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INTRODUCTION

Belt transmissions belong to the class of transmissions of power by flexible link
and are considered to be one of the most spread mechanisms, which define the technical
level of machines in general. In view of their functional and economic advantages they are
widely used among mechanical transmissions of power.

Nowadays belt transmissions are used practically in all the spheres of machine-
building, successfully competing with chain and toothed gears, and in some figures they
excel chain and toothed gears greatly (low metal consumption, a low level of noise, trans-
mission of power to long distances with high speeds, damping of loading, safety function
from overloading of transmission, owing to the existence of elastic sliding, etc.). Alongside
with these advantages belt transmissions are characterized by the simplicity of their design
and the absence of the lubrication system, which predetermines their low cost.

The evident disadvantages of belt transmissions are the enlarged overall dimensions
and the efforts on shafts and supports.

According to the classical definition, a belt transmission is a mechanism for trans-
mission of rotation (power) by means of the interaction of flexible link (belt), which is in
tension with rigid cylindrical links — pulleys.

In conformity with functional distinctive features belt transmissions can be divided
into two groups: transmissions of friction type and transmissions by gearing. In the first
case the transmission of the pull (power) is carried out by means of the friction forces be-
tween the working surfaces of a belt and pulleys, made by the belt tension that exceeds the
maximum permissible pull. This circumstance predetermines the low loading ability of
transmission, large loadings on shafts, but it allows the effective damping of vibrations.
The characteristic feature of the belt transmissions of a friction type is the existence of the
elastic sliding in gearing, expressed in the lag of a driven pulley of a drive pulley in its ro-
tation speed by 1...2 %.

Belt transmissions of a friction type come under three functional groups: flat-belt,
V-belt and poly-V-belt transmissions.

Alongside with flat-belt, V-belt and poly-V-belt transmissions, which principle of
operation is based on the use of the friction forces, toothed-belt transmissions (TBT), relat-
ed to the gearing transmission class, have gained a wide introduction. These transmissions

have the advantages of both belt transmissions (multishafting, the transmission of power

-5-



for long distances) and chain and toothed transmissions (reduction ratio constancy, high
efficiency, etc.).

Besides, toothed-belt transmissions possess some advantages, which are not charac-
teristic of other types of transmissions. They are: low specific consumption of materials,
smoothness and noiselessness of operation, service simplicity, and the ability of a belt to
self-defense from getting of dust and abrasive particles into the zone of gearing as a result
of the creation of the air pressure zone around the belt.

Constantly increasing amount of TBT introduction instead of toothed, chain, flat-
belt, V-belt, poly-V-belt and other kinds of transmissions testifies their significant ad-
vantages and high effectiveness of TBT. Nowadays the world level of TBT production has
exceeded 3 billion items a year, the annual expansion of consumption makes 8...10 %.

The further spread of toothed-belt transmissions is restrained by the necessity of the
increase of figures of their working ability. In particular it can be referred to transmissions
with the standard geometry, meeting the requirements of compatibility and unification.

The monography is devoted to the solution of an actual scientific, technical and
practical problem of the improvement of the technical level of belt transmissions, especial-
ly toothed-belt transmissions.

The theoretical and practical improvement of technical characteristics of transmis-
sions of power by flexible link should be based on the system and complex approach to the
investigation of the principles of their functioning, including the development of modern
calculation methods and the choice of rational transmission parameters, designs and the
advanced technology of the drive-belt production.

The solution of the problem will increase the load carrying capacity and operational
resource of mechanical transmissions of power by flexible link, reduce material and work-
ing expenses of the technological process of the drive-belt production, improve the quality

and competitive ability of the machine-building production in general.



Chapter 1. COMMON DATA

1.1. Review and analysis of designs

of transmissions of power by flexible link

1.1.1. Flat-belt transmissions.
Flat-belt transmissions (Fig. 1.1, 1.2) are widely used in drives with a significant

distance from an engine up to an operating device.

Fig. 1.1. Scheme of a flat-belt transmission: 1, 2 — pulleys, 3 — belt

Fig. 1.2. Varieties of flat-belt transmissions: a) cross; b) semicross; c) spatial

Merits: the simplicity of a design, smoothness and noiselessness of operation, low
accuracy requirements to the arrangement of the details of transmission, protection from an
overload due to the possibility of a belt slipping along a pulley.

Demerits: large dimensions, variability of a reduction ratio in view of the elastic
sliding, a large loading on shafts and supports, low durability of a belt.

The transmitted power is up to 50 kW, the reduction ratio is up to 6, the efficiency
15 0.93... 0.96, the speed of a belt is up to 100 m/s.

Nowadays the spectrum of the manufactured flat belts varies greatly. The basic

types of flat belts, depending on their design, correspond to several standards.
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Rubber-fabric belts (Fig. 1.3) are produced in accordance with GOST 23831-79.
They consist of one or several layers of a special fabric — belting, linked together by rub-
ber. Such belts are delivered in rolls, having the following standard series of width: 10, 20,
25, 30, 40, 45, 50, 60, 70, 75, 80, 100, 125, 150, 200, 225, 250, 300, 400, 450, 600, 700,
800, 900, 1000, 1100 and 1200 mm (Tab. 1.1).

Fig. 1.3. Designs of rubber-fabric belts: a) cut with facings (type A);
b) wrapped up in layers with facings (without facings) (type B);
c) spirally wrapped up without facings (type C); 1 — facing; 2 — layer of multicord fabric

Tab. 1.1. Main parameters of rubber-fabric belts

Num- Belting b-800 and b-820 BKHJI-65 and BKHJI-65-2
Ibaere?: with facings without facings with facings without facings

yi Hy, mm | dimin, MM | Hp, MM (dipin, mm| Hp, mm {dipmin, MM | Hp, mm- (dipyin, mm

2 3.0 90 2.5 80 - - - -

3 4.5 140 3.75 112 3.6 112 3.0 90

4 6.0 180 5.0 140 4.8 140 4.0 112

5 7.5 224 6.25 180 6.0 180 5.0 140

6 9.0 280 75 224 7.2 200 6.0 180
B,, mm | 20, 25, 30, 40, 50, 63, 71 80, 90, 100, 112 125, 160, 180, 200, ...

i 2...5 3...6 4...6

Single-cord rubber belts (Fig. 1.4) are made in accordance with TU 38105514-77.
The bearing layer represents a lavsan single-cord 0.9...1.1 mm in diameter, coiled in the
line of a helix. A thin polyamide film may be used to increase the friction force on the

working surfaces of a belt (Tab. 1.2).



Fig. 1.4. Design of a single-cord belt: 1 — single-cord; 2 — facing; 3 — filler (rubber)

Tab. 1.2. Main parameters of single-cord belts

Width Maximum deviation | Thickness | Maximum de- Internal length of belt

of belt of width of belt viation of

B,, mm % mm H,, mm width, mm Lp, mm
30 +1 +0.3 2.2 +0.5 500, 550, 600, 650, 700,
40 Tl +0.4 2.2 +0.5 750, 800, 850, 900,

1000, 1050, 1100, 1150,

50 *1 0.5 2.2 0.5 1200, 1250, 1700, 1800,
60 +1 +0.6 2.8 +0.5 2000, 2500, 3000

Kapron belts with polyamide coating (Fig. 1.5) are made in accordance with OST

1769-84 of kapron fabric with a polyamide impregnation. The external surface of belts is

covered with a film on the basis of polyamide with nitril rubber, which ensures the im-

proved adhesion of a belt with pulleys (Tab. 1.3).

Tab. 1.3. Main parameters of kapron belts

. Maximum devia- .
Width of belt tion of width, Thickness of Internal length of belt L,, mm

By, mm mm belt H,, mm
10 +0.25 0.5
15 +0.25 0.5 250, 260, 280, 300, 320, 340, 350,
20 +£0.25 0.5 380, 400, 420, 450, 480, 500, 530,
25 +0.5 0.5 560, 600, 630, 670, 710, 750, 800,
30 +0.5 0.7 850, 900, 950, 1000, 1060, 1120,
40 +0.5 0.7 1180, 1250, 1320, 1400, 1500,
50 +0.5 0.7 1600, 1700, 1800, 1900, 2000,
60 +0.5 0.7 2120, 2240, 2360, 2500, 2650,
30 05 0.7 2800, 3000, 3150, 3350
100 +0.5 0.7




Fig. 1.5. Design of a kapron belt with polyamide coating:
1 — kapron fabric with polyamide impregnation; 2 — film on the basis of

polyamide with nitril rubber; 3 — filler (rubber)

Tape-cord polyamide belts, produced by the corporation "Siegling”, are of three
types: Extremultus-85; 80 and 81 (Fig. 1.6). Such belts are characterized by high accepta-
ble speeds of a belt up to 100 m/s and by specific transmitted powers up to 1...5 kW/mm.

Fig. 1.6. Design of tape-cord polyamide belts:
a) with two-sided transmission of power; b) with one-sided transmission of power;

1 — tape-cord traction layer; 2 — adhesive layer; 3 — polyamide protective coating
1.1.2. V-belt transmissions.
In due time V-belt transmission (Fig. 1.7) was a product of perfecting of a flat-belt

transmission. It also carries out transmission of loading (power) due to the friction forces,

arising between working surfaces of a belt and pulleys.

Fig. 1.7. Scheme of V-belt transmissions: 1, 2 — pulleys, 3 — belts
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Merits: the simplicity of a design, smoothness and noiselessness of operation, low
accuracy requirements to the arrangement of details of transmission, protection from an
overload due to the possibility of a belt slipping on a pulley.

Demerits: large dimensions, variability of a reduction ratio in view of elastic slid-
ing, a large loading on shafts and supports, low durability of a belt.

The transmitted power is up to 50 kW, reduction ratio is up to 7 (for transmissions
with a tension roller is up to 10), efficiency is 0.94...0.97, speed of a belt is 25...30 m/s
(with steel cable is up to 60 m/s).

In accordance with GOST 1284.1-89, 1284.2-89 V-belts of a general purpose can
have seven various sections: O (Z), A (A), b (B), B (C), I" (D), 11 (E), E. The load element
can be presented with a layer of fabric (multicord belts) or cord in the form of polyamide
cord or steel cable (single-cord belts) (Fig. 1.8). Rubber is the filler, ensuring elasticity of a

belt, and the fabric facing protects a belt from the wear process and increases its durability.

Fig. 1.8. V-belts: 1 — multicord; 2 — single-cord; 3 — facing; 4 — filler (rubber)

Narrow belts of the following sections YO (3V), YA, Vb (5V), YB (8V) are pro-
duced for the agricultural machinery and automotive-tractor industry. They possess higher
traction ability due to the better loading distribution of a bearing layer across the width.

The main parameters of V-belts are presented in Tab. 1.4.

1.1.3. Poly-V-belt transmissions.

Poly-V-belt transmissions refer to a class of transmissions of power by flexible link
by means of friction forces between a belt and pulleys. Alongside with the demerits of belt
transmissions (variability of a reduction ratio as a consequence of elastic sliding of a belt;
significant loadings on shafts and supports in view of a cantilever arrangement of pulleys
and a preliminary tension of a belt that provides receiving of demanded friction forces on
the arcs of contact of pulleys; low durability of belts; lowered efficiency due to elastic
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Tab. 1.4. Sizes and parameters of cross-sections of V-belts

2B =40°
. Minimum cal-
Sectio By, Torque H,, Area o culated diame- | Length of
n of By, mm section
mm | T, Nm mm > | terofpulley | beltL, mm
belt A, MM dri . mm
1min
1 2 3 4 5 6 7 8
1 2 3 4 5 6 7 8
0@ | 85 <30 10.0 6.0 47.0 63 400...2500
A(A) | 11.0| 15...60 13.0 8.0 81.0 90 560...4000
b (B) | 14.0| 50...150 17.0 11.0 138.0 125 800...6300
B (C) | 19.0| 120...600 22.0 14.0 230.0 200 1800...10600
I'(D) | 27.0| 450...2400 32.0 | 19(20) | 476.0 315 2800...15000
I (E) | 32.0{1000...5000( 38 (40)| 24 (25) | 692.0 500 4000...18000
E 42.0 >1500 50.0 30.0 1170.0 800 2800...8000
YO (3V)| 8.5 <150 10 (9.5)| 8.0 56.0 63 630...4000
VA 11.0] 90...400 13.0 10.0 97.0 90 800...4500
VB (5V)| 14.0| 300...2000 17.0 13.0 159.0 140 1250...8000
VB (8V)| 19.0 >1500 22 (25.4)18 (22.2)| 278.0 224 1800...8000

sliding and slipping; significant dimensions) poly-V-belt transmissions have a range of
positive features:

— poly-V-belts are thinner and less rigid in comparison with V-belts, which allows
to diminish the dimensions of transmission, owing to reducing of diameters of pulleys, and
to use polyV-belt transmissions at belt speeds up to 40 m/s and the reduction ratio up to 15;

— inaccuracy of fabrication of pulleys and belts has less influence on working abil-
ity of transmission;

— section of a belt is used more rationally, which leads to the improvement of its
load carrying capacity and durability;

— at the equal transmitted loading the width of poly-V-belts is rather less than the
width of a set of V-belts, which allows to diminish the dimensions and mass of transmis-
sion in comparison with V-belt transmission, and also to diminish loadings on shafts and

supports of transmission due to reducing of the length of a cantilever part of pulleys;
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— poly-V-belts ensure more uniform distribution of loading on a working surface,
which also promotes the reduction of dimensions of transmission;

— poly-V-belt transmissions are characterized by the improved smoothness of oper-
ation, the lowered elastic sliding and they provide more constant reduction ratio.

The more strict requirements to nonparallelism of shafts and the axial displacement
of pulleys are considered to be the essential demerit of polyV-belt transmissions.

The belts of three sections are produced: K (J), JI (L) and M. The belt of section K
(J) is used instead of V-belts O and A at torque 77 <40 Nm; the belt of section JI (L) — in-
stead of V-belts A, b and B at 7; = 18 ... 400 Nm; the belt of section M — instead of V-
belts B, I', 1 and E at 73 > 130 Nm.

The efficiency of transmission is 0.9...0.98 at v < 25 m/s; it goes down with the in-
crease of a belt speed.

Poly-V-belts are made endless and flat with the edges on the internal surface that
get into grooves of pulleys (Fig. 1.9).

The distinctive feature of polyV-belts, providing solidity of the whole design, is a
spirally coiled single-cord (Fig. 1.10). The external (non-working) surface of a belt is
ground or covered with fabric. Sometimes teeth are formed on the external surface of a belt
to raise its flexibility. The accuracy of a belt edge step should be high enough.

Fig. 1.9. Scheme of poly-V-belt transmissions: 1, 2 — pulleys; 3 — belt

It should be noted that the belts, produced by various corporations, are not inter-
changeable. Thus, poly-V-belts, produced in the CIS countries, correspond only to the belts
of the"Bando" corporation (Japan). The belt edge step of other manufacturers has the fol-
lowing values: 2.34; 4.76 and 9.40 mm ("Hutchinson", France); 2.38; 4.76 and 9.52 mm
("Good Year", USA).
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Fig. 1.10. Design of a poly-V-belt:

1 —single-cord (viscose, lavsan, fiber glass); 2 — facing; 3 — filler (rubber)

The parameters of polyV-belt transmissions are specified by TU 38205763-84 (Tab.
1.5).

Tab. 1.5. Sizes and parameters of cross-sections of poly-V-belts

T Elum% Sizes of section, mm Length
of){)%?t Ty, Nm Gimin eﬁrgs o h rRlR | h | s of belts
mm g tp p p 1| R 0 Ly, mm

K@)| <40 | 40 |2..36]24+0.02| 40405 [235:0.1 [0.1]04] 33 [10| T
JT(L) [18...4000 80 |4...20 |4.840.03| 9.040.7 |4.85+0.15/0.2|0.7| 66 |2.4] 2005
M | >130 | 180 |2...20{9.6:0.05/16.5+1.0[10.35+0.2(0.4| 1.0|13.053.5| *)00

1. The calculated lengths of belts should be accepted from the following numbers: 400, 450, 500,
560, 630, 710, 800, 900, 1000, 1120, 1250, 1400, 1600, 1800, 2000, 2240, 2500, 2800, 3150, 3550,

4000.
2. The angles of a belt profile and pulley grooves for all the sections are ¢ = 40°.

1.1.4. Toothed-belt transmissions.
The toothed-belt transmission that combines the merits of transmissions by flexible
link and gearing is the most perspective kind of a mechanical transmission of power by

flexible link for force and kinematic drives of different machines and mechanisms.
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The main advantages of toothed-belt transmissions are:

— availability of high belt speeds (up to 120 m/s);

— sufficiently high durability of details of transmission (shafts, bearings) in view of
low values of a preliminary belt tension;

— low specific consumption of materials, combined with a minimum belt mass per
unit of transmitted power;

— high values of transmitted power (up to 1000 kW) and a torque (up to 8000 Nm);

— temperature range of belt operation from -55 up to +1000°C;

— efficiency up to 98 %;

— essentially less heating of a belt as a result of its low bending rigidity and absence
of sliding on pulleys;

— synchronism of shaft rotation with a reduction ratio up to 400;

— diameter of pulleys from 13 mm, length of belts up to 30 m and more;

— workability of belts in mechanisms of reciprocating precision movement with the
accuracy of positioning £0,05 mm;

— effective operating in a reverse condition;

— compactness, absence of greasing.

The above merits of toothed-belt transmissions have predetermined their broadest
introduction in various spheres of modern machinery (Fig.1.11, 1.12):

—avia and rocket production, shipbuilding;

— automobile, road, agricultural and other mobile civil and military equipment;

— machine tools, presses, lifts, compressors, ventilators, pumps, generators, eleva-
tors, centrifuges, robotized systems, systems of loading-unloading;

— food, tobacco, shoe, sewing, knitting, textile, fitting, pharmaceutical, wood, pa-
per, building, polygraphic and other industries;

— manufacture of packaging, ceramic tiles, bottles, synthetic filaments, artificial fur,
glass, etc.;

— conveyers, automatic doors, escalators, lifts;

— office and home appliances (printers, scanners, copiers, photo and film cameras,
multipurpose kitchen processors, electromeat grinders, washing machines, electroinstru-
ments);

— printing of travel cards, trading and slot machines;

— etc.
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Fig. 1.11. Some areas of application of toothed-belt transmissions

Fig. 1.12. Motorcycle BMW F650 CS with a toothed-belt drive, power of the drive 50 h.p.

Toothed-belt transmissions consist of drive, one or several driven and tension (if
necessary) pulleys, a drive-toothed belt, and they relate to the class of transmissions with
gearing by flexible link (Fig. 1.13) [1, 2, 3]. Toothed belts are basically made as endless

and flat with teeth on the internal surface that input in gearing with teeth of pulleys.
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Fig. 1.13. Scheme of a toothed-belt transmission:

1 —drive pulley, 2 —driven pulley; 3 — toothed belt

The technigue of a toothed-belt manufacture is one of the factors, defining its de-
sign. Now there are two basic production techniques of belts: moulding in press tools and
pressing in a diaphragm autoclave.

The method of moulding is fulfilled in hydraulic presses with flat warmed plattens.
The distinctive feature of such belts is the existence of a technological groove in the inter-

dental space and the absence of wear-resistant fabric facing on teeth (Fig. 1.14, a).

Fig. 1.14. Toothed belts: a) mould; b) assembly; 1 — body of a belt; 2 — teeth;
3 —technological groove; 4 — wear-resistant fabric facing; 5 — bearing layer

The belts, made by pressing in an autoclave, have a wear resistant coating of work-
ing surfaces of teeth (Fig. 1.14, b).
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Drive-toothed belts represent the rubber-cord designs, consisting of three basic el-
ements: 1) bearing layer, transmitting a pull; 2) facing material, ensuring antiwear proper-
ties of a belt; 3) filler, giving solidity to a belt and linking its elements.

