()

missions, it is more practical to develop a methodo-
logy for estimating the mass of the rotary assemb-
ly of a mechanical transmission at the predesign
stage based on the power parameters, which are
the primary characteristics of the machine unit.

The models of the machine unit and the rotary
assembly of the mechanical transmission are shown
in Fig. 1.

The key model parameters are as follows: N is
the engine power, W; o is the angular velocity of
the engine shaft, 1/s; o, is the angular velocity of
the high-speed shaft, 1/s; o, is the angular veloci-
ty of the low-speed shaft, 1/s; T, T, are the torque
on the high-speed and the low-speed shafts, res-
pectively, N-m; d,, d, are the pitch diameters of
the pinion and the wheel, respectively, mm; a_ is
the center distance, mm; d,, is the diameter of the
initial section of the shaft, mm.

The geometric characteristics of the gear wheels
in a mechanical transmission are functions of the
center distance: m = f(a,);v,,=f(a,);B = f(a,);
z.= f(a,), which is function of the torque and the
gear ratio, a_ = f (T, u). The geometric parame-
ters of the shaft are also functions of the torque:

K=/(d,):d, = (D.
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Fig. 2. Dependance of the mass coeflicient B on the teeth’s
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Fig. 3. Dependance of the mass coefficient B on the teeth’s
working surface hardness HRC

Thus, the feasibility of optimizing the geomet-
ric parameters of the rotary assembly of the me-
chanical transmission, which determine its mass
based on the power characteristics of the machine
unit, is mathematically substantiated, as also con-
firmed by the studies presented in [17].

The mass of the wheel is estimated by the rela-
tionship provided in [13]:

m, = u*m,,

Therefore, further research is made only for the
pinion.

According to [12], the mass of the pinion is de-
termined by the formula:

3
1 m,
my :gnp\vba [EJ (1+u)z13

96

Given the pitch diameter of the pinion:
m,z
d1 — "~ ,
cos B
the mass is determined by the equation:

1
my =5V (1+ )y
Given that the center distance is
Clw :%(d1 +d2) :%d1(1+u),

let us define the pitch diameter of the pinion as

function of
d, - 2a,, '
1+u

Having substituted into the given equation

E, LK
a, =K, (u+1) 3 —22"
[GH] U Wpq

Given that T, = T, , we obtain:

EinZKHﬁ
2 90

[GH ] U Wpga
where: E_is the equivalent modulus of elasticity of
the gear wheel materials, MPa; [o, ] is the permis-
sible contact stresses, MPa; K, . is the coefficient
accounting for the uneven load distribution across
the gear wheel face width; K_is the coefficient ac-
counting for the helix angle of the gear teeth.

The equivalent modulus of elasticity of the gear
wheel materials is determined by the formula:

_ 2EE,
" E+E,

where E,, E, are the moduli of elasticity of the pi-
nion and the wheel material, M Pa.

Accordingly, the equation for the mass of the pi-
nion is written as follows:

m, = BT{H%),

E
where: B = pK? Kyp — 25 is the mass coefficient
c

d1 =2Ka 3

H
that accounts for the properties of the gear mate-

rial, kg/(N xm).
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The derived dependence enables a more accu-
rate determination of the gear’s mass at the pre-
liminary design stage, as the parameters T, and u
are unambiguously known, and the equation ex-
cludes the parameter z, that is also not clearly de-
fined. The mass coefficient B, compared to the
mass coefficient A, offers significant advantages
since the mechanical properties of the gear mate-
rial and the helix angle of the tooth are definitive-
ly known at the predesign stage.

Moreover, the coeflicient B allows for variation
by selecting the gear material or applying heat
treatment, significantly broadening the range for
finding an optimal solution and simplifying the
task. The coeflicients K,  and K are chosen follo-
wing the recommendations for gear calculations
[18]. It is worth noting that the helix angle of the
tooth has minimal impact on the numerical values
of the coefficient B.

According to [15], the dependence for estimat-
ing the mass of a shaft element with bearings at
the predesign stage

m, = %npKd s
given that
d, =3 LA
' 0.2[7]

is written as follows:
m, =| 2™ |KT, = XKT,
4[]
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Fig. 5. Dependance of the shaft mass X on [t]

where: X = 3.927 p/[1] is the mass coefficient that
takes into account the material properties of the
shaft., kg/(N xm); [1] is the permissible tangen-
tial stress of the shaft material, MPa.