Toothed belts have standard geometrical sizes. The belts with a trapezoidal profile
of teeth are mostly used. The parameters of toothed-belt transmissions are specified by TU
RB 00149438-073-95. The foreign manufacturers of belts are guided by ISO 5296 and
DIN 7721 (Tab. 1.6).

The industrial operation of toothed belts with a trapezoidal profile of teeth has shown
that they are not characterized by high operation figures. The teeth of the given belts, which
operational resource and load carrying capacity is rather less than of a bearing layer, have the

least durability.

Tab. 1.6. Geometrical parameters of belts with trapezoidal teeth

Defining Value, titeetﬂ ;)f Sizes of section, mm
parameter |designation mmp’ H, hp Sp R1 R> 2By

1.0 3.14 1.6 0.8 1.0 0.2 0.2 50
1.5 4.71 2.2 1.2 1.5 0.3 0.3 50
2.0 6.28 3.0 1.5 1.8 0.4 0.4 50
Module 3.0 9.42 4.0 2.0 3.2 0.5 0.5 40
m 4.0 12.57 5.0 2.5 4.4 1.0 1.0 40
5.0 15.71 6.5 3.5 5.0 1.2 1.2 40
7.0 21.99 | 11.0 6.0 8.0 1.5 1.2 40
10.0 3142 | 15.0 9.0 12.0 2.0 1.5 40
MXL 2.032 1.1 0.51 | 0.76 | 0.127 | 0.127 40
XL 5.080 2.3 1.27 1.37 | 0.38 | 0.38 50
Step of L 9.525 3.6 1.9 325 | 051 | 051 40
teeth t, H 12.700 | 4.3 2.29 | 4.43 1.02 1.02 40
XH 22.225| 11.2 6.35 | 794 | 157 1.2 40
XXH 31.750 | 15.7 9.53 122 | 2.28 1.52 40
72.0 2.0 1.1 0.5 0.7 0.2 0.2 40
12.5 2.5 1.3 0.7 1.0 0.2 0.2 40
75 5.0 2.2 1.2 1.8 0.4 0.4 40
710 10.0 4.5 2.5 3.5 0.6 0.6 40
120 20.0 8.0 5.0 6.5 0.8 0.8 40

OST

ISO

Step of

DIN'| teeth to
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The failure of standard trapezoidal belts in gas-distributing mechanisms of automo-
bile drives led to engineering of belts of series AT (automobile transmiting) (Tab. 1.7) that
have larger profile of teeth, which allows augmenting of the transmitted load up to 30 %.

The process of gearing of teeth is accompanied by the interference of teeth of a belt,
being more compliant in comparison with teeth of pulleys, and also by their sliding under
loading. The combination of these factors leads to the accelerated wear of teeth of a belt.

Tab. 1.7. Geometrical parameters of toothed belts of series AT

Designation | t,, mm | S;,mm | hy, mm | Ry, mm | R, mm | H,, mm 2B,
ATS5 5.0 25 1.2 0.86 0.4 2.7 50
ATI10 10.0 5.0 2.5 1.25 0.4 4.5 50
AT20 20.0 10.0 5.0 25 1.75 8.0 50

The partial amendment of the above-stated demerits was carried out in the design of

a toothed-belt transmission with a semicircular profile of teeth HTD (Tab. 1.8).

Tab. 1.8. Geometrical parameters of toothed belts of profile HTD

Designation hp, mm Ri, mm Ry, mm H,, mm t,, mm
1 2 3 4 5 6
1 2 3 4 5 6
m3 4.0 1.0 2.5 6.0 9.42
m4 5.0 1.0 3.5 7.5 12.57
m5 6.0 1.5 4.5 9.0 15.71
M 1.17 0.85 2.41 3.0
5M 2.1 141 3.6 5.0
8M 3.4 2.45 5.6 8.0
14M 6.1 4.31 10.0 14.0
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The failures, arising in the process of operation of toothed-belt transmissions, are ar-
ranged on its elements extremely irregularly. The breakdown of pulleys of transmission is un-
likely and characteristic of the constructions made of nonmetallic materials [4]. The wear-out
probability of pulleys of reinforced plastics, for example textolite, or made of aluminium alloys
is of no account. The resource of pulleys made of steel, crute-iron, ceramic composites is prac-
tically unlimited.

Thus, the increase of carrying capacity and an operation resource of toothed-belt
transmissions are possible on the basis of improving of figures of working ability of

toothed belts. There are three main directions of solution of the problem (Fig. 1.15).

Methods of improvement of
technical level of TBT

Design Methodical Technological

Development of
progressive designs of
toothed belts or perfection
of existing ones

Defining and setting of
rational parameters
of transmission

Development of
progressive materials
and methods
of belt production

Fig. 1.15. Methods of improvement of a technical level of toothed-belt transmissions

The analysis of the world scientific and technical literature testifies that the greatest
number of scientific works is devoted to the development of the design direction which
does not need extensive theoretical and experimental studies of physicomechanical quali-
ties of a belt, the conditions of its gearing with pulleys, etc. In this particular case the exist-
ence of systematized, statistically adapted results of reasons of belt failures in the opera-
tional process is enough. It is necessary to note that the development of toothed-belt de-
signs take place in two ways. On the one hand, standard profiles of belts are being perfect-
ed, which enables to maintain the attained level of unification. On the other hand, new

types of toothed belts with non-standard working geometry are developed.
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One of the main actions in the design of belts, enabling to improve a carrying ca-
pacity and durability of standard belts is their reinforcment. There are two types of rein-
forcement: micro- and macroreinforcment.

Microreinforcment represents a substitution of a part of teeth of a belt, made of
rubber or polyurethane by a composite on rubber or other polymeric base. The composite
contains the fragments of glass, viscose or metal fibers 0.5...2 mm length, treated by adhe-
sive compositions.

The results of researches have shown, that fatigue strenght of teeth, made of rubber
reinforced with pieces of viscose fiber, and impregnated with latex L-19f (Fig. 1.16, a), is
augmented by 50 % [5].

Fig. 1.16. Toothed belts with microreinforcement: a) continuous microreinforcement of
teeth; b) rational microreinforcement; ¢) microreinforced belt with diminished bending

rigidity; 1 — bearing layer; 2 — facing fabric; 3, 4 — reinforced and non-reinforced rubber

The analysis of the stress-deformed state of teeth of belts testifies to their substan-
tial irregularity of their loading, therefore it is expedient to reinforce not the whole tooth,
but only the most loaded parts of it(Fig. 1.16, b) [6]. The part of reinforced rubber can be

made with an arc-wise hollow to increase flexibility of a belt (Fig. 1.16, c) [7].
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Raising of efficiency of reinforcement of belts is reached by givingsome special di-
rection to fibers that coincides with the direction of operation of shifting forces. Despite of
the advantages of the belts reinforced by fibers, they have not received wide introduction
because of the absence of effective technique of their production.

Their macroreiforcment, for example, coverage of teeth by an additional layer of
facing fabric helps to raise carrying capacity and durability of drive-toothed belts consider-
ably [8]. This action allows augmenting transmitted pull by 35 % at durability of 10 cy-
cles, and by 25 % — at durability of 10° cycles.

The designs of toothed belts reinforced by loose leaves (from one up to three),
placed longitudinal plane of teeth (Fig. 1.17) [9] have been developed.

Fig. 1.17. Toothed belt reinforced by loose leaves:

1 — bearing layer; 2 — toothed of a belt; 3 — loose leaves; 4 — facing

It is offered to make loose leaves in a form that corresponds to a profile of teeth of a
belt. (Fig. 1.18) [10].

Fig. 1.18. Toothed belt reinforced by profile loose leaves:

1 — bearing layer; 2 — tooth of a belt; 3 — profile loose leaves; 4 — facing
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With the same purpose it is recommended to place armature in the zones of density
of stresses (Fig. 1.19) [11].

Fig. 1.19. Toothed belt reinforced by loose leaves in zones of density of stresses:
1 — bearing layer; 2 — tooth of a belt; 3 — loose leaves

The main demerits of the above mentioned designs are increased mass and bending
rigidity of belts. Alongside with it, shifting stresses in elastomer, located between a bearing
layer and reinforcing elements are considerably augmented.

It is offered to use spiral or profile springs for reducing mass and bending rigidity
of belts (Fig. 1.20) [12, 13].

a) b)

Fig.1.20. Toothed belt reinforced by spiral (a) and profile (b) springs:
1 — bearing layer; 2 — spring; 3 — tooth of a belt

The elimination of shifting stresses in elastomer, located between a bearing layer
and reinforcing elements, is reached in the designs of belts with mechanical fixing of arma-
ture to a bearing layer. Toothed belts of such a type represent a tape with holes over teeth,
and the armature is supplied with thread holes [14]. Belts with screwed teeth or reinforcing

elements (Fig. 1.21) [15] are also known.
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Fig. 1.21. Toothed belts with mechanical fixing of teeth or reinforcing elements:
a) with mechanical fixing of teeth; b) with mechanical fixing armature;

1 — framework of a belt; 2 — teeth; 3 — reinforcing elements; 4 — fastening parts

Despite of their advantages (high durability, maintainability) the given belts have
not received wide introduction in view of their nonadaptability to manufacture and labor
content of service. Besides the holes in a tape are the concentrators of stresses.

The authors of the research works [16, 17] have developed toothed belts with a
bearing layer in the form of a metal tape in width 0.08...0.12 mm. The mechanical link of

elastomer with a bearing layer is carried out with tabs of the various shape (Fig. 1.22).

Fig. 1.22. Belt with a framework of a metal tape: 1 — load tape;

2 —teeth; 3 — elastomer; 4 — facing fabric; 5 — tabs
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The given belts possess the high longitudinal rigidity and the highest fatigue dura-
bility of teeth, in comparison with the above designs [18]. The main disadvantage is the
raised bending rigidity of a belt. The continuous perforation of a tape or the heightened
tension of a belt, which leads to lowering of durability of a belt and other details of trans-
mission (shafts, bearings), is necessary for its lowering. The increase in the drive vibration
and the decrease of its efficiency is possible.

The construction of a toothed belt with the cross-section reinforcement rods, coiled
by loops of the bearing layer (Fig. 1.23) [19], has been developed.

The given belt possesses the high direct and low bending rigidity. Alongside with
it, in the given design the mechanical link of armature with the bearing layer is realized,
which allows direct transmitting of a pull, escaping intermediate elements. Nevertheless,
such belts have not received a wide introduction, because of the nonadaptability to manu-

facture, caused by the constant change of the armature winding direction.

Fig. 1.23. Reinforced toothed belt: 1 — bearing layer; 2 — reinforcing rods; 3 — pulley
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Thus, reinforcement does not eliminate the main destructive phenomena, character-
istic of toothed-belt gearing, which are defined basically by the geometry of tooth profiles

and their kinematic features of their reinterface.

1.2. Geometry and kinematics of toothed-belt gearing

Despite the fact that toothed-belt transmissions with a trapezoidal tooth profile have
become widely spread, they have some demerits.

It is underlined in the work [20], that the intersection of the profiles is observed in
an input of teeth in gearing. For the elimination of the given phenomenon it is offered to
increase the angle of the profile of teeth up to 25° or the teeth with an involute profile
should be made. The works [21, 22, 23] are devoted to the investigation of the interference
of teeth.

The analysis of an input of teeth in gearing (Fig. 1.24) [1] has proved that the inter-
ference takes place both at transmitting of a pull, and no-load operation of transmission.
Thus, the total interference develops from the profile loading and the interference from the
loading [24].

Fig. 1.24. Interference of teeth in a toothed-belt transmission
The interference from loading is practically unrecoverable in view of a high com-

pliance of belt teeth, therefore it is necessary and possible to diminish a profile component

of interference.
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In the work [22] it is offered to increase the profile angle and radii of rounding of
tips of belt teeth and a pulley. In this case, there will be the increase of radial efforts on lat-
eral sides of belt teeth, trying to throw them out from gear. To compensate these efforts
heightened pretensioning of a belt is needed.

The belt designs with compliant tips of teeth (Fig. 1.25) [25, 26, 27] have been de-
veloped. It is obvious, that the increase in a tangential compliance of belt teeth works to-
wards lowering of the friction force at an input in gearing, but slots, grooves and other hol-

lows are the concentrators of stresses, reducing the load carrying capacity of teeth.

Fig. 1.25. Toothed belts with compliant tips of teeth

The authors [28] have developed the transmission, where the angle of the profile of

belt teeth is larger than the angle of the profile of pulley teeth (Fig. 1.26).

Fig. 1.26. Toothed-belt transmission with the lowered input friction:

1 — protuberance; 2 — loose leaf
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The tooth of a belt, inputting in gearing by its tip, interacts with a protuberance on
an interdental space of a pulley. The tip of a tooth is pushed apart, providing a firm adher-
ence of profiles. An elastic metal element is inserted in a slit of a tooth for improving its
wear resistance.

The above mentioned engineering designs allow lowering of a profile interference
of teeth in a different extent. However, the solution of the given problem can be realized on
the basis of the analysis of kinematic features of gearing.

Having examined sequential positions of a belt tooth at its input in gearing (Fig.
1.27), it is proved that the movement trajectory is involute with a continuously reducing
radius of curvature. At the final stage the tooth moves along an arc of a circle, turning rela-
tive to the point P4 [29, 30]. Thus, lateral surfaces of teeth should be mutually bending

around for the elimination of the profile interference.

Fig. 1.27. Scheme of formation of the interference of teeth in a toothed-belt transmission

The other main demerit of belts with trapezoidal teeth is a non-uniform distribution
of stresses and deformations.

The theoretical and experimental investigations have established that the concentra-
tion of stresses is observed in the transition zone of the lateral surface of belt teeth in the
interdental space (Fig. 1.28, a) [31, 32, 33, 34], when 2/3 volumes of teeth are practically
unloaded. The concentration of shearing stresses takes place on the surface of a bearing

layer.
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Fig. 1.28. Distribution of normal (c) and tangent (t) stresses
in teeth of trapezoidal (a), HTD (b) and STS (c) profiles

In the work [31] it is offered to increase the angle of the profile of a pulley up to
54°, and the radius of rounding of the base of belt teeth — up to 0.2m for the elimination of
demerits, typical of trapezoidal teeth. It is also offered to increase the radius of rounding of
the tips of belt teeth. In the limit it leads to a semicircular profile of teeth HTD, similar to
Novikov’s tooth transmissions.

The profile HTD was developed by the "Uniroyal™ corporation in 1973. [35]. The
given profile is characterized by more equal distribution of stresses and deformations (Fig.
1.28, b). The profile interference is lowered 6...8 times, the interference from loading —1.5
times, which allows to increase a transmitted pull by 20...40 % [36].

The "Pirelli" corporation developed a profile of teeth STS (STPD) [37] that was re-
ceived on the basis of the analysis of kinematics of an input of teeth in gearing. The lateral
surfaces of teeth are outlined by the arcs of circles with the centers in points (Fig. 1.28, c),
corresponding to the center of the turn of belt teeth at the final stage of an input in gearing
(see Fig. 1.27). Thus, the profile interference is lowered additionally.

The further development of the profile STS is the parabolical profile of teeth RPP
(Fig. 1.29) [38, 39]. The distinctive feature of the given transmission, alongside with a
minimum interference, is the transmission of a part of loading by the tip of the belt tooth,
interacting with a protuberance on an interdental space of a pulley. The protuberance rep-
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resents an additional tooth of a small length. At its interaction with a groove on the tip of a
belt tooth, the tooth is deformed in a vertical direction, filling an interdental space of a pul-

ley, and providing more equal distribution of stresses.

Fig. 1.29. Transmission with teeth of RPP profile

The overwhelming majority of the works, devoted to the investigation of kinemat-
ics of toothed-belt transmissions, were based on idealized geometry of teeth that were re-
garded as trapezoids without radii of rounding of tips and spaces. However, the total length
of the rounded parts for belts of the various modules comes up to 60 % of the total tooth
length.

Basing on the real geometry of trapezoidal teeth, the author of the work [40] of-
fered the so-called "without an interference” profile. The part of a tooth is outlined by an
involute with the centers of radii on a neutral axis of a bearing layer. The zone of rounding
of a tooth tip is outlined by a circular arc with the center in the point, corresponding to the

turn of a tooth at the final stage of its input in gearing (Fig. 1.30).

Fig. 1.30. Toothed-belt transmissions with "without an interference™ profile of teeth
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It should be noted that the development of new designs demands conducting of a
complex of operations on their standardization and unification. Therefore, the methodolog-
ical and technological aspects of the improvement of a technical level of transmission are

preferable.

1.3. Load carrying capacity and durability of toothed-belt transmissions

The durability of a toothed-belt transmission is defined by the durability of a
toothed belt. The experience of the industrial use and the results of long-run tests testify to
the predominance of three main kinds of belt destruction: the fatigue failure and wear of

teeth, and also the destruction of a bearing layer (Fig. 1.31).

b)

c)
Fig. 1.31. Kinds of the destruction of toothed belts: a) formation of a fatigue crack in the

base of a tooth; b) wear of a working profile; ¢) destruction of a bearing layer
For reducing of transmissions the wear of teeth is mostly observed from the side,

interacting with a drive pulley, which results from the kinematic characteristics of reinter-
face of teeth (Fig. 1.32).
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Fig. 1.32.Scheme of tooth loading in a toothed-belt transmission:

1 —belt; 2, 3 —drive and driven pulleys

The input of teeth in gearing is attended by their mutual sliding. In this case, the in-
crease of loading, which maximum value is observed at the finishing moment of an input
in gearing, takes place. The lowering of loading, while the pulley is turning, results from
an input in gearing of the subsequent teeth. The combination of sliding and friction forces
leads to the wear of belt teeth.

The fatigue failure is observed, as a rule, from the belt teeth, interacting with a
driven pulley [23, 41]. It is necessary to note that the existing methods of prediction of the
fatigue durability inadequately reflect the physics of the gearing phenomena, that’s why
they should be regarded as estimating phenomena.

The special attention is given to the problem of defining of the intensity of the de-
structive phenomena. Its solution helps to develop the true methodology of the resource
design of toothed-belt transmissions.

The analysis of the results of long-run tests shows that the tooth wear is characteris-
tic of mould belts, and the fatigue failure is characteristic of assembly belts.

In most cases the authors define the resource of belts without differentiating the cri-
teria of their breakdown. So, in the work [42] it is established that at the rotation frequency
of a drive pulley n; = 2100 min™ the durability of assembly belts (m = 5 and 7 mm) makes

(2.1..3.1)x10% and (4.2...5.9)x10° cycles at the transmitted specific circumferential force

Ft = 32 and 26.2 N/mm accordingly.
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The empirical dependence of the belt durability on its main parameters [41] is also

received:

12
L, = _6,2:107 1205 , (1.2)
(FRBp)™ oy

where Ly — the durability of a belt; F; — the specific circumferential force; By, — the width of
a belt; w1 — the angular velocity of a drive pulley.

However, the expression (1.1) does not allow taking into account the number of
teeth of a pulley transmission, mechanical and physical properties of belt elements (the
longitudinal rigidity EF and the rigidity of teeth EZ) etc. Besides, it does not reflect the
physical phenomena, occuring in gearing at the transmission of power.

The analysis of the phenomena, occuring at the operation of a toothed-belt trans-
mission, shows that there are three varieties of wear of belt teeth: abrasive, frictional and
fatigue [24, 43, 44].

The abrasive wear is observed at the existence of the abrasive environment (mineral
spots, wear products); the frictional wear is observed in the case of “dripping”, when the
adhesion of a surface layer of elastomer with the basic material is less than with the mate-
rial of a counterface; the fatigue wear represents the destruction of a surface layer of elas-
tomer in the result of its frequent deformations.

In mathematical terms the transition from one kind of wear to another is described

by means of ratio between the shifting stress t in the surface layer of material and its criti-

cal value T, corresponding to the tear of some volume of elastomer. Considering that
T = fsp, where fts — the friction factor, p — the pressure in the pair "tooth of a belt — tooth of

apulley", at t/ t¢r > 1 — the friction wear and at t / 1o < 1 — the fatigue wear is received.

The fatigue wear is mostly probable at roughness of lateral surfaces of teeth of a
pulley Ra < 2.5 microns.

On the basis of the energetical theory of wear the dependences for the calculation of
the belt durability are received. The main equation of the energetical theory [45, 46] takes

the form:

| = I,P% (1.2)
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where | —the intensity of wear process; I — the intensity of wear process at the unit power
of friction; Py — the power of friction; y — the parameter, depending on the type of rubber
and on the characteristics of a counterface and loading conditions.

Considering that the power of friction represents the product of the friction force Fy
by the speed of tooth sliding vy, divided by the period of one input in gearing, the depend-

ence for the determination of the durability of belt teeth is received in the works [24, 47]:

Fw
hyo

115..1,6 AzEZ
1,68plg[ 15,16 An djkf

N = (1.3)

where A — the tangential shifting movement of the teeth, inputting in gearing; z; — the
number of teeth of a drive pulley; EZ4 — the dynamic rigidity of belt teeth; y — the factor of
non-uniformity of tooth loading: v = F1;20 / F; F11 — the effort on the first tooth of an arc
of contact from the driving side; zo — the number of teeth in gearing; k; — the factor, con-
sidering the durability of facing: for assembly belts ki = 3.4; for mould belts ks = 1; hg; —
the thickness of a layer on the lateral side of a belt tooth, worn out for one cycle of an input
in gearing.

The calculation of the fatigue durability Nt is based on the equation of the fatigue

Ccurve:

[&j "Ny 14
Po

where pc and [pp] — the calculated and base pressure on lateral sides of teeth; Ny, — the base
number of load cycles, corresponding to [pp].

The value [pp] = 2.5 MPa is for rubber belt teeth and [py] = 2 MPa is for polyure-
thane belt teeth [33].
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The calculated pressure is determined by the expression:

:—llj Ft .
Zohp

Po

The author [24] considers that the dependence (1.4) is characteristic of metal or

plastic teeth. In his opinion, for toothed belts the occurrence and distribution of a fatigue

crack have adhesive character as it takes place on the dividing line “elastomer — bearing
layer”. For this case the expression (1.4) should be written in the form:

- B
N, {Ldj - 15)

where 6,9 — the adhesion strength between a bearing layer and elastomer; o; — the stress
amplitude, corresponding to the durability Ng B — the slope of adherence junction;
ki=1.3..1.7.

In view of the shape of belt teeth and the features of their deformation, expressed in
the predominance of shear deformations, reaching up to 30 % in the total balance, the ex-
pression (1.5) is received [24, 47]:

B
_ (¢} dh E222
Nf =50221’8 (OaSFPW kf, (16)

where z, — the number of teeth of a driven pulley; G — the module of elastomer shear.

The demerit of the dependence (1.6) is the fact that it describes the destruction of
the adherence junction on the boundary "elastomer — bearing layer". However, the fatigue
crack originates from the external surface of a belt tooth, where there are no adherence
junctions.

It should be noted that the dependences (1.3) — (1.6) are received on the basis of the
conjecture that the intensity of both kinds of the destructions of belt teeth is identical, and
the occurance of this or that kind of the destruction depends on the ratio of intensities, in
the case of more intensive wear the fatigue crack has no time to develop, since they take

place from the opposite sides of a tooth.
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Thus, it is necessary to get the dependence of the durability of belt teeth from the
main transmission parameters, taking into account the kinematic and power features of the
interaction of teeth.

The analysis of the above-stated dependences shows that the methodical way of the
increase of the load carrying capacity and durability of belts is not worked out. For exam-
ple, the expressions (1.3), (1.6) show that at lowering of the factor of non-uniformity of
tooth loading the belt durability increases by both criteria. It is proved by the results of the
experimental researches [48, 49] (Fig. 1.33).

Fig. 1.33. Influence of the effort in the driving side on the durability of mould (a) and as-
sembly (b) belts at the various correction of the step of a pulley tooth At,, = t,—t,;: +0.017
(1); -0.002 (2); —0.013 (3); —0.022 (4); +0.022 (5); +0.003 (6); —0.018 (7); —0.038 mm (8)

At lowering the correction of the step of a pulley tooth Aty,, compensating elonga-
tion of the driving side of a belt, the durability of the belt increases. For assembly belts of

the type L with the parameters t, = 9.525 mm; By = 19 mm; z; = z, = 36, the reduction of
Aty from +0.022 up to — 0.038 allows to increase Ny, by 1...2 orders. The durability of
mould belts increases at the reduction of At from +0.017 up to —0.022 to the same extent.

At the same time, the choice of the rational value At should be based on the analysis of

loading of gearing.
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1.4. Force interaction of teeth in gearing

The working ability of toothed belts mostly depends on the distribution of loading
in gearing.

The results of the research works [50, 51, 52, 53] testify to the non-uniform distri-
bution of loading in gearing. The most loaded tooth is the one, located at the driving side,
i.e. inputting in gearing with a drive pulley. The estimation of its loading is described by
the value v that should be named as the "factor of an overload of the first tooth" from the
methodological point of view. The values of y, given in the scientific and technical litera-
ture, vary: y = 1.25...1.7 [54]; y = 1.5...2.0 [53], etc.

Some authors believe that non-uniformity of loading of gearing is caused by the
technological errors of a step of teeth [55, 56, 57]. In the works [58, 59] it is established
that at the existence of step errors, which do not exceed the maximum permissible values,
the vibrations of y can reach 100 %.

On the other hand, the essential factors, influencing v, are the mechanical proper-
ties of a belt (the rigidity of teeth and the longitudinal rigidity) [54].

The account of the mechanical and physical properties of the belt elements leads to
receiving the analytical dependences for the calculation of the distribution of loading,
which are similar to the calculation of loading of thread turns in a “screw-nut” joint, of-
fered by N.E.Zhukovsky.

On the basis of the calculation of loading of teeth of the arc of contact the values of the

correction of the step of pulley teeth, providing the rational y, were received (Fig. 1.34) [24].

Fig. 1.34. Choice of the value of the correction of the step of pulley teeth

on the demanded non-uniformity of loading of teeth
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The comparison of the theoretical calculation of loading of gearing with the exper-
imental oscillograms testifies to their essential difference.

The author of the work [60] considers that for the specification of the calculated
dependences it is necessary to consider the transmission of a part of the circumferential
force by means of the friction forces, arising between the interdental hollows of the belt
and the tips of the pulley teeth. However, as the theoretical and experimental researches
[61, 62] show, the influence of the friction forces is insignificant. They transmit no more
than 5 % of the circumferential force. It is explained by the far less tension of toothed belts
in comparison with the tension of belts of a frictional type.

For the specification of the calculated dependences it is also offered to consider the
so-called "edge effect”, i.e. inability of face threads of a bearing layer to transmit the load-
ing. Besides, the given parts of a belt are more compliant in comparison with the middle
parts [63].

In the works [24, 64, 65, 66] it is established that the longitudinal rigidity of belts
depends on the stretching loading non-linearly. It is especially typical for the belts with
m = (1; 2; 3) mm, and at F; < 10 N/mm for the belts with the module m >4 mm.

In this connection, the authors of the work [67] offered a non-linear model of a
power interaction of teeth in gearing, allowing to define the influence of mechanical and
physical properties of the elements of a toothed belt on non-uniformity of loading, and to
develop the specified technique of the calculation of the correction of a step of pulley teeth.

The analysis of oscillograms of loading distribution in gearing [52, 62] shows that
the damping harmonic component is put over the middle line, coinciding with the calculat-
ed one. The given component, in particular, is not observed on the oscillograms of loading
distribution on an arc of contact of a flat-belt transmission [68]. Thus, the existence of
harmonics is connected with the features of the operation of a toothed-belt transmission.

The authors of the works [47, 66] consider that the occurrence of harmonics is
caused by the dynamic mechanical and physical properties of belt elements, demonstrated
in the conditions of unsteady loading.

The theoretical research works, describing the occurrence of damping vibrations,
owing to a shock input of teeth in gearing, are also known. However, the frequency of such
vibrations should be much more than the frequency of an observable harmonic component.
In our opinion, the occurrence of harmonics is caused by the reinterface of teeth and the

periodic change of loading, because of an input of the subsequent teeth in gearing.
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The demerits of the examined theoretical theses essentially influence a choice of the ra-
tional value of the correction of a step of pulley teeth. This value ensures the pre-set non-

uniformity of loading of gearing and durability of a belt, therefore it requires some specification.

1.5. Perspectives of the development of scientific principles of increasing
of the engineering level of power transmissions by flexible link

Many scientists devoted their theoretical and experimental researches to the devel-
opment of scientific bases of improvement of technical-operational features of mechanical
transmissions of power by flexible link.

As a result of the conducted researches it is established, that the most effective im-
provement of engineering and operating features of the given transmissions can be realized
by the increase in indexes of working ability of flexible links. Three basic interdependent
aspects of the problem are defined:

1) constructional, based on the development of progressive designs of flexible links
or perfecting of the existing ones;

2) methodological, based on the defining and setting up of optimum parameters of
transmission;

3) technological, consisting in the use of more perfect materials and the develop-
ment of progressive methods of producing of flexible links.

It should be mentioned that for the substantial increase of a technical level of
transmissions of power by flexible link the complex and system development of the above
methods is necessary.

Such an approach is based on the development of the criteria of the destruction of
flexible links. The practice testifies that there are three basic aspects of breaking of flexible
link:

— fatigue failure of teeth;

— fatigue failure of a bearing layer;

—wear of a working profile of teeth.

It is obvious that all the aspects of the destructions of flexible link are the conse-
quence of its interaction with pulleys of transmission under the certain kinematic and dy-
namic conditions. Thus, the scientific-proved methodology of the design calculation and
the prediction of durability of transmissions of power by flexible link are based on the data

about its loading and the stress-strained state.
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The calculation of loading of flexible link, that is polymeric anisotropic visco-
elastic system of the elements, interconnected by means of adhesive forces, should be done
on the basis of its dynamic mechanical and physical properties.

It is necessary to note that the calculation of loading of flexible link on the basis of
Ponsele’s principle does not reflect the real observable physical phenomena. Thus, the de-
velopment of the problem of static indefinability of transmission, in view of the bending
rigidity of flexible link and its dynamic loading, is necessary. The solution of this problem
creates the bases for the development of the well-founded calculation technique of the
main operation index of transmission — the preliminary tension of flexible link.

The analysis of a patent-informational search and the world scientific and technical
literature shows that engineering of flexible links is made practically without the analysis of
the criteria of their destruction. The first direction is based on the introduction of improve-
ments, which do not contradict to the developed level of standardization and unification.

The alternative direction means the change of the shape of a working profile of
flexible links, allowing the minimization of a profile interference of teeth and raising of
their wear resistance. However, the efficiency of the given work is low, since there are no
deep theoretical researches of kinematics of reinterface of teeth of flexible link and pulleys.

Alongside with the high requirements to the load carrying capacity and durability of
mechanical drives, nowadays the ecological aspect of their operation, consisting in the
minimization of the effect of harmful factors and, first of all, of noise and vibrations on a
man and the environment, is rather vital.

In our opinion, the solution of the problem is possible on the basis of the creation of theo-
retically justified methods of lowering of the acoustic emission, consisting in the creation of the
designs of transmissions with the lowered aerodynamic acoustics and the increased smoothness
of operation, and also by the calculation and the choice of rational parameters of transmission.

The most important method of the improvement of the technological level of flexible
links is the development of progressive techniques of their manufacture, ensuring high strength
of adhesive links between the components of flexible link, and also the equipment of its work-
ing surfaces by a wear-resistant coating. It allows considerable improvement of the load carry-
ing capacity and the operational resource of transmissions of power by flexible link.

Now there are two basic technological processes of manufacturing of drive toothed
belts in the world.

The first method is the method of molding in mould tools on hydraulic presses with

warmed plates, allowing producing of toothed belts of a small length (up to 1000 mm)
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without a wear-resistant coating of teeth. Mould belts are notable for the exact sizes and
the excellence of surfaces, owing to the high pressure of moulding (20...25 MPa). Howev-
er, the absence of a wear-resistant coating of working surfaces of teeth predetermines their
low durability. The improvement of the technical characteristics of mould belts is reached
by the use of wear-resistant polyurethane materials in their manufacturing. However, the
cost of such materials several times exceeds the cost of synthetic rubbers, basically used in
the manufacture of flexible links.

The second method is the vulcanization in an autoclave. The belts, made in such a
way, have the length up to 4000 mm, are equipped with the wear-resistant coating of teeth,
and their durability 5...7 times exceeds the durability of the similar mould belts.

At the same time the technique of the vulcanization in an autoclave has the essential
deficiencies, not allowing the realization of all engineering opportunities of produced belts.
First of all, it is the low pressure of moulding (up to 1.5 MPa), which does not allow to en-
sure high strength of adhesion of the components of flexible link, determining its load car-
rying capacity and durability. It also causes some cavities and porosity in the finished arti-
cles. Besides, pressing in an autoclave is carried out by means of flexible rubber-cord dia-
phragm, which does not allow ensuring of the demanded thickness of belts. It can be made
by grinding of the back surface of a belt.

The additional deficiencies of the given technological process are:

— raised energy and labour cost;

—elongation of a technological circuit;

— increase in the amount of the industrial equipment;

— low ecological purity, because of the existence of rubber dust and industrial
wastes at grinding.

Therefore, the development of the new progressive technique of producing of drive
toothed belts, ensuring the high strength of adhesion of its components and the existence of
a wear-resistant coating of working surfaces of teeth, is necessary.

In conclusion it is necessary to note, that the further development of scientific bases
of the improvement of the engineering level of mechanical transmissions of power by flex-
ible link should be based on the complex and system approach to their research by the de-
velopment of the progressive methods of the calculation of transmissions, the designs and
production techniques of flexible links.

From the practical point of view the solution of the given problem allows to im-

prove the quality and competitive ability of the modern machine-building considerably.
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Chapter 2. GEOMETRY AND KINEMATICS
OF TRANSMISSIONS OF POWER BY FLEXIBLE LINK

2.1. Characteristics of geometry and kinematics of belt transmissions

In existing techniques of the calculation the arc of contact of a pulley is identified

from the elementary geometrical ratios (Fig. 2.1) [69, 70].

|
i — s _ _ o
a’IG * 2G
Z,
Zis |
o Aw

Fig. 2.1. Bending of pulleys by a flexible inextensible belt

Considering a belt as a mathematical fillet, the values of the geometrical angles

of contact were received in the form:

e = 180° —2yg; o2c = 180° + 2vg, (2.1)

where yg = arcsin mz, —mgz; /2a,,; ay, — spacing on centers of transmission.

The number of teeth in gearing is defined by rounding to the less integral values,

received from the following dependences:

o o
Lo = t:l'G , Lop = tSG ) (22)
Py P2

where t,

bz = 360"/ 212) — @ tooth spacing angle of a pulley.
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In our opinion, the expressions (2.1), (2.2) may be used for the calculation of the
angles of contact in flat-belt transmissions. In V-belt transmissions by reason of bending
rigidity of a belt the real arc of contact, where an actual contact of a belt with a pulley takes
place, is less than the geometrical arc of contact [71]. The inverse phenomenon is charac-
teristic of toothed-belt transmissions where the tooth contact is observed out of a geomet-
rical arc of contact (Fig. 2.2).

Fig. 2.2. Scheme of the interaction of a toothed belt with a pulley

Thus, for the toothed-belt transmission we have:

oy = ag + Y1 + yy,

where 1, 2 — the angles of an input of teeth in gearing and an output from it accordingly
(the zones of an incomplete profile gearing of teeth).

At the turn of a pulley by the angle ) the mutual sliding of teeth, defining the in-
tensity of their wear, takes place.

Thus, it is necessary to define the values 1 and v, for the creation of a progressive
technique of the resource designing of a toothed-belt transmission. Let's consider the main
existing techniques of their definition.
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In the work [72] the values y; = y; = O.5t; for transmissions with a semicircular

profile of teeth are recommended.
The authors of the work [73] received the following ratio on the basis of the ideal-

ized geometry of trapezoidal teeth (Fig. 2.3):

UL
\J1 = Y2 = arccos 2 , (2.3)

mz_s
2

where 6 — the distance from a neutral axis of a bearing layer to an interdental space of a
belt.

Fig. 2.3. Contact of teeth of a belt and a pulley in transmission with an idealized geometry

The value ¢ is equal to the sum of a half of diameter of a bearing layer d. and the

thickness of facing of belt teeth hy: &=d; /2+hg.

It is offered to find the sliding velocity of teeth at their input in gearing by the for-

mula:

dx d© (mz 8] sin -y, —sin @+B, -y, Cosy;
25 |oy

S Tde a2 z
cos” O@+By—y,
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where x — displacement ; ® — the angle of contact of teeth; t — time;

S+ 20y 9By |.

]

where S;;; hy; B — geometrical parameters of a space of a pulley.

W, =arcsin

It is offered to define the sliding velocity of teeth at an output from gearing by the

formula:

mz sin®
VS| = ——-9 (o7] .
2 ( 2 j cosBp

The calculations show that at ©; = 1c™ the sliding velocity at an input in gearing
decreases non-linearly from 16 up to 3 mm/s (Fig. 2.4):

Fig. 2.4. Influence of a phase of gearing on the sliding velocity in the contact of teeth

In the work [41] the equation for the calculation of the value \; was obtained:

Csin yy+4 —H%—Sj Y1+hp —B}cos Y1+ —A=0, (2.4)
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where A=[ mz/2-8& -0,5h, |sin B, —180°/2z ;
B=A-hytgB— mz/2-8 Ahy; C= mz/2-8 —hy; A =arcsin A

Having solved (2.4) at z; = (20; 27; 34; 41), we received y; = (21.2; 16.6; 13.8;
11.5°) accordingly.

It is necessary to note, that the expressions (2.3), (2.4) were received geometrically
without taking into account the real trajectory of belt teeth at the input in gearing. The
point of the initial contact of teeth was not defined. Therefore the results of the calculation
of w1 and v, are approximate.

The author of the work [24] developed a technique, according to which:

Y1 =yt yic,

where w1, yic — the arcs of traverse of a pulley, corresponding to the movement of a belt

along the involute and the arc of circle accordingly (Tab. 2.1).

Tab. 2.1.
Parameter Number of teeth of pulley, z
10 15 20 25 30 40 50 60
W1 5.90 5.35 5.20 4.75 4.65 4.50 4.40 4.30
Yic 10.6 7.3 5.4 45 3.7 3.1 2.8 2.5
W1 16.5 12.6 10.6 9.25 8.35 7.6 7.2 6.8
ts 36 24 18 14.4 12 9 7.2 6
Y1l ty 0.45 0.52 0.58 0.64 0.69 0.84 1.0 1.13

The analysis of Tab. 2.1 shows that the values, presented in it, are 2 times less than
the values, got by the formula (2.4).
It is offered to define the sliding velocity of teeth by the following dependence:

1
n

N
Vs| = 01p = Mg (—j : (2.5)
?2
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where p — the current value of the turning radius of a tooth of a pulley; ¢, — the current

value of the arc of traverse of a pulley (0...y3).

The parameters N and n depend on the number of teeth of a pulley (Tab. 2.2).

Tab. 2.2. Parameters N and n

Z1 15 20 25 30 40
N 348.0 73.0 41.0 21.0 145
n 12.4 10.3 8.8 8.2 7.5

For example, at z; =20, m=7 mm and o, = 15s? according to (2.5)
Vg max = 17.84 mm/s; Vg min = 12.53 mm/s.

The demerit of the above-stated dependences is the use of idealized geometry of
teeth that are considered in the form of trapezes, without the radii of rounding of tips and
spaces. Meanwhile, the total height of rounding of teeth can come up to 60 % of its height.

Thus, the research of kinematic features of a toothed-belt gearing should be based
on the real geometry of teeth and the main principles of their interaction.