Accordingly, the mass of the rotating assembly
of the mechanical transmission at the predesign
stage can be estimated by the formula:

m=m +m, :{B(1+£j+ XK}Tl.
u

According to this, for the preliminary estima-
tion of the mass of the rotating assembly, the fol-
lowing dependencies are required: T, = f (N, o);
B=f(HB)and B = f(HRC); K= f(T); X = f([z]).

The mass coeflicient B is calculated for carbon
and alloy steels for heat treatments such as norma-
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lization, improvement, and volumetric hardening,
For carbon steels of grades 20, 30, 35, 40, 45, the
modulus of elasticity is E = 1.96 / 2.06 x 10° MPa,
and the specific gravity is p = 7850 kg/m® [19]. For
alloy steels of grades 30X, 45X, 40XN, 45XN, the
modulus of elasticity is E =2.06 / 2.16 x 10° MPa,
and the specific gravity is p = 7820 kg/m® [19].

The permissible contact stress is determined
by the formula:

[6.]= SHiim 'KHL
H - 1
[ny]
where: ¢, is the contact fatigue limit of the

material of gear wheels, MPa; K, , is the durabili-
ty coefficient; and [#,] is the safety factor coef-
ficient.

According to [18], when the heat treat-
ment involves normalization or improvement
(HB180—350), the contact fatigue limitisc,, =
=2HB + 70, while for heat treatment with har-
dening (HRC38—50), the contact fatigue limit is
G, = 18HRC + 150. Accordingly, the coeffici-
entsare K, =1and [n,] = 1.15.

The dependence of the mass coeflicient B on
the hardness of the working surface of the teeth
for carbon and alloy steels during heat treatment
(normalization or improvement (HB180—350) is
shown in Fig. 2

The coefﬁc1ent B__hasbeen calculated for alloy
steels 30X, 45X, 4OXH and 45X H. The elasticity
modulus is E = 2,16 x 105 MPa. The specific gra-
vity is p = 7820 kg/mS. The coefficient B, . has been
calculated for carbon steels 20, 30, 35, 40, and 45.
The elasticity modulusis E = 1,96 x 10° MPa. The
specific gravity is p = 7850 kg/m?.

The dependence of the mass coeflicient B on
the hardness of the working surface of gear teeth
for carbon and alloy steels subjected to volumet-
ric hardening (HRC38—50) is shown in Fig. 3.
Based on the analysis of the curves in Fig. 2, the
mass coefficient B for volumetric hardening has
been calculated for the averaged modulus of elas-
ticity. E = 2,06 x 10° MPa and the specific gravity
p =7820 kg/m?.
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The dependences of the coefficient K on the tor-
que T, are presented in Fig. 4. The maximum and
minimum values of the coefficient K have been
calculated for the ranges of the geometric parame-
ters of the shaft elements [18].

The variation in the coefficient X for carbon
and alloy steels as a function of the permissible
shear stress [t] of the shaft material is shown in
Fig. 5. Given that the gear is typically manufac-
tured integrally with the shaft, the coefficient X
has calculated for steels 30X, 45X, 40XH, and
45XH. The specific gravity is p = 7820 kg/m?.

CONCLUSIONS

1. A functional dependency of the mass of the rota-
tional assembly of a mechanical transmission on
torque, gear ratio, and introduced mass coeflicients
that are functions of the mechanical properties of
the gear and shaft materials, has been derived.

2. The introduced mass coefficients for gears
and shafts allow for variation in material and heat
treatment, significantly expanding the range of
optimal design options and simplifying the solu-
tion to multi-criteria design problems.

3. It has been established that at the prelimi-
nary stage of estimating the mass of the rotatio-
nal assembly of a mechanical transmission, ave-
raged values of the coeflicients B and K can be
used, as the error does not exceed permissible de-
viations. Additionally, it was found that the helix
angle of the gear teeth has a negligible impact on
the numerical values of coefficient B.