2.2. Zones of an incomplete profile gearing of teeth of toothed-belt transmissions

Let’s examine a toothed-belt gearing (Fig. 2.5). We introduce some additional ge-

ometrical parameters, used in the further calculations. For t, = t,, we have:

S{=t, S, —2(h, +d)tgP,-

There are three periods of rolling of an interdental space of a belt along the tip of a
tooth of a pulley.
The first period begins at the moment of contact of the interdental space of the belt

and the part of the pulley rounding R,,. The second period represents the rolling of the in-
terdental space of the belt along the diameter of the circle of pulley tips. The third period
represents the bending of the opposite part of rounding of the pulley tooth R, by the inter-

dental space of the belt.
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By analogy with the analysis of kinematics of tooth transmissions [74] we place a
toothed-belt transmission in Cartesian systems of coordinates of the right direction [75]
(see Fig. 2.5).

Fig. 2.5. Geometry of gearing of standard trapezoidal teeth

The system S (X; O; Y) is fixed and it is placed in the drawing plane. The system S;
(X1; Og; Y1) is moving and it is connected with a belt. The system S, (X3; O5; Y>) is also
moving and it is connected with a pulley. We set the equations of profiles of teeth and unit

normal vectors in moving systems of coordinates in the parametric form [74]:

In the fixed system of coordinates the profiles of teeth are described by the equa-

tions:

p0=p" Uiigy 1 80=50 Uigy

where o; — the turning angle of the moving system of coordinates.
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We set the transition from the moving system of coordinates to the fixed system in
a general form by means of the matrix equality:

p") =Mgip;,

where p(i) u pj — matrix-columns of radius-vectors; Mo; — transition matrix.

The matrix of transition has its own form for each period, and the equations of tooth
profiles remain constant. Thus, it is necessary to make up two transition matrixes My; and
Mo, for each period.

Let's consider the first period (Fig. 2.6).

Fig. 2.6. Rolling of an interdental space of a belt

along the radius of rounding of the tip of a pulley tooth

Using the rules of analytical geometry [76] and the principles of writing of matrix-

es, we get:
1 0 —a
Mor= [0 1 -—Ibyl, (2.6)
0 0 1
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where dp = Cl + RZTZ + (RZ - R3K) Sin(PZ + R3K(P2; bO = (RZ - R3K)(1 - COS(PZ)-

We show the transition from S, to S in the form:

cospz —sings 0
Moz = [Sing3  COSp3 —Ryl, (2.7)
0 0 1

where @3 = yo + T2 + @2 — the turning angle S, relating to S; Ry = mz,.

For the second period (Fig. 2.7) the matrixes of transition have the form:

1 0 —a cosep, —singy, O
Mgi=10 1 0 |; Mg, =|sing, cos@, —Ryl, (2.8)
0 0 1 0 0 1

where ag = C1 + Rap2; @4 = yo + 2 — the turning angle S, relating to S.

Fig. 2.7. Rolling of an interdental space of a belt along the tip of a tooth of a pulley
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By analogy for the third period we get (Fig. 2.8):

1 0 -a coseps —sings 0
MOl =10 1 —bo ; MOZ = Sin(p5 COS Qg —R2 , (29)
0 0 1 0 0 1

where ap = C1 — Ryx®2 — (R2 — Ry)singa, by = (R2 — Ry)(1 — cosgy); ¢s — the turning angle

S, relating to S.

Fig. 2.8. The final stage of a mutual rolling-off of teeth

Thus, the transition matrixes from moving systems of coordinates to the fixed ones,
which allow defining of the coordinates of any point of tooth profiles of a pulley and a belt at
an arbitrarily chosen instant of time, were received. The position of a pulley is defined by the
turning angle relating to the fixed coordinate system ¢, and corresponds univocally to the
position of a belt in the same system.

Hence, setting the profile equations, it is possible to define the angles y; and wy».
We take v, as a central angle in the system XOY, corresponding to the turn of the pulley
from the beginning of the contact (crossing) of tooth profiles of the belt and the pulley to
the turn of the pulley in the position, corresponding to the coincidence of a symmetry axis

of an interdental space of a pulley and the axis OY (Fig. 2.9). If they coincide the lateral
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sides of teeth of the belt and the pulley become parallel to each other and the sliding of
teeth stops.

input

Fig. 2.9. Scheme of the definition of the angles of an input in gearing and output from it

Due to the existence of the lateral backlash between teeth and S, > S, the symmetry
axis of an interdental space of a pulley reaches the axis OY a little bit earlier than the sym-
metry axis of a belt tooth.

The value v, corresponds to the turn of a pulley by the angle with the beginning in
the moment of an output of a symmetry axis of a pulley tooth from the limits of a geomet-
rical arc of contact, i.e. the moment of crossing of the axis OY (see Fig. 2.9), and the end is
the final moment of a contact (crossing) of profiles of teeth.

It is possible to consider that y; and , correspond to the central angles, pulled to-
gether by a tooth gearing line in the zones of an incomplete profile gearing. We find the
length of this line for trapezoidal and semicircular teeth.

Let's define y;, knowing the law of movement and the equation of tooth profiles at
t, = t,,. It is obvious that the radius-vectors and unit vectors of normals should be equal in

the point of an initial contact of profiles. It can be admitted that the unit vectors of normals
D and €@ have an equal direction [74]:

P Upop =5 Ugziop 1 89 Uy =E@ Uyie, . (2.10)
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Proceeding to the projections in the fixed system of coordinates and considering

that the vectors 5(i) and € are in the plane, perpendicular to the axis of rotation of a pul-

ley, we get 3 independent scalar equations. Solving them relating to ¢, we get the tran-

scendental equation:

@2 =T (Ug; Uz; 1) (2.11)

The expression (2.11) for finding of the arc of traverse of a pulley, corresponding to
the initial contact of profiles, can be calculated for the single values of an angle ¢, by the
method of iteration. We use the iterative formula of Newton [77] for it:

G — (2.12)

where X — an unknown quantity; k —a number of iteration.

At the initial moment of contact of profiles the rounded part of a tip of a belt tooth
interacts with a tooth of a pulley. The equations of the rounded part 4B (Fig. 2.10) are the
following:

Xl = X

ul — R3p cosUy; Y; ==Yy —RspsinU;. (2.13)

Fig. 2.10. The main geometrical parameters of trapezoidal (a) and semicircular (b) teeth
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The unit vector of a normal is determined by the expressions:
eyxy=—cosUy; ey =—sinUj. (2.14)

In the system S, the profile of a pulley tooth and a unit vector of a normal are de-

scribed with the equations (Fig. 2.11):

X2 = Uzsinﬁm; YZ = R2 _UZCOSBIH' (215)

€x2 = _COSBHI; €yo = _Sian' (216)

Fig. 2.11. Initial contact of teeth of a belt and pulley
Basing on the formulas of transition (2.6) — (2.9), we change the equations (2.13) —
(2.16) from the systems S; and S; to the system S. For the first period of bending of a belt
by a pulley we get:
X = Xut — RazcosUy — [C1— (R2 — Ry)sing, + Rycp2 + Roto];
Y® = Y4 — RazsinUy + (Rz — Ry)(Cospz — 1);
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X® = U,8inB 0593 — (R2 — UoCoSPy)sings; (2.17)
Y@ = UsinBusings + (R — U2C0SP)coses — Ry;
e§<1) =—cosUy; e\((l) =-sinUy;
e§<2) =—C0S(P3 +Py); e\((z) = —sin(Q3 +PB,)-
We obtain the dependences for the second period in a similar way:
X = X1 — Raxc0sU; — C1 — Roga;
Y® = v,y — RapsinUy;
X® = U,8inB,c0594 — (R2 — UoCOSP)Sings; (2.18)
Y@ = UgsinBusings + (R — U2C0SPy)coses — Ry;
e§<1) =—cosUy; e\((l) =-sinUy;
e§<2) =—C0s(q4 +U5); e§2) =—sin(¢p4 +U5).
The third period is characterized by the following equations:
X® = X,y — Rapc0sU; — [C1 + (Ry — Ry)singz + Ryl
Y® =y 4 — RazsinUs — (Rz — Ry (1 — €OSp2);
X® = U,8inB,cosps — (Rz — U2C0SPy)Sings;

(2.19)
Y@ = Ugsinpusings + (R — U2C0SP)coses — Ry;
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e§<l) =—cosUy; e\((l) =-sinUy;

e{?) = —cos(g5 +By); &) = —sin(ps +Byy)-

The equations (2.17) — (2.19) make the connection between geometrical parameters
of belt teeth, the pulley and the angle o, in the point of the initial contact. As it is not
known a priori in what period the contact of profiles takes place, it is necessary to analyze

all the periods, using the conditions, arising in the point of contact:

1 2, 1 2 1 2
X :X y Y =Y f ex :ex ’
1 2 . 1 2 1 2

Using the iterative formula (2.12), we find its constituent elements (2.12). Let’s re-
write the expression in the form:

¢ ok
k+1  k ®2
(PZ _(PZ - , k '
f Py
i 9, #0. (2.20)

Omitting the transformations, for the first period through the simultaneous solution
of these equations (2.17), we get:

Ui=70+ 12+ 02 + Bus

XHI — R32 COSUI _[Cl + R2 - R3K Sin(P2 + R3K([)2 + R2T2:|+ stin (PZ +'Y0 +T2 .

sinU; ’
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k 2

f o, =Y 1

-Y = —Cthl[ Xul - R32 COSU] _Cl - R2 - R3K Sin([)2 -

_R3K(P2 - R2T2 + RzSin (Pz +'YO + Ty ]+ R2 [COS —(P2 + 'YO +T2 —1]+ (221)

+YH1 — R2 — R3K COS(Pz -1 +R32 SinUl;

K X

f’(pz — Hl_

Ry cosU; —[ Cy = Ry =Ry Singy —Ry0p —Rots | s
Sin2U1

stin 0y +Yp + T2
+

) - Cthl[RSZ SinUl - RZ - R3K COSp, — R3K -
sin“U;

—R2 COS @y +vg+7To ]— R2 sin 0y +Y9+ T2 + R2 — R3K sin (0)) +R32 COSUl.
By means of similar transformations for the second period we get:
Up =70+ @2 + Pu;

Xy —RspcosU; —Ry[p —sin yg+¢, 1,
sinU, ’

U2=

k

2 1
fro, =YY" =Y 7 =ctgUy[ Xy —RsycosUy —C— Ry(py -

2.22)
=sin @ +7o )] =Yy —R3psinU; —Ry(cos @, +v¢ —1);

.k X1 —Rsp €osU; =[ C; =Ry (92 —Sin ¢y +7¢ |
sin“ Uy

+ ctgU4[R3, sinU; —Ry(1—cos @5 +vg )]+Rosin @, +vg —Rgp cosUy.

Assuming that the contact of teeth takes place during the third period, we get:

Uleo—(Pz“'Bm;
X

ul — R32 COSU] _I:Cl + Rz - R3K Sin(I)2 + RSK(P2:|+ RzSin P2tV

SinUl
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k

f ®y =Y 2 -Y 1 = Rz[COS —Po +Yg —1]—Cth1[ XH] —R32 COSU] -
_Cl + R2 — R3K Sin(Pz +R3K(P2 +R25in —Ps + Yo ]+Y111 +
+ R, — R, 1-co0sp, +R;3,sinUy;

(2.23)
f' (pzk = R,sin —¢py+7¢ —cosec’U; [X —RspcosU; —Cy + Ry =R, sing, +

+R, 9y + RysiN —y +7v ]-cCtgU;[-R3,sinU; + R, =R, CcOsp, + R, —

—Ry =y +79 ]+ Ry —R, sing, —Rz, cosU;.

On the basis of the equations (2.21) — (2.23) the value of the arc of traverse of a
pulley @, corresponding to the initial contact of teeth, i.e. the value vy is defined.
The formulas are universal, they can be used for the research of kinematics of

transmissions with semicircular teeth, where, = B, and the values R, are a little bit

increased (see Fig. 2.10, b).

After the solution of the equations (2.21) — (2.23), it was established that at t, = t,,
the contact of teeth takes place at rolling of an interdental space of a belt along a cylindri-
cal part of the tip of a tooth of a pulley, i.e. at the second stage of an input in gearing. The
initial contact during the first period of an input in gearing is observed A > 0.2m; z,;, > 100.

Thus, at the research of kinematics of the majority of designs of toothed-belt trans-
missions it is possible to limit the analyses to the 2" and 3¢ stages of an input of teeth in
gearing.

It is also established that the value y; depends on the number of teeth of a pulley
Zy, the angular displacement of belt teeth under loading A and the size of the module of a

belt m. It can be expected that it is connected with the absence of geometrical similarity of
tooth profiles of different modules. With a fractional error (no more than 3 %), the values

of y1 can be found by the following dependence [79]:

yi =kzot 1+0,31A | (2.24)

where kmy; — the factor of an angle of an input of teeth (Tab. 2.3).
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Tab. 2.3. Factor of the input angle of teeth in gearing

Type of | Module

1.0 1.5 2.0 3.0 4.0 5.0 7.0 10
teeth m, mm

trapezoidal Km1 188 | 212 | 205 | 272 | 217 | 250 | 304 313

semi-

circular K1 e | = | = | 346 | 290 | 271 | --

The calculations show that at A = 0, m =4 mm, z = (15; 20; 40); y; = (14.5; 10.85;
5.42) accordingly, which is 1.6...2 times less than the values, got by the dependence (2.4).

We use the above-stated algorithm to define the angle of output from gearing y,. Let’s
write the matrixes of transition from the moving systems of coordinates to the fixed one. Accord-
ing to Fig. 2.12 for the first period of an output from gearing we have:

Fig. 2.12. The beginning of disconnection of teeth at an output from gearing:

1 0 —a cospz —singz 0
Moa= |0 1 —bp|, Mop=|singg cosepz —Ryl,
00 1 0 0 1

where ag = Sp + 2(hp + 3)tgPp — C1 + (R2 — Ry )Sing2 + Ryp2; bo = (R2 — Ry)(1 — cosgy);
3= 22— 0.
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For the second period (Fig. 2.13):

1 0 —q cosg, singpy, O
MOl =0 1 0 , M02 =|-sin 0)] COS(P4 —R2 s
00 1 0 0 1

where ag = Sp + 2(hp + S)tgBp — C1 — Rag2; 91 = 92 + ©.

Fig. 2.13. Rolling of an interdental space of a belt along the tip of a tooth of a pulley

For the third period (Fig. 2.14):

1 0 —q coseps sSings O
MOl =0 1 —bo X M02 =|-sin Ps COS(PS —R2 ,
0 0 1 0 0 1

where ag = — [C1 + Ry@2 + (R2 — Ry)singz + Rota — [Sp + 2(hyp + S)tgB ],

by = (R2 — R3K)(1 — COS([)z); Ps =@ + O + 1o

-60 -



Fig. 2.14. Final phase of an output from gearing

As in the previous case, the full disconnection of profiles can take place in any period.
But the condition of equality of radius-vectors in the point of the contact loss is constant.

Let's find the equations for the determination of y,. For this purpose we write down
the equations of the parts of interacting profiles in their own systems of coordinates.

The first period is characterized by the equations:

Xy =Ussiny; ex1 = cosPp;
Yy =-U;c08Bp; ey1 =sinfy;
XZ :XH22+RH11 COSUZ; Y2 =YH22+lesinU2;

X2 == Ry =Ry =8 sin®; Y5 = Ry =Ry —8 cos®;

ey 2 =COSUy; eyo =sinU,.
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Proceeding to the fixed system of coordinates, we get:

x ! =UgsinB, —ay; exl =cosPp;

1

Y ! = Ujcosp, —by; &, =sinfp;

X2 = (X2 + Ryyp €0sU;)coses — (Yyon + Ry SinU, )sings;
Y 2 = (XH22 + le COSUz)Sln([)3 + (YH22 + le SinU2)COS(P3 — Rz, (225)
2 _ 2 .
ey =cos(U;, +¢3); ey =sin(U; +o3).
After some transformations we get:

X122C0S @7 =@ =Y 558N @ —O + Ru1€osp, +ag

sinB,,

1:

(2.26)
U2 = Bp -0 + 0.

Using the iterative formula (2.20) for the first period, we have:

k
f(p2

=y ?-yto X2Sin ¢ =© +Y);508 ¢ =@ — Ry + Ry sinf, +
+CtgP,[X 1208 @ —O =Y psin @y O +Ry;COSP, + Ry py +
+(R2 - R3K)Sin(p2 _Cl +2 hp +9 thp + Sp]+ (RZ - R3K)(1 _COS(PZ)Q
(2.27)
f' (p2k = X208 9 —© =Y o8in @ —© +ctgB,[— X ;psin ¢, -O -

_YH2COS 02 -0 + R3K + (RZ - R3K)COS(P2] + (RZ - R3K)Sin(P2'
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For the second period:

X1 =UssinB,; ex = cosfy;
Yy =-U;c08B,; Byy =sinfy;

Xo =X o + Ry cosUy; Yy =Yoo + Ry sinUy;
ey o =CosU,; ey, =sinU,.

In the fixed system of coordinates the expressions (2.25) become:
1 . 1
X * =Ugsin, +ay; ex =cosPpy;
1 1.
Y & =-UjcosP,; &y =sinfy;

X% = Ru1€0s(Uy — 9y —@) + X pC08(9, +O) +Ypsin(p, +©);
Y % =Ry sin(Us — 0y —0) — X 18in(e; +©) +Y,,c08(¢ +©) — Ry;

ex2 =cos(U, — ¢, —0); eY2 =sin(U, —¢, —0).

After the transformations we get:

Ry + XpSin ¢ +© =Y 5C08 0y +© — Ry sinf,

U
! cosp,

(2.29)
U2 = Bp +¢y +0.

-63 -

(2.28)



Applying the iterative formula (2.20) to (2.29), we get:

k

f gy =X2 =X =tgB[Xypsin ¢ +O ~Yyocos @) +0 +R,—

—le Sian]—[Rz(pz +C1 +2 hp +90 thp —Sp]_ le COSBP -

-XLIZ COS 10)) +0 _YI-I2 sin 10)) +0 ,

(2.30)

rk . .
f (p2 =thp[XuchS (p2+® +Yu23n 05} +0O ]—R2+Xu28|n 05 +0 —Yuzms (05} +0O .

For the third period the equations of the parts of profiles in their own systems of
coordinates are the following:

Xlzulsinﬁp; ex1=cos[3p;
Yy =-Uj cosB; ey =sinBp;
ey o =Cc0sU,; ey, =sinU,.

Coming to the fixed system of coordinates, we get:

x ! =Uysinp, +ap; ex1 =CoSPy;
1 1 o
Y = =-UjcosP, —by; ey =sinpy;
X 2 =RHIICOS(Uz—(P2—®—T2)+XH2COS((P2 +®+T2)+Yuzsin(([)2 +®+T2); (231)

y2 o Ru1 SiN(Uy =y =O —15) = X5 SiN(@p + O +15) + Y5 COS(p +O +15) = Ry;

exg)= cos(Us —pp —O—1,); ng): sinU, —py —O—15).
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Solving together (2.31), we receive:

Ry + X,p€0S ¢ +©@+15 +Ypsin ¢ +O+15 +Ry;;COSP,
= +
sinf,,

N R3K(p2—(R2—R3K)Sin(p2 +C1+2 hp+8 thp—Sp+R2T2 )

sinf,,

1

(2.32)

U2 :Bp +(p2 +®+T2.

The equations for the calculation of ¢, (y2) during the third period, obtained from

(2.32), are the following:

f (P2k :Y 2 —Y 1 :—Xuzsin (p2+®+'t2 +YHZCOS (p2+®+T2 —R2+Rm18ian+
+CtgB[X 12 COS @ +O+71y +YpSiN @ +O+15 +Ry COSP, + Ry — 233)

—(Ry —Ry)singy +C +2 hy +38 19, =S, +Rotp ]+ (Ry =Ry )J(A-C0s 9);

f’ (sz =—XH2COS (05 +®+T2 — stin (0)) +®+T2 +Ctgl_))p[—xu2x

x8IN(Qy +O+19) +Y» COS Py +O+1y +Ry —(Ry =Ry ) COS @y ]+ (Ry =Ry )sing,.

The results of the calculation of the equations (2.27), (2.30) and (2.33) testify that the
mutual sliding of teeth of a belt and a pulley is observed, basically, at the first and second

stages of an output from gearing. The loss of contact at the third stage of an output from
gearing is possible at t; > t,, and z,, > 120. For engineering calculations the dependence for

the determination of s is the following:

vy =kmpz % 140,284

where km, — the factor of the outlet angle (Tab. 2.4).
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Tab. 2.4. Factor of the outlet angle of teeth in gearing

Type of | Module

1.0 15 2.0 3.0 4.0 5.0 7.0 10
teeth m, mm

trapezoidal Km2 214 | 206 | 235 | 308 | 252 | 286 | 342 352

semi-

circular K2 =" =" --- 346 290 271

The developed methodological approach to the research of kinematics of a toothed-

belt gearing also allows the determination of the speed of mutual sliding of teeth.

2.3. Sliding of teeth in the zones of the incomplete profile

gearing of toothed-belt transmissions

The velocity of the relative sliding of teeth in the zones of the incomplete profile
gearing Vg is defined by the angular velocity of a pulley ® and the radius of rolling of a
belt along a pulley p. Let’s define vy, considering the rotation of a belt around the pitch

point P (Fig. 2.7) with the angular velocity o, = — ok, where k —a unit vector of coordinate
axis Z of the system XOYZ.
In this case

Vg = Op.

We find the length of the vector p from the evident relation:

where X 1 YO _ the coordinates of the point of contact of profiles in the fixed system of
coordinates, known from (2.17), (2.18) etc.

The calculations show (Fig. 2.15) that the maximum sliding velocities are observed
in the points of the beginning of contact of teeth at the input in gearing and their discon-

nections at the output from it.
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Fig. 2.15. Influence of a phase of gearing on the sliding velocity of profiles:
F — point of transition from rolling along an involute to rolling along a circle

(* - experimental data)

In such a case, the sliding velocity at an input in gearing is 1.1 times more than at
an output from it. It is obvious that it is caused by less values p at the output from gearing.

Thus, it might be proved, that at the output from gearing (especially with a driven
pulley) the less intensive wear of belt teeth (than at the input) is observed. It happens be-
cause the lowered efforts on outputting teeth from gearing (due to the difference of diame-
ters of pulleys) in the combination with the reduced sliding velocity lead to the essential
decrease of the friction power.

For the engineering calculations the following dependence for the definition of the

sliding velocity is offered [80]:

kyo Kio%+K, , mm/s 0<o¢,<F
vg =g X T2 Px = (2.34)

k,oKs, mm/s F <oy <]

where ¢, =@, /[y, or ¢y =, /[y, —the relative arc of traverse of a pulley in the limits of

entrance and outlet angles; k, = 1 for the angle y; and k, = 0.56 for the angle 5.
The other parameters, included into the formula (2.34) for the belts of various mod-

ules with trapezoidal and semicircular teeth, are given in Tab. 2.5.
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Tab. 2.5. Parameters for the definition of sliding velocity of teeth in gearing

SR I
3.0 16.72 1.08 8.50 0.23 2.01
trapezoidal 4.0 18.85 1.08 9.51 0.26 1.99
5.0 13.74 1.47 11.12 0.28 1.67
1.0 3.03 0 2.22 0.375 1.753
1.5 4.52 0 3.10 0.360 1.80
2.0 6.05 0 4.01 0.342 1.805
semi- 3.0 6.7 0.637 6.52 0.280 2.445
circular 4.0 5.62 1.020 7.0 0.265 1.433
5.0 13.55 1.274 10.15 0.260 1.704
7.0 17.88 1.528 17.46 0.230 1.342
10.0 27.25 1.974 25.71 0.190 1.347

The value Fy shows the part of the angle (), where the sliding of teeth occurs
along the involute. In this part vg decreases linearly at an input in gearing. After passing
the involute part, corresponding to the second period of an input in gearing, the center of
rotation of an inputting tooth is displaced to the zone of the radius of rounding of a tip of a

pulley tooth. The modulated reduction of vg up to its stabilization begins. In particular, for

m=7mm;z=20and ® =1 s Vg max = 17.46 mm/s and V| min = 1.73 mm/s, i.e. in the fi-
nal phase of the input in gearing the sliding velocity goes down practically up to 0, which
corresponds to the really observable phenomena. For the belts with semicircular teeth
m = (3; 4; 5) mm, Vg max = (8.50; 9.50; 11.12) mm/s and Vg min = (1.13; 1.14; 1.60) mm/s

accordingly.

2.4. Sliding of flexible link in the belt transmissions of a frictional type

The accounting of the influence of eccentricity of the tangential effort application
(friction forces) to the flexible elastic link, leading to the occurrence of shearing defor-
mations, allowed to explain the mechanism of work (in particular of a belt transmission)
more reasonably.

In the case of neglecting of the final thickness of a belt the maximum permissible
errors are mostly observed in the belt transmissions, in which high-strength fibers, film,
metal cord with rubber covering, are used as traction elements making the bearing layer. In
this case, the bearing layer serves for the transmission of a pull, and the layer of a belt be-
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tween a pulley and traction elements provides the necessary frictional properties and
transmission of loading from the surface of the pulley to the bearing layer.

In the case of the little compliance of a bearing layer, providing practically a non-
extensibility of a belt at work, it is impossible to make the proved analysis of the mecha-
nism of work of a belt transmission, taking into account only the deformation of the belt
tension.

The account of the final thickness of a belt is given in the works [81, 82, 83, 84]. It
was established that the part of an arc of contact, where there is no elastic sliding, is the
working section, and within its limits the transmission of a part of a pull, due to the action
of shear deformations, is realized.

In the work [81] the preliminary displacement of flexible bodies at their transmis-
sion of a tangential force is investigated both theoretically and experimentally.

In the work [82] the determination of the tangential forces is made through shear
deformations. The change of these deformations is connected with the relative loss of the
belt speed at climbing on pulleys. The given work contains the solution of a problem of
sliding in a belt transmission in view of a belt operation within the limits of an arc of mesh,
in which the shear deformations are determined by the difference of speeds accepting some
additional conditions.

In the work [83] the research of transmission of a pull by an elastic thread at the ab-
sence of slippage within the limits of the whole arc of contact is given. In such a case the
lining of a pulley has shear deformations, and the model of the interaction of the pulley
layer with a thread is taken as a big number of radially directed rods. However, in the giv-
en solution at the definition of elastic parameters it is implied that the factor of proportion-
ality of a tangential component of an effort to the deformation is characterized only by the
module of the shear. The influence of the lining thickness, which value defines its shear
compliance, is not accounted.

In the work [84] the assumption about a non-extensibility of traction elements of a belt
Is accepted, therefore the shear deformations on an arc of mesh increase linearly. As a conse-
guence of such an assumption a relatively simple solution was worked out. However, the error
of this solution increases with the augment of the compliance of a bearing layer.

The account of the final thickness of the belt leads to the following scheme of the
interaction of a belt with a pulley. The elastic layer of the belt, providing the transmission
of loading from the surface of the pulley to the traction elements, is in the state of the shear

deformation at the transmission of the pull by the belt. The shear deformations cause the
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occurrence of the tangential forces between the belt and the pulley surface. These defor-
mations, starting in the point of climbing of the belt on the pulley, increase in view of the

changes of a belt tension until the adhesion forces between the belt and the pulley p¢, are

enough for the neutralization of shearing tangential forces ps, (Fig. 2.16).

A sh q, bearing

q, layer \

Fig. 2.16. Loading of the element of flexible link on the arc of mesh

In the point, where this condition is not satisfied, the disengagement takes place and
the arc of the elastic slippage develops. Within the limits of this arc the remained part of
the pull is transmitted due to the sliding friction between a belt and a pulley. Thus, the lim-

iting condition of the absence of the belt slippage, relating to the pulley, is the following:

Psh = Pep - (2.35)

According to the given scheme of the interaction of the belt and the pulley within
the limits of the arc of mesh the belt with the pulley represents the bodies, connected with
the help of excentric-loaded continuous contact layer. The calculation of the elastic contact
in the part of the determination of efforts in the zone of contact and kinematic displace-
ment of bodies reduces to the solution of the equations, taken from the condition of the
compatibility of displacements for the contacting interfaces of the points of bodies, ac-

counting the balance equations and boundary conditions [85].
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The pulley rigidity should be considered as infinitely high in comparison with the
belt rigidity. In such a case the equations of balance and boundary conditions should be
calculated in accordance with the above scheme of the interaction of the belt with the pul-
ley. According to such a setting of a problem, hereafter, the tangential forces are defined
directly from this solution without any connection with kinematic conditions, which allows
reducing of the number of assumptions.

Let's study the general case of transference of a pull in a belt transmission, suppos-
ing that it is partially realized within the limits of the arcs of the relative rest.

As a supposition we accept that the factor of a frictional rest pg has some limiting

value; the factor of a sliding friction f is constant; the inertial forces are not large; the an-
gle of shear throughout the height of a belt is constant; the factors of compliance of bearing
and elastic layers of a belt have the final and constant values.

The factors of compliance of bearing and elastic layers of the element of a belt on

an arc of contact of a pulley of the radius r are determined by the expressions:

i—rd—(p' c= 0
ESb’ Grbde’

where E, G — the modules of elasticity at tension and shear accordingly; & — the thickness
of a belt between a bearing layer and a surface of a pulley; b — the width of a belt; r — the
radius of a pulley, mm; d¢ —the angle of an elementary arc.

The factors of the specific compliance of bearing and elastic layers for the belt of

the unit size (rde = 1; b =1) are:

d
; —. 2.36
ES G (2.30)

The pull, implemented due to the belt adhesion with a pulley, induces shear defor-
mations in each section of the arc of the relative rest:

1
Ash =0.Crdo = % (2.37)
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where g, — the pull intensity in the zone of the arc of adhesion, operating along the bearing
layer.

In such a case the specific tangential force in the zone of contact of the belt with the
pulley is determined by the expression:

AgpbG

Psh = )

)

from which, accounting the expressions (2.36) and (2.37), we get:
Psh = 0. (2.38)

The adhesion effort of the belt with the pulley depends on the factor of the friction-
al rest ug and the radial specific pressure on the pulley q,, which is defined from the ex-

pression:

qn:_1

where F — the tension of a belt of an arc of adhesion.
Thus,

F
Pep = (2.39)

The effort g; and the tension F are the variable values in the expressions (2.38) and

(2.39). The connection between these parameters is determined by the differential equation

of the stationary motion of flexible link of the first order:

d (F

For the determination of the law of the change of intensity of a pull at the absence
of the elastic sliding we accept the following model of contact of a belt with a pulley, as-
suming that the belt adhesion with the pulley surface takes place in a point. The elastic lay-
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er of a belt between traction elements and the pulley surface can be reported in the form of
the infinitely large number of cross-mounted radial rods, working only for shear.

The similar models are often used at the description of the elastic contact. Such a
model is accepted in the work [83], where the angle of declination of rods, replacing the elas-
tic layer of lining of a pulley, is proportional to the tangential component of an effort from a
thread. Having accepted the discrete model of contact of the belt with the pulley, the intensi-
ty of loading change between the rods can be found in the form of a continuous analytical
function.

The realization of a pull within the limits of an arc of contact by means of the shear
deformations leads to the irregularity of the initial position of rod-connections. Accepting the
above scheme of the distribution of shear deformations in the belt, the angle of declination of
rods from the radial direction on the both pulleys increases from the point of climbing, in
addition, the angle is equal to zero for the rods in the point of climbing of a belt on pulleys
(Fig. 2.17).

For the work of a scheme of the deformation of rods, the distance between them
over the bearing layer should be less than the distance over the surface of the drive pulley.
For the driven pulley this ratio is inversed. In this case the condition of the deformation
compatibility is the following:

fn - fn+1 = An, n1— A, (2.41)

where f,, f,+1 — the deformations of n-th and (n+1)-th rods; Ap +1 — the deformation of a

bearing layer between rods; A — the difference of rod steps over the bearing layer and the

pulley surface, providing the given scheme of the deformation of rods.

bearing

) l / layer
L l
’ \ A11
drive (Pn n
p.ulley : { _d(P A i
< ' A 7 1]
/ P
elastic /

layer

Fig. 2.17. Change of shear deformations in flexible link
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Expressing the deformation in terms of the power and elastic parameters of a belt
with the length rde and width b, we get:

C1

1 1
irdo irrde
brde (Fn —Fhia) = b (Ftcp —Ry) - b AF, (2.42)

where Ficp — the pull, transmitted by the belt (within the limits of the arc of mesh); F, — the

effort to n-th rod; R, = F1 + F, +...+ F,; AF — the effort, corresponding to the difference of
the steps A.

In the equations (2.41) and (2.42) the parameters A and AF are the constant values,
independent of n and determined from the boundary conditions.

The distribution of efforts between the rods can be found by analogy with the solu-
tion of the problem of the loading distribution between teeth in a toothed-belt transmission
[86], as the interaction of a toothed belt with a pulley at the infinitely small thickness of
teeth is the analogue of the accepted above model of contact of a belt with a pulley. Ac-

cording to the solution, given in [87], we denote:
Fr =Rn—Rn1 =ARy;

I:n+l = Rn-n-l - Rn = ARn+1-
Thus,

F,—Fq =AR, —AR,,; = A®R,.

where AR — the first divided difference; AZRn —the second divided difference.

As the second divided difference is close to the value of the second derivative, the
equation (2.42) can be written in the form of the differential equation of the second order

with a constant right part:

d?Rn
d(p2

+aR, = oc(Fth —AF),

where o = (it/ct)r2.
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The complete solution of this equation is the following:
Ry = Figp — AF + Ce¥*%n 4 CpeVo0n (2.43)

where Ci, C, — constants.

Taking into account the value R,,, the tensions of a belt within the limits of the arcs

of mesh on drive and driven pulleys are determined by the expressions:
For =F—-Rn:; Foy=F+R,, (2.44)

where F1(») — the tension of the driving (following) sides of a belt.

The intensity of the change of a pull (tension) along the arc of mesh can be defined
by using the differential equation of stationary motion of flexible link of the 1-st order re-
lating to the tension in the form of the expression (2.40), from which, accounting the ex-
pressions (2.43) and (2.44), we get:

Ja _
q‘L‘ = T Cle\/a(p" +C2€ \/a(pn . (245)

For the determination of C;, C, and AF we use the following boundary conditions:
at =0 — R, =0; q,=0;at ¢, =gy — Ry =Fgp-

As a result, we get:

F
C,=C; = = (2.46)
2(chJ&(pcp—1)
Chx/a(pc
AF = Ry ——2—. 2.47
tcp Chx/a(pcp—l (2.47)

Accounting the expressions (2.45) and (2.46), the dependence (2.38) becomes:
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Fiep Jo Sh\/a(pn
r chiagg -1’

and from the expression (2.39), accounting (2.43), (2.46) and (2.47) for drive and driven

Psh =0, = (2.48)

pulleys accordingly, we have:

Ch\/a(pn -1

n _
cp

Finally, accounting the expressions (2.48) and (2.49), the condition (2.35) for the

point of the action of the maximum shearing effort, when ¢,, = ¢,,,, becomes:

Fep-A=1s R FRep o (2.50)
where 4 — the factor, characterizing elastic and geometrical parameters of flexible link

~ Nashogg,

A=z—————.
Ch\/a(pcp -1

(2.51)

Within the limits of the arc of mesh Pep from the point of climbing of a belt on pul-

leys to the point with the limiting value of shearing tangential efforts a part of the pull

Fiep is transmitted due to the realization of adhesion forces between the belt and the pul-
ley. On the other part of the arc of contact — ¢, from the point of disengagement to the
point of running-out of a belt from pulleys the remained part of the pull K is transmitted.

Hence, in the point, corresponding to the border of the arcs of mesh and sliding (Fig. 2.18),
the tension of the belt is:
on the drive pulley

an:Fl_Ftcp:FZ"'Ftsl;

on the driven pulley
Fon=F-FKsg =R +Fy.
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Fy

Fig. 2.18. Forces on the belt within the limits of the arcs of contact:

1 —drive pulley; 2 — driven pulley

Using the expression (2.50) for the arcs of mesh and Euler's equation for the arcs of

sliding, we can write the following system of equations for the drive and driven pulleys:

Fth _ 1 . F2 + FtS| :ef(p5| . (2 52)
FRA F ’ '
— +1 2
Hs
Fth _ l : Fl — efq)s| . (2.53)
F, A_, FR-FRgy
Hs

Solving them with the account of i, = F; —F, = R, + Fg, We get the dependences

for the determination of the traction factory = R —-F, / R+F, :

for the drive pulley

efo (1+“A5j—1
%= ; (2.54)
el (1+P:']+1
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for the driven pulley

e s _[1_1”:j
x= : (2.55)
el +(1—P:J

Let's consider some special cases. At the pull transmission and the occurrence of

the belt slippage within the limits of the whole arc of contact (¢, =0; @g =), i.e. at the

limit of the origination of slipping, the factor A has the uncertainty 0/0. Using L'Hospital

rule for the expression (2.51), we get:

chv/oup
limA = Jo ———

Pen -0 sh \/E(Pcp

where at ¢g, =0—> A=co.

Thus, the dependences (2.54) and (2.55) change to Euler's equation:

efos _1

= : 2.56
L= Fou g (2.56)

At the pull transmission by means of the shear deformations without a belt slippage

relating to the pulley (o4 =0; Pcp = ¢) the dependences (2.54) and (2.55) become:

1

=50, (2.57)
2R
Hs
where "+" — for a drive pulley; """ — for a driven pulley.

From the dependence (2.57) it follows that the danger of the occurrence of slippage
arises on the drive pulley at the less value of transmitted pull than on the driven pulley.
According to this, the maximum pull, transmitted by the belt at the absence of the elastic

sliding, is determined by the expression:
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F1+F2 - 2F0

I:tcpmax = = :
%+1 %+1

Mg Us

where Fo — the preliminary tension of a belt.
In the case of using of flexible links with a bearing layer of the increased rigidity,
we accept the assumption about its non-extensibility (o« —0; i—0). In such a case, in-

serting the small parameter (i =0), from the expression (2.48) we get:

_Froo o0
==
Pep

Psh

I.e. at the infinite rigidity of the bearing layer of flexible link the shear deformations, be-
ginning from 0 at the point of its climbing on pulleys, increase linearly along the arc of
mesh.

With the introduction of a small parameter from the expression (2.51) we get

A= 2/(pCIO and, in this case, the dependence (2.57) becomes:

The analogous dependence is derived at the same initial supposition in the work
[84]. Hence, in the assumption of a non-extensibility of a bearing layer of a belt the trac-
tion factor does not depend on the radius of a pulley. For the extensible bearing layer with
the increase of the pulley radius the traction factor decreases.

The analysis of the received results at the following numerical parameters is given

below: pg = fi =0.35; G=1.0 MPa; §=2.5 mm; the compliance of the elastic belt layer

cl=5/G=25 mm’/N; the compliance of a bearing layer it

0.02 mm/N; r =50...100 mm.

Assuming the absence of the belt slippage relating to the pulley within the limits of

changes from 0 to

the whole arc of contact ((pCIO =@ =180"), using the expression (2.57) in Fig. 2.19, the de-
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pendences y of the compliance of a bearing layer of a belt for drive and driven pulleys are

shown.
1
N
0.1 ‘\“%f N e
’ k é{}é\%: l_r R R
\‘*-“—".--E T e T e L o M T X Ll T i, : o N ‘
' - ‘H—TEL_ e T T SR T
0.0001 /1] 0001\ 0.002  \_0.005 0,01 0.015 0,02
il mm/N
metal cord "

Fig. 2.19. Dependence of traction ability of a belt of the compliance of a bearing layer:

—r=50 mm;, === —r=100 mm

1 —drive pulley; 2 —driven pulley;

The received graphs show that for the belts with the metal cord bearing layer

(mm/N) it =0.0001 the values y are: for a drive pulley ~ 0.19; for a driven pulley = 0.31,
and in the interval of possible values of the compliance factor of a bearing layer along with
the change of the pulley radius the values change slightly. For common belts (at the com-
pliance factor of a bearing layer i* >0.010f mm/N) y becomes less than 0.5 and changes
proportionally to the pulley radius change.