4. The proposed method for estimating the mass
of the rotational assembly of a mechanical trans-
mission, whose moment of inertia corresponds to
the flywheel moment of a flywheel, enables sol-
ving the problem of stabilizing the kinematic and
dynamic characteristics of the machine assembly,
as the corresponding force characteristics and me-
chanical properties of the gear and shaft materi-
als are definitively determined during the prede-
sign stage.
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OIITUMI3AIIA MAC OBEPTAJIbHUMX BY3JIIB
MEXAHIYHUX TEPEJAY MAIIIMHHOTO ATPETATY

Beryn. HeobOxianicts crabinizanii KiHeMaTUYHUX Ta AUHAMIYHUX XapaKTePUCTHK MAIIMHHOTO arperary, ki MaioTh Iepio-
JMYHUET XapakTep 3MIiHU [IPU yCTATEHOMY PEeKUMI poOOTH, 0OYMOBIIIOE HONIYK METO/IB Mi00Py MaXOBUX Mac JJIs MiB1-
HIEHHS TIPOJIYKTUBHOCTI BAKOHABYOTO OPTaHy MaIIUHU.

IIpo6Gaemaruka. Crabinizaliiio mapaMeTpiB MAIIMHHOTO arperaty 3a0e3neuyoTh [0JaTKOBI MaX0Bi MAaCH, 1[0 IPU3BOAUTDH
110 301/IbIIEHHsT Bark MeXaHisaMy Ta iioro inepiiiiinocti. TomMy A0IIIbHO MPOEKTYBAaTH HOBI MeXaHiuHi mepegadi 3 BiAIOBI/-
HUMM MacaMi 06epTaJbHUX BY3JIiB, sIKi MOTJIM 6 BUKOHYBATH (QYHKIIIO MaXOBOT MaCH.

Mera. Po3po0iieHHst MeTO/y OLIHKM Mack 00epTajIbHOIo By3J/ia MeXaHiuHOI repeayi Ha eTalii oNepeHboro IPOEKTYBAaHHS
3 BUKOPHUCTAHHIM CUJIOBUX TTAPAMETPIB MAITUHHOTO arperary.

Marepiainu it MeToau. BUukoprctaHo aHamiTHUHI METOM JIOCTI/PKEHHS 3aJIeKHOCTEH, OTPUMAHUX Ha OCHOBI MO/l Ma-
[IMHHOTO arperary ta 06epTaJbHOIO By3J/ia MEXAHIYHOI [lepejiadi 3 UITHAPUIHUME 3yGUaCTUMU KOJIECAMHU.

Pesyabratu. BeranosiieHo (pyHKIIOHAIbHY 3a1€KHICTh Mack 06epTajIbHOrO By3Ja MeXaHiuHOI repeiadi Bij KpyTHOrO MO-
MEHTY, TePelaTOYHOTO YMCJIa Ta MEXaHIYHIUX XapaKTepPUCTHK MaTepiasiB 3y6uacTux KoJric i Basy. Beeaeni koedimienTn Macu
3y0UacThX KOJIC Ta BaJy JaloTh MOKJIMBICT BapiioBaT BHOOPOM Marepiany aGo TepMooGpo6KOI0, M0 CyTTEBO POZIIUPIOE
Jiala3oH MOIIYKY ONTUMAJIbHOTO BapiaHTy Ta CIIPOIILY€E BUPILIEHHS TOCTABIEHOI OaraToBapiaHTHOI 3a/1a4i KOHCTPYIOBaHHSL.

BucHoBKH. 3alpONIOHOBaHUI METO/I OLIIHKY Macu 00EPTaJIbHOrO By3J/ia MEXaHIuHOI Tlepeiadl Ha eTalli MoepeHbOTo MpPo-
€KTYBAHHS HAa OCHOBI CUJIOBUX TIapaMETPiB MAIIMHHOTO arperaty € mepcreKTUBHUM, OCKIJIbKY BiIITOBI/IHI CUJIOBI XapaKTepuc-
TUKK Ta MEXaHiYHi BJIaCTUBOCTI MaTepialiB 3y6UYacTUX KOJIC Ta BaJliB BUSHAYEH] OMHO3HAUHO. Takuil miaxXi/ JO3BOIUTH M-
6paTy BiMOBIIHY Macy JIAHOK CKJIAIAIBHUX OMHHIb, MOMEHTH IHEPIIii IKUX Bi[[ITOBIIaTUMYTh MAXOBOMY MOMEHTY MAaXOBUKA,
1[0, Y CBOIO 4epry, 3a6e3neunTh HeoOXiiHy cTabimisaliio KiIHeMaTHYHUX Ta IMHAMIYHIX XapaKTePUCTUK MAITHHHOTO arperary.
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