While the arc of mesh decreases, x increases up to the limiting value at ®cp =0.

In Fig. 2.20 the dependences y of the value of the arc of sliding ¢ , made with the

help of the expressions (2.54) and (2.55) at r =75 mm and (2.56), are shown.

According to Euler's formula, at ¢g = = the limiting value of the traction factor is:

lim = "035 ., “°-
im eTC 0.35 +l

Thus, the calculations, made on the basis of the given technique, show that at the
accepted initial parameters for the belts with the metal cord bearing layer at the power

making up to 38...40 % from the nominal power, the loading transmission is completely
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ensured by means of shear deformations. For common belts this value is less than 10 %. At
the transmission of higher power the zone of the elastic sliding (firstly on the drive pulley

and then on the driven pulley) takes place.

(Psl
160
140 ',//}L
120 '/[ .
1'// ///
100 .
AV
80 '/ -'I /I
/1 Y /!
60 AN,
,n/ Q /Vy '/ I
40 v A
L l // ; ’
20 > '/ ,I £
7 / .'
0 £ 7 X

Fig. 2.20. Dependence of traction ability of a belt of the value of the angle of sliding:
1 —drive pulley; 2 —driven pulley; = = = — it = Q; =r='=— _ it =0.0001 mm/N;
—— i1 =0.01 mm/N — formulas (2.54) and (2.55); ="= — formula (2.56).

The received results show that the account of shear deformations at the estimation
of traction properties of a belt transmission in a much greater measure is important for the

belts with a bearing layer, made of slightly-extensible traction elements in the form of met-

al cords, polyamide cords or cords from fiber glasses (i1 <0.002 mm/N), for which the
above model of the interaction of a belt with a pulley.

The compliance of the belt elastic layer also influences the traction ability of trans-
mission. In this case, the more compliant the belt elastic layer is, in comparison with the
compliance of its bearing layer, the larger part of the traction effort is transmitted in the zone
of the relative rest.

Thus, the predetermined combination of the compliance of bearing and elastic lay-
ers of a belt can probably provide its corresponding bearing ability.

At the account of the final thickness of a belt the relative speed loss, which is
caused by the different tension of driving and following belt sides, makes only a part of
total speed losses in transmission, as the difference of speeds of a pulley and a belt bearing

layer is partially provided with the shear deformations of the belt. Hence, the total speed
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loss in transmission is developed from the relative speed losses &4y, and &gy, on the drive

and driven pulleys, connected with the process of the increase of shear deformations after

climbing of the belt on pulleys, and the relative speed loss &p due to the different tension

of sides, i.e.

&=CEsh1 +Esh2 +Ep -

The sliding, determined by the difference of relative elongation of the belt sides, is

defined by the known dependence:

(¢)
§p=2x1§, (2.58)

where o — the pretension pressure in a belt.

The sliding, connected with the occurrence of the shear deformation, is determined

by the relation of the value of the shear deformation Ay, . to the length of the arc of

mesh ro., . Accounting the expressions (2.37), (2.48) and (2.51), the maximum shear de-

formation on the line of disengagement is:

1
Y9 1:Ftc_pcA.
6-r

The finally required sliding is determined by the expression:

Soh = = : (2.59)

At a small compliance of a bearing layer, when it can be accepted practically non-

extensible (i =0), accounting that A= 2/(pcp , the last expression becomes [84]

2Fep C

2

gsh - 2 .
br Pcp

(2.60)
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The expressions (2.59) and (2.60) show the dependence of sliding on the radius of a
pulley and the values of the arc of mesh, with the reduction of which the relative speed loss
increases. This circumstance, confirmed experimentally, is not represented in the formula
(2.58). Besides, the linearity of the relative sliding, resulted from the formula (2.58), is ful-
filled, according to the expression (2.59), only till the moment when the arc of mesh ex-

tends on the whole arc of contact, i.e. atgc, = ¢. In this case,

F cpc1 Ja Sh«/a(p
¢-r2p  chdop-1"

Esh =

At the further increase of a pull, while the arc of mesh is reducing, the linearity of
the relative sliding, according to the dependence (2.59), is broken, and in the limit when

®cp =0, the slippage extends on the whole arc of contact, in this case, the relative speed

loss is equal to the infinity, i.e. it leads to slipping.
The sequence of the determination of the relative speed loss, owing to the shear de-
formations on the drive and driven pulleys, is the following.

Supposing the validity of the ratio F; + F, = 2F, with the use of the dependences

(2.54) and (2.55), the pulls on drive and driven pulleys are defined at different values of

the angle o :
e fosl (14_:5 1 efos _ _F;S]
Fiy =2k , Ro=2FK f :
el (1+i\5]+1 'l +[1—F:j

Hereafter, according to the expressions (2.52) and (2.53), the values of pull quanti-

ties, transferred by means of adhesion forces, are defined:

FO +O'5Ftl FO —O.5Ft2
Fepp=—7— hep2=—7%—
—+1 —-1
Mg Mg
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Finally, from the formula (2.59) the sliding, caused by the shear deformations on
the drive and driven pulleys, can be defined.

In Fig. 2.21 the curves of the relative sliding, received in the result of the calcula-
tions on the developed dependences, are presented. In this case, it is accepted: cl=25
mm*/N; it =0.0001 mm/N (the bearing layer in the form of metal cord); r = 75 mm; pg=

fs =035 ¢=mn; Fp =70 N/mm;u=1

Fig. 2.21. Curves of sliding: 1 — calculated curve for a drive pulley; 2 — calculated curve

for a driven pulley; 3 — total calculated curve; 4 — theoretical [84]; 5 — experimental [84]

The values of the angles of mesh are given on the calculated curves of sliding for drive
and driven pulleys accordingly. In the same place the experimental curve of relative sliding for
a belt with a bearing layer of a steel wire and also the theoretical one (in the assumption of
non-extensibility of a bearing layer, according to the data resulted in the work [84]), are given.

The error of the calculated curve of sliding from the linear dependence begins at
¥ = 0.22, when the angle of mesh becomes less than 180° on a drive pulley, i.e. with the
occurrence of the arc of sliding. At x = 0.38, when the arc of sliding does not occur on the
driven pulley yet, and it extends to the half of the arc of contact on the drive pulley, the to-
tal curve of sliding has already a considerable declination from the graph of the linear de-

pendence. In the section, where the calculated curve of sliding asymptotically approaches

the ordinate, corresponding to ymax, the angles of mesh on the pulleys make from 30° up to
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45° (3 max =~ 0.45). It follows that not only within the limits of a rectilinear section of the

sliding curve, but also within the limits of a curvilinear section, the work of transmission
remains stable and it is far from the occurrence of slipping at a sufficiently guaranteed val-
ue of the angle of mesh.

In this connection the right method of the approach to the choice of loading corre-
sponds to the calculation of transmission by the reserve of mesh. Thus, having the opti-
mum reserve on the values of the angle of mesh on a drive pulley, it is possible to operate
the belt transmission by the loading ability more rationally. This angle makes = 70° for the
calculated sliding curve.

The analysis of the received results testifies that the relative sliding at a small influence of
tension of the bearing layer arises, basically, due to the shear deformations in the belt, and the
developed theoretical dependences for the calculation of the relative sliding are adequate to the

experimental data.
2.5. Factor of a face overlap of teeth in toothed-belt transmissions

Let's examine the technique of the calculation of the number of teeth in gearing zo
in view of the fact that the part of a pull is transferred by the teeth, which are in the zones
of the incomplete profile gearing, i.e. within the limits of the angles y; and 5. In this case,
Zo 1s equal to the factor of the face overlap of transmission, because toothed-belt transmis-
sions are carried out basically with spur teeth.

Let's consider the case of gearing of the belt with the pulley with the ratio

oG /tg = 3.92 (Fig. 2.22). We mark out the angles y and v, within the limits of one angu-
lar step tS and also 71 =ty — w1 and 12 = t, — y2. We consider the gearing in the reversed

motion, the rotation of the arc o in an opposite direction is adequate to the clockwise rota-

tion of a pulley.

Let's assume that at the initial moment, corresponding to the position 1-1 of the arc

o, the initial contact of a pair of teeth, inputting in gearing 00, took place. During the turn
of a pulley by the angle y; and moving of the arc o to the positions 2-2; 3-3 the pair of
teeth 00 inputs in gearing. When the arc o takes the position 4-4, the input in gearing of

the pair 00 finishes. The further turn of the pulley (position 6-6) during the angle 71, takes

place with the tooth 0, which has completely input in gearing, while the next pair of teeth —
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11 — does not start its input in gearing. The moment of contact of teeth of the given pair

corresponds to the position 7-7 of the arc of contact, and all the actions will repeat later on.

Fig. 2.22. Phases of gearing of a toothed belt ~ Fig. 2.23. Phases of gearing of a toothed
with a pulley (ag /tg = 3.92) belt with a pulley (ag /ty = 3.85)

The described input in gearing is similar to the other ratios og andtg. In this case,

the quantity of engaging pairs of teeth depends on the situation at an output of teeth from
gearing. Thus, the position 1-1 corresponds to the beginning of the contact of teeth 00 at

the input and to the beginning of the output from gearing of the pair 55 at the output. Con-

sidering all the engaging pairs of teeth at ag /tg = 3.92, for the position 1-1 we get

gy = 4 + 2 =6, at that, two pairs of teeth (00 and 55) are in the zone of the incomplete pro-
file gearing. The value g, = 6 is kept till the position 5-5, when after the turn by the angle
v, the pair 55 outputs from gearing. As the following pair 11 at the input has not input in
gearing yet, then g, =4 + 1 = 5. At the moment, corresponding to the position 7-7, there is
a contact of teeth in the pair 11 and the output from gearing of the pair 44 begins i.e.

€y =4 +2 =06 (as well as in the case 1-1).
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The similar processes occur at ag /tg = 3.85 (Fig. 2.23). The turn during the phases

1-1; 2-2; 3-3; 4-4 corresponds to g, = 4 + 2 = 6. At the moment, corresponding to 5-5, the
disengagement of the pair 55 takes place, and the further turn till the position 7-7 takes place
ateg, =4+1=05.

At ag Ity =3.46 (Fig. 2.24) during the turn 1-1; 2-2: g, = 4 + 2 = 6. The disen-
gagement of the pair 55 corresponds to the finish of the phase 2-2, and further

€, =4+1=5.

Fig. 2.24. Phases of gearing of a toothed belt ~ Fig. 2.25. Phases of gearing of a toothed
with a pulley (ag /t7 = 3.46) belt with a pulley (ag /t5 = 3.24)

At ag/ tg =3.24 (Fig. 2.25) the value ¢, = 6, corresponding to the beginning of the

contact of the pair 00 and to the last moment of the contact of the pair 55, is observed only

in the casel-1.
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At ag /tg = 3.08 (Fig. 2.26) in the case 1-1 the factor of overlap e, =4+ 1 =5as

the pair 55 at the moment of the contact of the pair 00 has already output from gearing.

This value ¢, is kept for all the positions of the angle o

Fig. 2.26. Phases of gearing of a toothed belt with a pulley (ag /tg =3.08)

Thus, if the angle o braces the arc on the pulley from the beginning of the angle

y1 up to the section of the angle t, in the zone of the output from gearing, the quantity of

the interfacing (mating) pairs of teeth zo = n+1, and it does not depend on the arc of trav-

erse of the pulley ¢,. In this case €, = zo.
In the last formula n designates the integral part of fraction [(ag + v1) / tg] - 0.5.
The value 0.5 shows that the beginnings of the angles y; and v, are shifted approximately

by O.5t8 , since the finish of an input in gearing is observed at the input in the zone of the

arc of contact o of the axis of symmetry of an interdental space of the pulley, and the be-
ginning of the output from gearing corresponds to the moment of the output of the axis of

symmetry of a pulley tooth from the zone of the angle o.

If o braces the arc from the beginning of y; up to the part of the angle 5, then at
the rotation of the pulley ¢, changes from zo up to (zo + 1) with the period t0 , which can be

presented by the following periodic function (Fig. 2.27) [79]:
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Fig. 2.27. Function of the change of the factor of overlap at the rotation of a pulley

In the expression (2.61) zo corresponds to the value of fractionag /tS, rounded up
to the nearest larger whole number. Thus, for the attainment of the stable and maximum

values g, the value og should be more than the whole quantity tg by the angle t,.

2.6. Experimental research of the sliding velocity of teeth

The main aim of the given research is to receive the experimental values v in order
to check the developed theoretical propositions.
Toothed belts with the module m =7 mm; z, = 71; B, = 32 and 50 mm, made by the

method of diaphragm vulcanization and having a wear resistant fabric covering of teeth,
are the main objects of the researches. The special stand (Fig. 2.28), working on the princi-
ple of the open power contour, was developed and made for carrying out of the researches
[80].
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Fig. 2.28. Stand for the measurement of the sliding velocity of teeth and loading of gearing

The strain-gauge beam with a measuring ledge is extended in cantilever on a strain-
gauge pulley (Fig. 2.29) with the help of an arm. The ledge moves in a slot parallel to the
lateral side of a tooth of a pulley.

Fig. 2.29. Strain-gauge pulley for the measurement
of the sliding velocity of teeth and loading of gearing

At the input in gearing the tooth of the belt interacts with the ledge of the beam, re-
ducing the gap width AR;, which is registered by strain-gauge sensors. At the output of the
belt tooth from gearing the elastic beam unsets.

The investigations are made on a toothed-belt transmission with a number of teeth
of pulleys z; = z, = 20. The received oscillograms (Fig. 2.30) are treated by the method of
ordinates. The replication of the experiment is 4 at reliability 0.95.
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Fig. 2.30. Oscillogram of the sliding velocity of teeth in gearing

The analysis of the received dependences testifies to the existence of two parts

within the limits of y;. The maximum sliding velocity corresponds to the first part, begin-

ning at the moment of contact of teeth. In this case, Vg max = 15.65 mm/s at @ = 0.78 s™.

According to the dependence (2.34) Vg max = 17.5 mm/s.

2.7. Phases of gearing and the rigidity of belt teeth

The rigidity of belt teeth is one of the parameters, defining the distribution of load-
ing in a toothed-belt gearing, and, hence, defining the load carrying capacity and the opera-
tional resource of transmission.

As a result of the theoretical research of the complex stress condition of the elements
of a toothed-belt transmission it is established that the deformation of belt teeth is defined by
the stresses of a bearing strain, shear and bending. Solving the problem of the theoretical def-
inition of the deformation of a belt tooth at the known combination of force factors and me-
chanical properties of a belt, the ratio of the deformations, making a total tangential defor-
mation, is determined. It is established that in the condition of full gearing at B, = B,, the

shear deformations make up the main quantity.

The theoretical research of the stress-strained state of a belt tooth, carried out by the
author [23], is also devoted to the analysis of the tooth, which has completely input in gear-
ing of a belt. Considering the problem, the author notes that finding of the analytical solu-
tion is extremely complicated, since the problem refers to the type of the non-classical

mixed contact problems of the theory of elasticity.
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The researches of the stress-strained state with the application of the method of finite
elements [33, 56, 87, 88] are also known. However, the results of these researches are pre-
sented in the form of the diagrams of stress in the material of a belt tooth, received on the
basis of numerous approximations. It is not possible to find the value of the total tangential
deformation of a tooth with their help, especially when a tooth is in the state of the incom-
plete profile gearing. Thus, we can come to the conclusion, made in the work [24], that it is
expedient to define the value of the rigidity of teeth experimentally.

At the experimental determination of EZ the following dependence is used (Fig. 2.31):

EZ:E,
AS

where F — the effort on a belt tooth; As — the tangential deformation of a tooth.

Fig. 2.31. Loading of a belt tooth: 1 — penetrator; 2 — belt tooth

It is established that the value EZ is better to be expressed in relation to the module of

shear of rubber of the tooth G, defined by the hardness. In this case:

EZ=E,
4,

where a, — the empirical factor: a, = 0.230...0.239 — for the belts with the module m =

1...10 mm; a, = 0.251...0.264 — for the belts MXL-XXH [1].
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The values EZ, received in such a way, cannot be used for the description of the de-
formation of teeth in the conditions of the incomplete gearing that is characteristic of the
angles y1 and w». It is possible to assume that in such conditions the value EZ is less than
its value at full gearing, since the centroid of the effort F is displaced to the tip of a belt
tooth.

This conjecture is proved implicitly by the researches of EZ in the conditions of the
incomplete profile gearing, characterized by the existence of the radial clearance AR [90].
The behavior of EZ within the limits of the angle y; is described in the work [34], howev-
er, the influence of the phase of gearing within the limits of the angle y, on EZ is not estab-
lished. Due to the opposite direction of loading, applied to the tooth in the zones y1 and vy,
different dependences of the change of EZ (within the limits of the given angles) appear.

The experimental researches were conducted to prove the given hypothesis.

The toothed belts with the following parameters: 1) m = 7 mm; z, = 71; B, = 32

both 50 mm and 2) m = 3 mm; z, = 48; B, = 16 mm with hardness of teeth HS = (58.6;
64.2; 74.3; 85.2) relative units are the objects of the researches. The belts are made by the
method of diaphragm vulcanizations and of pressing by rigid elements, made of rubber
mixture 1453 with the use of kapron fabric facing of the art.56320, gum-dipped (Ne420).

The values of the angles yi and y, vary within the limits, corresponding to
Z, = 8...30. The effort on the examined tooth changes within the limits 0...Fnax, Where
Fmax = 2[F / z. [F] according to [70] for m = 3 and 7 mm are taken as10 and 45 N/mm.
The replication of carrying out of the experiments is 7 at their reliability 0.95 [91].

The developed special stand (Fig. 2.32) is used for the experimental researches. It con-
sists of the frame 1 with the guides 2, in which the movable carriage 3 is established. The
fragment of the examined belt 4 is fixed on the carriage 3. In the top part of the frame 1 the ax-
is 5 with the lever of the variable length 6 with the penetrator 7 on the end, is placed. The pro-
file of the penetrator corresponds to the profile of the pulley tooth. The lever 8 is positively
connected with the lever 6. The lever 8 is equipped with a set of loads 9 and the displacement
indicator 10 in the form of the indicator of a clock type with the division value 0.01 mm.

At the given value 1), defined from the value z,,, the tooth of the belt (by moving
of the carriage 3) is fixed at the distance X from the axis of symmetry of the pulley, corre-
sponding to the demanded arc of traverse of the pulley ¢, within the limits of 0...y1(2). The

length of the lever 6 is adjusted up to the valueR =mz,, /2. After that the penetrator 7 is

engaged with the tooth of the examined belt. Consequently increasing the effort on the
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tooth of the belt from 0 to Fnax by means of the loads 9, the angular displacement A, of

the lever 6 is registered.

a) b)
Fig. 2.32. Stand for the research of rigidity of belt teeth:

a) input in gearing; b) output from gearing

The value of the tooth rigidity for each effort Fj, acting on it, is determined by the
formula:
__ kK
'Rt Apy
Discretely changing the distance X that corresponds to getting of different phases of
gearing within the limits of the angles (), we make loading of a belt tooth. As a result of
the researches the dependences EZ of the phase of gearing, the module of a belt and hard-

ness of its teeth are received (Fig. 2.33).

Fig. 2.33. Rigidity of belt teeth at different phases

of an input in gearing and an output from it
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The dependences EZ of the phase of a pulley turn within the limits of the angles of
the input in gearing and the output from it can be expressed as the empirical equations:

EZq, = EZ (o.7+o.3“’—2j, (2.62)
w1

EZy, = EZ [1—0.23ﬂj. (2.63)
W2

The analysis of the dependences (2.62), (2.63) shows the unequal influence of the
angles y; and y» on the rigidity of teeth. At the equal change of y; and vy, the increase of
EZy; is 1.3 times more intensive than the reduction of EZy,. At the same time the limiting
values of EZy; at @, / w1 = 0 are 10 % less than EZy, at ¢, / y, = 1. It is explained by the
fact that the initial contact of teeth at their input in gearing takes place in the zone of the tip
of the belt teeth. The disconnection of teeth at the output, as a rule, occurs in the middle
part of a belt tooth.

Thus, the empirical dependences, allowing to define the rigidity of the belt teeth in

the zones of the incomplete profile gearing, are received.

2.8. Conclusions

1. The real arc of contact of the toothed-belt transmission, within the limits of
which there is the contact of teeth and transmission of power, represents the sum of the ge-
ometrical arc of contact and the angles of the input of teeth in gearing and the output from
it. The mutual sliding of the profiles of teeth, which velocity defines the intensity of their
wear, takes place within the limits of the given angles.

2. The kinematics of a toothed-belt gearing on the basis of the matrix transfor-
mation of the coordinates, accounting the existence of the zones of the incomplete profile
gearing, making to 20 % from the real arc of contact of the pulley, has been investigated.

3. The empirical dependences for the determination of the angles of the input of
teeth in gearing and the output from it have been got. It has been found that their value de-
pends on the type of the operating profile and the angular displacement of teeth at the
transmission of power, the module and the number of teeth of the pulley. The received de-

pendences have allowed to detail the values of the angles of the input-output 1.6...2 times.
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4. The empirical dependences for the determination of the velocity of mutual slid-
ing of teeth within the limits of the angles of the input-output have been received. It has
been found that the sliding velocity depends on the phase of turn and the angular speed of
the pulley, the profile and the module of teeth. The maximum sliding velocity is observed
in the points of the initial contact of teeth at the input in gearing and their disconnection at
the output from it. At the input in gearing the maximum speed is 10 % higher than the
same at the output, which defines the intensity of the wear of teeth.

5. At the calculation of the loading of teeth of the arc of contact it is necessary to
consider the existence of the zones of the incomplete profile gearing and the change of the
factor of overlap of teeth, which is described by the periodic function of the dependence of
the phase of the pulley turn.

6. The experimental check of the received theoretical dependences for the determi-
nation of the sliding velocity of teeth on the developed and made special stand has been
carried out.

7. The empirical dependences for the determination of the rigidity of the belt teeth
from their module and hardness within the limits of the zones of the incomplete profile
gearing have been received.

8. The model of the interaction of the belt with the pulley, allowing to consider the
action of shear deformations at the transmission of power, has been developed. The influ-
ence of shear deformations of flexible link on the value of its relative sliding has been de-
fined. This influence is extremely characteristic of flexible links with a slightly-extensible
bearing layer. The received theoretical results are equal to the experimental results. It al-
lows to recommend the developed technique for the estimation of sliding in the belt trans-

mission, depending on its traction ability.
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Chapter 3. DYNAMICS AND LOADING
OF TRANSMISSIONS OF POWER BY FLEXIBLE LINK

3.1. Bases of the calculation of loading of a toothed-belt gearing

Owing to the compliance of a bearing layer and belt teeth at the power transmis-
sion, the distribution of a pull in gearing is irregular. It is established that at the equality of
steps of teeth of a belt and a pulley, the most loaded are the teeth of the arc of contact,
placed at the driving side. Using the analogy with the screw-nut connection, and turning
from gearing of a belt with a pulley (Fig. 3.1) to the model-development (Fig. 3.2), in the
work [51] the technique of the calculation of loading of teeth, based on the equation of

compatibility of deformations, is offered:

to+ foa =ty + o + At (3.1)

where f,,, f,.1 — the deformations n and n-1 of belt teeth on the arc of contact; Ay:p.1 —

lengthening of a bearing layer between » and n-1 teeth.

Fig. 3.1. Scheme of gearing of a toothed belt with a drive pulley

Simplifying the equation (3.1) to f, = f,_; — A, , and considering all the teeth in

gearing, we get:
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The absolute deformation of teeth is defined by the efforts, influencing them and the

rigidity —of teeth: f,=F,/EZ,; the lengthening of a bearing layer:

An:n—lztp R ->Fn /ER,.

Fig. 3.2. Scheme of the calculation of loading of a toothed-belt gearing

Assuming that the rigidity of all the teeth and the parts of a bearing layer is equal
and does not depend on the applied effort, we get:

Fo_Fu Rohu
EZ Ez P EF

Fn_Fna  A-Ri— Ry, (3.2)
Ez EZ P EF
2Fhn=h-F=F.

where F; and F, — the efforts in driving and following sides of transmission.

-08 -



As a result of the solution of the system (3.2) by the method of Gauss it is estab-
lished that the largest effort is the effort Fi; on the first tooth of the arc of contact. The

measure of its overload is the factor of irregularity of loading of teeth  [54]:

43 EZ
=1+z7°"—. 3.3
v 0 EF (3.3)

The analysis of the expression (3.3) shows that it is necessary to use the belts with
the increased longitudinal rigidity for the decrease of irregularity of loading of teeth. At the
same time the expression (3.3) does not allow getting the values of the loadings, influenc-
ing the other teeth in gearing, which is necessary for the prediction of the operational re-
source of transmission.

In the work [92] the dependence, allowing to define loading of teeth from their
quantity in gearing, is offered:

n—=1 2z5-1 z5 z5-1
A =F S 0 - ,20°0 = 7-1 Ez| (3.4)
ZO 620 220 EF

It is necessary to note that the expressions (3.3), (3.4) are obtained on the basis of
the equality of steps of teeth of a belt and a pulley. However, as it was mentioned before,
in view of the compliance of teeth and bending of a belt on a pulley, this condition is not
observed. Therefore, in the opinion of the authors of the work [2], the calculation of load-

ing on teeth should be carried out by the dependence of such a kind:

Fp=bF—-a,F+ Ap—m-10~3 EF a, -b, |

hp k-1
where bk Z%, ay =1—SpT; p= %’ Ap:@’
shp shp

I
AD — the increment in the diameter, at which t, = t,,.
On the basis of the equations (3.2) the dependences of the engineering kind, allow-

ing to define the loading on the teeth of the arc of contact [60], are also offered:
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1n :kl X1 -1 Xl +k2 Xo -1 Xln 1, (35)

F-F, - F,—F, x F-F, - F,—F, X
p~ 27 p X 17 ~ 27 X
where  ky = T s ko = 7o ;
0 X X%
2
EF/EZ
x12—(1+Ej \/EF — szﬂ_
EZ EZ 4 EF

The expression (3.5) allows defining the efforts Fi;...Fy, at different ratios of steps

of teeth of a belt and a pulley, which is necessary for the choice of the correction of a step
of pulley teeth At, providing the even load distribution in gearing.

For this purpose the parameter At is added to the expression (3.2):

i:i_tp PP FAL
EZz EZ EF

Fn_Png  R-Ri— o —Fing

= + At;
Ez Ez P EF

YFhh=h-F=Fk

Predetermining the value v, the system of the equations is solved relating to
F1,...F1n and At. However, the expression, connecting these parameters, is not received.

The dependence of the form [61] is also known:

k k
AC BX
i=C1e 0 4Ce %0 +i,
R R
EZ EZ EZ EZ
EF EF EF EF

where Cy, C, — the integration constants; A=

F = t, —t, EF— the force, which is necessary for the elimination of the difference of

steps of teeth.
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The loadings Fi,...F1, can be also defined on the basis of the semi-graphical meth-
od [93]. However, the poor accuracy of the given method does not allow recommending it
for application.

The further improvement of the theoretical bases of the interaction of teeth in gear-
ing followed the line of the refusal of some assumptions. In particular, it is offered to take
into account systematic errors of a step of teeth, having the technological origin [94] or
random nature [57, 95]. The received results allow to explain the error tolerances of a step
of belt teeth ty,

The essential fault of the examined theoretical models of a toothed-belt gearing is

the use of the principle of Ponselle in them:
Fi+F.=Fo Fi-F2=F¢ (3.6)

The use of the recommendations [53, 70] and the other authors’ recommendations,
according to which 2F, < Fy, leads to F, < 0, which is, obviously, impossible, even in case
2Fo=Fi=>F1=Fy+F /2; F, =Fy;—F /2. In the absence of the effort in the driving side

it should be in a free state and have not a rectilinear, but a curvilinear form with some radi-
us of curvature. The value of this radius at F, = 0 should be equal to the initial radius, i.e.

to the radius of the press mould for manufacturing of the belt Ry =mz, / 2.

The experimental researches of the efforts in the sides of a moving belt [62] show
that F, > 0. The theoretical aspect of this phenomenon consists in the account of mechani-
cal and physical properties of the elements of a belt. Considering that a belt is not a math-
ematical fillet, but a physical one, with the longitudinal and bending rigidity EJ, and, using
the differential equations of the theory of thin rods of Kirhgoff for the description of bend-
ing of a belt on pulleys, in the work [96] it is established that for the locked belts, made in
circular forms at any different from zero, the values 2F, and F, the value F, > 0. Taking
this into account, the expressions (3.6) are offered to be written in the form [47, 90, 97]:
Fi+Fy=2(Fo + AF); F1—Fy=Fy.

Whence

Fi= F0+AF+%; F.= FO+AF—%,

where AF — the additional tension ("self-tension™) of belt sides.
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At 2F, < F; — Fo = AF. The values of AF, received on the basis of the numerical

experiment, are determined by the dependence [90]:

EF-EJ - L06 3
P [ZFOJ , 3.7)

aF=fo Fo+5,6-107°
2 R R, R

where L, = nmz, — the length of a belt; Ry =mz; /2 and R, =mz, /2.

The calculations in (3.7) show that the value AF is low and it reaches a maximum
in the range space of Fy << F /2, where it does not exceed 0.45F;. At these efforts the
bearing layer of a belt shows non-linear properties [24, 47, 65, 66]. Thus, loading of teeth
of the arc of contact is defined by non-linear lengthening of a bearing layer. In this connec-

tion, in the work [67] the non-linear model of power interaction of a belt with a pulley is

offered:

where a and b — the parameters of the equation, defining the longitudinal rigidity of a belt

EF =aFS'%; Fsp=F /By, at m <4 mm: a = 550...620; b = 0.60..0.62; at m > 4 mm:

a =1350; b = 0.65 [24, 47].

The insufficient effort in the following side of a belt defines the character of its in-
teraction with a driven pulley (Fig. 3.3).

This phenomenon is less expressed on a drive pulley because of a spontaneous
straightening of a side of a belt under the action of internal forces at its running-off from
the pulley. At the same time the following side should be bent additionally at climbing on a
driven pulley. The insufficient effort F, is unable to compensate the bending rigidity of a

side of a belt, which leads to the occurrence of the angle of rigidity € on a geometrical arc
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of contact of a driven pulley. Thus, the expressions (2.2) for the calculation of zo become
unacceptable. In the work [90] the real arc of contact is offered to be defined as:

Oy = Of + o = 0 — O,

where o, oy, oa — the angles, within the limits of which, the teeth of a belt are in full, in-

complete gearing, and the absence of gearing is also observed.

AR

F, v, L

Fig. 3.3. Gearing of the following side of a belt with a driven pulley

The existence of the given angles depends on the ratio of a radial clearance between
the tips of the teeth of the pulley and the interdental spaces of the belt AR and the depth of

the teeth h,. At AR = 0 the full profile gearing of teeth is observed; at 0 < AR < h, — the

teeth of a belt are in the incomplete profile gearing with a pulley; at AR > hy, — the gearing
of teeth is not observed.

It is obvious that in the zone of the angle o, the teeth of a belt cannot transfer the
same loading, as the teeth in the full profile gearing, since their rigidity decreases propor-
tionally to the clearance AR. Using this fact, the author of the work [90] received the theo-
retical description of the interaction of a belt with a pulley, which allowed to prove the ex-
istence of an optimum of tension of a belt 2F,, corresponding to the minimum v (Fig. 3.4).

At the reduction of tension from an optimum level the effort in the following side

of a belt decreases. The increase in the angle € takes place. In connection with the increase
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of the zones of the incomplete profile gearing and the absence of gearing, the loading on
the remained teeth in the full profile gearing increases. On the contrary, at the increase of
2F( in comparison with an optimum, when € = 0 and all the teeth of the arc of contact are
in the field of af, both F,, and Fy, increase. The increase of F; promotes the increase in a
step of teeth of a belt, because of the belt compliance. The gearing of a belt (with the in-

creased step of teeth) with a pulley leads to the increase of non-uniformity of loading of

teeth .
v
4
3
2 \\
I
0 5 10 15 20 2F,,N/mm

Fig. 3.4. Dependence of non-uniformity of loading

of gearing of a preliminary tension of a belt

At the same time, as the analysis shows, all the above theoretical models of a toothed-
belt gearing do not consider such phenomena, accompanying the work of transmission, as the
dynamic effects and transmission of the part of power by the teeth, which are in the zones of
the incomplete profile gearing.

3.2. Loading of the arc of contact in view of the zones

of the incomplete profile gearing of teeth

As the factor of the face overlap g, changes during the pulley turn by one angular
step, the value  is also changeable.

Using the results of the calculation €4, we get the system of the equations, defining

loading of a toothed-belt gearing, accounting the zones of the incomplete profile gearing.
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Fu _ Fm -t R-Fo AL,
EZikg  EZgikyg EFkfq

Fo _ P “t, R-Fo—Fy AL,
EZ,k,y EZjk,q EFK 14 (3.8)

Fn __Fng  R-Fun-Fy-—hy
EZnksa  EZpikeg " EFk

+ At,

Fo __Fn  R-Fu-Pi—.—Fn-Fp
EZook,g EZpk,g P EFk¢q

At,

F01+ F11+...+ Fln + FOZ = Fl_FZ = Ft'

The first equation of the system describes an input in gearing of the first pair of

teeth of an arc of contact. In the section 2.7 it is proved that the rigidity of teeth within the
limits of the angle 1 is changeable. At the moment of the contact of teeth their rigidity is
minimal and it increases in the process of the turn of a pulley during the angle
1. Thereafter, at the pulley turn by the angle 1, the value EZ; = const.

Thus, the first equation of the system (3.8) contains the variable EZ,;, defined by
the degree of gearing of teeth at the input. In the subsequent equations the value EZ, for all
the teeth is constant. The penultimate equation is solved only at (zo+2). It contains the de-
creasing member EZ,, describing the effect of the reduction of the tooth rigidity in the

process of the output from gearing.
Accepting the rigidity of teeth within the limits of ac to be constant, i.e.

EZ, = EZ, = EZ,, we solve the system of the equations at the given values &,.

For the first time the system of the equations is solved for the case of contact of pair

of teeth at the input in gearing. By means of the ratio og / tf, we define the position of the

last pair of teeth of the arc of contact: a) full gearing (the part of the angle t,), when
EZq, = EZ,; b) partial gearing (the part ), in this case the value EZy; is defined by the for-

mula (2.63). The value EZy,, substituted in the first equation, can be found by the depend-
ence (2.62).

For the second time we solve the system (3.8) after the displacement of the arc by

the angular valuety, multiple of the values t; and y;. For example, at m =5 mm; z,,, = 25;
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t, = 14.4°% y; = 10° 7 t; = 0.2°. According to (2.62), at the pulley turn the rigidity of belt

teeth at the input in gearing increases.
Then the position of the end of the arc of contact (in the part of the angle v, or 1) is
redefined. In the first case, according to the expression (2.63), we define EZy,; in the se-

cond case EZy, = EZ is substituted in the penultimate equation. Repeating the received ac-

tions Xi times, where X1 = y; / t; + 1, we substitute the increasing value EZy in the first

equation. The further calculation is made X, times, where X, = t; / t; + 1 — X, at constant

EZo;.

Thus, solving the system X, times, we get the values of loadings on the teeth of the
arc of contact and the regularity of their variations during the pulley turn by one angular step.
The further calculation is inexpedient, as during the pulley turn by the following angular step
all the described processes are iterated.

The system of the equations (3.8) is solved by the method of Gauss under the devel-

oped program. The change of loading on teeth of the arc of contact for the case m = 3 mm;

Zo = 5; z,; = 12 in the process of the turn of a pulley is presented in Fig. 3.5.

F, Nﬁmm

54

10° 20 =0,
Fig. 3.5. Influence of the phase of gearing on loading of teeth of the arc of contact

The analysis of the graphs of the change of loading shows that in the process of the
input in gearing of the first pair of teeth, the effort on the other teeth of the arc of contact,
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located in the zone of the angle ag, decreases (Fig. 3.6). The maximum value Fo, is kept till
the moment of the contact of the next pair of teeth inputting in gearing.

It is also established that the processes, occurring at the output from gearing (for a
drive pulley) or at the input (for a driven pulley), influence little on loading of the first
teeth of the arc of contact, including the first tooth from the driving side. In particular, for

Zo = 5...30 this influence does not exceed 5 %.

A F, N/mm

01 max

+ 4 4 } 4 + P
0 1 2 3 4 5 number of teeth

Fig. 3.6. Loading of teeth in the multiple gearing

The presented dependences of the change of loading of teeth of the arc of contact in

the process of the pulley turn (Fig. 3.5, 3.6) allow to extract the maximum ymax and mini-
mum ypin Values of non-uniformity of loading of teeth. Their ratio (Wmax / Wmin) does not

depend on such factors as F; 2Fy; EF; EZ; At, and it is only defined by the quantity of
teeth in gearing (Fig. 3.7).

Fig. 3.7. Influence of the factor of a face overlap on non-uniformity of loading of gearing
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It is seen that with the increase of zy the value Wmax / Wmin = Foimax / Foimin iNcreases
non-linearly. At the same time, at ¢, = 1 this ratio is equal to 1 and at any changes of the ex-
ternal factors the whole loading is transferred by one tooth.

The most interesting is the change of Wmax = Foimax€q / Ft from the phase of the pul-
ley turn. The analysis shows that the increase (for a drive pulley) of the values y from 0 up
to Ymax and the reduction (for a driven pulley) of the values y from ymax Up to O is fol-
lowed by the mutual sliding of teeth with the velocity vy.

The increase of y occurs by the linear law and it is described by the equation of such
a kind:

V= Wmax 22 '
W12

where ¢, — the arc of traverse of a pulley within the limits of the angle v or ws..
Summing up the results of the calculation of the value ymax at the different levels of
the variation of the factors Fy; 2Fq; EF; EZ; At; zp, by means of the technique of the facto-

rial planning, the following equation for the calculation of yny IS received:

Wmax = 0,7k kgkz 0’5(%
t

2
J +1] 0,53z +1 [1,3—
tp

200At J

where k; kg; kz — the factors, considering the frequency of runs of a belt, the longitudinal
rigidity and the rigidity of teeth of a belt accordingly; [F;] — the allowable specific pull.
From Fig. 3.6 it is seen that the loading in the pair of the engaged teeth decreases
while it is moving from the driving side to the following one. However, this reduction is
not of a modulated character and it contains a harmonious component. Its amplitude for all
the teeth of the arc of contact non-linearly decreases adequately to the decrease of Fy, in
comparison with Fo;. The number of extremes is equal to the number of the engaged pairs
of teeth. Thus, the phenomenon of the changes of efforts in gearing of teeth, observed in

oscillograms, is explained theoretically.
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3.3. Research of loading of toothed-belt transmissions
by the method of finite differences

The numerous works [3, 21, 50, 53, 56, 60, 61, 63, 98, 99] are devoted to the re-
search of the distribution of loading in the multiple gearing, since it directly influences the
load carrying capacity and durability of transmission. The analysis of a toothed-belt gear-
ing testifies that the distribution of loading between the belt teeth corresponds to the dis-
crete scheme by analogy to the distribution of efforts in the threaded joint, which was first-
ly solved by N.E. Zhukovsky [100]. After that, Zhukovsky's method was used in the other
authors’ works. In particular, in the work [101] the finite number of coils is examined and
the deformation of a bending and a cut is taken into consideration; in the work [102] the
question of the distribution of loading at the existence of the difference of steps is testified.

As the distribution of loading in a toothed-belt gearing corresponds to the discrete
scheme, we can use the method of finite differences for the research of loading. The solu-
tion of the problem can be received by means of the canonical equations with the constant

factors, solved in the closed form [77].
The problem is solved at the equality (t, = t,;) and the inequality (t, # t,,) of steps of

teeth of a belt and a pulley, using the following assumptions [3, 53, 56]: 1) rigidity of pul-
leys, that is infinitely high in comparison with the rigidity of the belt; 2) linear dependence
between the deformations and the displacements of the belt elements; 3) plane deformation
of the belt at loading; 4) isolated operation of each pair of teeth; 5) equal rigidity of all the
teeth and all the parts of a bearing layer along the belt length; 6) transmission of the opera-

tion effort by the lateral surfaces of teeth.

Let's study the part of a belt on the arc of contact. After applying the pull F;, the

tangential forces Py; Py; Ps; ..., Py (Fig. 3.8) arise between the teeth of the belt and the pul-

ley. The points of these forces’ application are arranged on the circle, passing through the
middle of the height of the belt teeth.

It should be mentioned that due to the trapezoidal forms of teeth the radial forces also
operate, but their influence on the distribution of loading is not considered yet.

The pull causes the lengthening of the bearing layer of the belt in the part between

n-1 and n teeth by the value A,.1. n. The total deformation n of a tooth in the line of the

force Py, relating to its basis, is equal to f,, n-1 of a tooth in the line of the force Pp.1: fh.

Then the equation of the deformation compatibility in displacements is the following:
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(3.9)

Fig. 3.8. Condition of teeth of the arc of contact: a) unloaded; b) loaded with a torque

The factor p displays the fact that the specified deformations correspond to cylin-

drical sections of various radiip= R¢ /R, where Ry is the radius of the circle, passing
through the points of the application of equivalent distributed forces; Rp is the radius of a

pitch circle, coinciding with the axis of a bearing layer.
Thus, the condition of the displacement compatibility consists in the fact that the

difference of the deformations of belt teeth along the arc Rs and the lengthening of the

bearing layer along the arc Rp correspond to the same angle in size.

For making the law of the distribution of loading between the teeth of a belt it is
necessary to proceed from the displacement to the force factors. For this aim the defor-
mations of the tooth and the bearing layer of a belt are expressed by means of the corre-

sponding rigidities:

fo=—: (3.10)

. th[Ft - R +R +B + ... +B_)]
n-1n EE J

(3.11)
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where EZ and EF — the rigidity of teeth and the longitudinal rigidity of a bearing layer of a
belt.
Substituting the expressions (3.10) and (3.11) in (3.9), we get:

P, |:>n_1_'[p[l:t - R +R +B + ...+ Pn—l)]P_

EZ EZ EF

Having designated o = tL,EZ | EF , we receive:

P, =R —a(R -R)p;
Py =P, —a[FR — (R +P)]p; (3.12)

Ph=RP1—-aRk-(B+P+F+...+ B _)lp.

Having received n-1 of the equations of the deformation compatibility for the solu-
tion of the system (3.12), we add the equation of the equilibrium condition to it. According
to one of the accepted suppositions the sum of the tangential loadings, taken up by the
teeth of a belt, is equal to the pull, therefore:

P1+P2+P3+...+Pk=|:t. (313)

Thus, for the determination of the loading falling on any tooth in gearing, it is nec-
essary to solve the system (3.12), added by the equation (3.13).

It is obvious, that in case of a large number of teeth in gearing, the solution be-
comes inconvenient. Therefore, we apply the differential method with the use of the solu-

tion in the finite differences. For this purpose we present (3.12) in the difference form. De-
noting the sum of the loadings, falling on all the teeth of a belt in gearing by R, it can be
written:
P,=R,—R, ;=AR;
Pi-1=Rn1—Rh2 =AR,_1,
whence it follows:

P —P_{=AR, —AR, ;= AR, (3.14)
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Substituting (3.14) in the general equation of the system (3.12), we get:
Pn —Pn_l—(X.(Pl-l- P2 + P3+...+ Pn_l)p=—O(,Ftp. (315)

The simultaneous solution of the equations (3.14) and (3.15) allows receiving the
following differential equation:

2
AR, —aR,_1p = —akp.
Having transformed this equation, we get:

Ry— 2—ap R,_1+R,_, =—aFp. (3.16)

From (3.16) we have:
Ry=a( —1)+c(s —1), (3.17)

where r; and r, — the roots of the characteristic equation r’— 240p r+1=0, cpand ¢c; —

constants.

Solving the characteristic equation, we receive:

i =14+0,50p+0,5;

(3.18)
rhb=1+0,50p-0,5.
Finally, we have the following system of the equations:
Py=R —Ry=c(n—1)+c(r, —1);
Py =Ry — Ry =iy (n — 1) +corp(r, = 1); (3.19)

Py =Ry~ Ry g =i (1~ D+ cprd L .

If to sum up all the values of the loadings in view of the formulas of the sum of the

geometric progression, we receive the equation (3.17) for the value Ry,.
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The constants ¢; and ¢, can be defined as follows. After the substitution of the val-

ues Rp; Rn.1; Rp-2 in the equation (3.16), we receive:

(] ~1)+p(1F ~) =2+ ap)ey(H =1 +cp (i~ e (2 1) +cp(15 % 1) =—aRp.
Having made the transformations, we obtain:

Ci?— 2+ap G+ 24c[rf — 2+0p L +1]E 2 +ap(c +Cy) = —aFRp.

Considering the expression (3.16), it is possible to prove that the identity is carried
out under the condition:

c+C=—F.
The total loading, taken up by the teeth of the arc of contact, is:

K K
R¢=ci(p —D+cy(r; —)=F,

whence we get the expressions for the constants:

¥ (3.20)

—  _F. (3.21)

Substituting ¢; and ¢, in the equation (3.19), after the transformations we receive

the expression for the definition of the loading, taken by n-th tooth:

-1 rk—n +r2k—n+1
R = T K. (3.22)
h—n

Considering that at the real values EF, EZ and k < 20, ¢; — 0, the expression (3.22)
accurate to 0.01 can be presented in the following form:
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-1 "

P, = - F. (3.23)

i

In Fig. 3.9 the curves for the determination of the roots of the characteristic equa-
tion 7, and », and in Fig. 3.10 the curve of the distribution of loading in gearing for various

designs of a belt are presented.
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Fig. 3.9. Dependences for the determination of the roots of the characteristic equation
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Fig. 3.10. Dependences of the distribution of loading on teeth of the arc of contact

The curves are constructed for transmission with the module m = 7 mm and the

specific pull F; =45 N/mm. Two values of the module of the rubber elasticity are accepted:
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E = 8.0 MPa — for the rubbers with high hardness, £ = 4.0 MPa — for the rubbers with av-
erage hardness, specific for drive belts.

For the calculation of the load carrying capacity and fatigue strength of belts it is
necessary, besides the data about loading of separate teeth in gearing, to have the value of
the factor of non-uniformity of the loading distribution between teeth.

In Fig. 3.11 the nomograph for the definition of y, depending on k, EF and EZ, is
presented. In Fig. 3.12 the part of the given nomograph, corresponding to the mostly used EF
and EZ, is shown.

2000 1000 EF, MPa EZ,MPa 1 2 3 4

3000

5000

20

7000

9000

11000

13000

15000

17000

19000

k24 20 16 12 8 4 1 14 18 22 26 30 34 38 \

Fig. 3.11. Nomograph for the definition of the factor of non-uniformity of loading of teeth
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Fig. 3.12. Nomograph for the definition of the factor of non-uniformity of loading of teeth

Accounting the fact that the high longitudinal rigidity, combined with the high
compliance of teeth, is characteristic for toothed belts, let’s consider the case when EF —
o, and EZ — 0. In this case, a = 0 and r, = r, = 1. The values of the loadings on each tooth
of the arc of contact represent the uncertainty. Using the rule of Lopital, we write:

0 0
Fr a(Pdr1+a(pdl’2

T . T () ]_; 2 rl r2
Prr =lim, 4 P in —Ilme e =limg_, 0 o
r;—0 1.72 =0 —dn +—dn,

g r

From this expression for the first tooth of the arc of contact we receive:
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k k-1
. k r kr.
= Ft I|mr1_>1 (0,5|:r2 I’l—l (_ﬂ]+(r_iJ + 2k I’l—l —1]+

r,—1 i
k k-1
2+0 k D) kr2
b -1 {——_}(—j + R-1+1()/
2\ 400+ a2 { i) \n)
k | kek? 240 k) ket R
/(0,5 —rzk(— _J— z ]+ {rz ST L S A
[ i i 2\4a+a® i i k

The similar values were received for the other teeth in gearing.

Thus, it was established that the increase in the longitudinal rigidity of a belt leads
to the decrease of non-uniformity of loading of teeth in the same way as at the reduction of
the rigidity of belt teeth.

The difference of the steps of a pulley and a belt is possible for the following rea-
sons:

1) because of the mistake of manufacturing, the influence of admissions or intention-
al infringement of the condition t, = t,, for the creation of a favorable distribution of loading
in gearing;

2) because of the operating conditions, the influence of the circumferential force,
the pretension and centrifugal tension, causing the lengthening of the bearing layer of a
belt.

The difference of the steps of the belt and pulley is defined by the average line of
the bearing layer of the belt, i.e by the pitch diameter of the pulley.

In a general way, four cases of gearing in the presence of a regular (non-random)
difference of steps At are considered (Fig. 3.13)

a)t, <ty

1) the even number of teeth in gearing (Fig. 3.13, a),
2) the odd number of teeth in gearing (Fig. 3.13, b);
b) t, >ty

1) the odd number of teeth in gearing (Fig. 3.13, ¢),
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2) the even number of teeth in gearing (Fig. 3.13, d).

Fig. 3.13. Variants of gearing of a belt with a pulley at t, # t;,

The problem can be solved in 2 stages:

1) the research of the distribution of loading, depending on the difference of steps;

2) the determination of the resultant loading, taken up by teeth.

The scheme of the force interaction of teeth for the first stage at t, < t,, is presented
in Fig. 3.14, where the pulley and the belt are considered as symmetrically loaded combs.
The half of the conditional contacts of teeth is accepted as k'. We make the condition of
strain compatibilities in displacements, which can be expressed as force factors. According

to Fig. 3.14, we receive:

Atp = f, +Apn_1P— frg, (3.24)
t
Apng = é R + R 4.+ RN (3.25)
where R R ... ; RAY — tangential loadings on the teeth, caused by the difference of

steps.
After the substitution of (3.25) for (3.24) and some transformations we get:

- 1 At gat T oAt paAt At
AMp=— PM-PY, +—— B +R*+..+P . 3.26
p Ez N n-1 EF 1 n P ( )
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Fig. 3.14. Scheme of the force interaction of teeth of a belt and a pulley

Let's designate Q = EZ At. In this case (3.26) becomes:
Qp=PM_PAM 1o RN +RM +..+PM o,
By means of the last expression the following system of the equations is received:

P =R -a R -R™ p+Qp;
P3At =P2At_(x[|:t B 1At+P2At }p+6p;

(3.27)

e Pkéfl—oc[Ft - PlAt+P2At+...+ Pﬁl }p+(§p,

4
where K :PlAt+P2At+...+ a
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The solution of the received system is similar algorithmically to the case t, = t,,.

We rewrite the system (3.27) into the difference form. Having designated the sum of the

loadings, falling on the teeth of a belt from 1 up to n asRA*, we receive:

PAt_ RAt _RAL .

At _ pAt At
PAL = RAY —RAL,

Accounting (3.27), we have:

Al A A A A = ! A
Pnt_Pn—tlant_ZRnE _RnizzQP_a R _Rnil P

or (3.28)

RnAt - 2+op RnAfl + RnAEZ =Qp- ok p.

The value RnAt is determined by the following expression:

—At At
RM—c; "-1+c2 B -1,

where r; and r, — the roots of the characteristic equation, defined by the expression (3.18).

—At —At . .
The constant factors ¢c1 and c2 can be defined by the substitution of the expres-

sions for RAY; RAY; RAY, to the equation (3.28), i.e.

_ —At -
n1_1+ nl_l

—At —At —At
e R'-1+c2 rp-1-2+ap c1 f c2 +

“At - At — '
+c ;72 -14c2 21 =Qp-aFp

or

2 n-2

—At o At
¢t - 2+ap R+l §724cy rP- 2+0p nL+1 B2+

At —At — '
+op €1 +C2 =p Q-ak .
Taking into consideration the expression (3.18), we finally get:
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o Cl 4G =Q-aF . (3.29)
Besides the condition should be fulfilled:
RM=ci' KK -1 402 k-1 =F. (3.30)

ci' and c2' are defined from the equations (3.29), (3.30) at the known Fy.

For the definition of F{' we use the condition of the deformation of the first tooth of

the arc of contact from the line of symmetry (see Fig. 3.13, ¢):

EZ EF * @ °?

or
—At
2

PM =Qp—oF p=ci' f-1 +Co r-1. (3.31)

Having solved (3.29) — (3.31), after some transformations we receive:

ElAt _ 1 ~Q (—:gt _ 1 - Q
kl kll k! kl'
1_[ ] n-l-op 1_[ ] R-l-ap 2
) KL-1-ap I h-1-op

The loadings, falling on the separate teeth of the arc of contact, in consequence of

the constant difference of steps, are defined by the following expressions:

—At —At
PlAt =Cc1 np-1+c2 rnp-1;

At At
PM=cip p-1+c2r, -1

(3.32)

At —At
=C1 K n-1+c2 ry L rn-1.
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: . - . —At At ..
The analysis of the expressions testifies that the influence on ¢ and ¢z is insig-
nificant, and at z,;; > 6 it does not exceed 0.01 %. Thus, it can be neglected.

Let's simplify some computations. Since

n-1-a) .. (h-1-a)

; 2,
(rp—1-o) 2 (n-1-a) !

. —At —At .
the expressions for ¢c; and c2 have the following form:

-At Q 1 -At Q 1
O Rk 2T
o n +n o rh +1

Hence, the equation for the definition of the loading on n-tooth can be written in the

following form:

=~ -1 .n+l
“A 1 R —r
Pt=ct | -1+ -1 = -2 -1 d—r (3.33)
rl (0 rl +I’2

where L — =< —— =, = . ~_c).

Having multiplied and divided the right part of the received equation by rzk, we

have the following equation for k'-tooth:

R =2 -1 (1~ /- ),
(04

In case of gearing of more than one pair of teeth, i.e. at k' > 1, and considering that

2k'+1
- . . L
r, — 0, -2 5k'+1 we write the following expression in the expanded form:
1-r;

(I’2—r22k+1)/(1—l’22k+1)=r2— 1+r2 r22k+1_r24k +2+r26k +3+“. ’
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which is converging (r, << 1) relating to r,. Accounting it we get:

At Q1 At
Ry :_{——1}2:? 1-r, .
albh D

In this case the total loading, taking up by the teeth of a half of the arc of contact,

F Qg 1t |
‘T a 1+ Kt

The total loading on teeth is defined for each half of the arc of contact from a neu-
tral line of transmission that is the line of symmetry.
LIft, >ty

a) up to the line of symmetry the loadings are summed up (see Fig. 3.14):

SP=P+PA.

b) after the line of symmetry the loadings are subtracted:
sP=p-pA,

2. If t, <ty the above-stated actions have the reverse form.

The positive or negative sign of the resultant loading corresponds to the operating
(from a driving side) or a non-operating surface of teeth of a belt.

The equations (3.19) and (3.32) allow defining the resultant loadings, influencing
the teeth of the arc of contact. The loading identifications, depending on their even or odd
number, are presented in Fig. 3.13.

The expressions for the determination of the total loading, taken up by teeth at even
k are given below:

— up to the line of symmetry: 1a —"+"; 2a — """
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k
—-n

1 —At 57N 1 —At
SPy=lan e 2 | n-1 4 tEce R | -l (3.34)
— after the line of symmetry: 1b —"-"; 2b —"+":
1_ —At -5 1At K1
SPo={oR tFern 2| p-1+|corpFcar, 2| -1, (3.35)

In a similar way we get the values of the total loading, taken up by the teeth at odd k:

— up to the line of symmetry: 1a — "+"; 2a — """

k+1
g, oAt At 5
3P, —{Clrln licpr 2 ] n-1 J{Czrzn treary? } n-1;  (3.36)

— after the line of symmetry: 1b —"-"; 2b — "+"
n k+1 1 0 k+1 1
oAt s 4 —At
EPFI = C_I_rln 1¢C1tr1 2 rl—l =+ Czrn 1$C2tr2 2 r2 -1. (337)

In the expressions (3.34) — (3.37) the factors ¢; and ¢, are defined by means of

(3.20), (3.21); the factors ci and c2" are defined in the following way:

k —even, t, >t

—At 1 —At 1
G = K ' Qk’ €2 = K ' Qk;
1— r72 2 I’l—l—oc 0“-12 1— i 2 rz—l—(X 0“-22
n) n-1l-a n) -1l-a
k—odd, t; > tp:
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Taking into account (3.22) and (3.33) the expressions (3.34) — (3.37) can be presented

in the acceptable for engineering calculations form:

k —even:
k-n | . k-n+l g‘” ;”*2 A
R+ ne - At
P3P (TR =| L —R+t—4— —EF|p-1; (3.38)
2 n-n - —+1 tp
h2 +17
k k
n-——1 n-—+1
k-n | .k-n+l 2 2 A
I r # -r At
[zpk ...zpn}zpn_ L k+2k RFL——F— —FEF | n-1; (3.39)
4l K- LI
2 1772 P
M2 +1}
k — odd:
k+1 k+1
—n1l —-nl
k-n, .k-n+l 2 2 A
f r # -r
SRR,y 2P, =| L k+2k Rt Aer n-1; (3.40)
> A L
L2 +r,2
k+1 k+1
n——-1 n———+1
k-n | k-n+l 2 2 A
gt # - At
Py IRy (2R =| A —R L —EF|n-1. (3.41)
—1 [ k-1 El t
) 1772 2 2 p
e +r,
In the expressions (3.38) — (3.41) "+" is accepted at t, > t,;;; "-" —at t, <ty,.

The total diagram of the distribution of the loading in gearing develops of two dia-
grams — from the action F at t,, = t, and from the difference of steps t, and t,, (Fig. 3.15).

Fig. 3.16 shows the graphic dependences, constructed on the basis of (3.38) — (3.41)
for the determination of the factor of non-uniformity of the distribution of the loading in
the presence of the difference of steps, depending on the number of teeth in gearing, the

longitudinal rigidity, the rigidity of teeth of the belt, the difference of the steps and the pull.
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Fig. 3.15. Diagrams of the distribution of loading on the teeth of a belt:
1 — caused by the constant difference of steps of teeth of a belt and a pulley;

2 — from the action of a pull; 3 — resultant

The analysis shows that the existence of the difference of steps causes the essential
redistribution of the loading in gearing. The received results testify that at t, <t the teeth
are unloaded up to the line of symmetry and the part of the loading is transferred on poorly
loaded teeth after the line of symmetry, and vice versa.

The choice of the certain difference of steps allows receiving practically any distri-
bution of the loading in gearing. For example, for getting of the equilibrium distribution of
the loading the difference of steps of teeth should be defined from the condition of equality
of the loadings, taken up by the first and the last teeth of the arc of contact.

From (3.38), (3.39) we receive the expression for the rational value At [103]

k
i rzk_l 1 -1 _(er rlk_l 1 p-1
K
At=—P. - — (3.42)
- k2 o1 22 h-1 X
2 r2 r,- r
et 1 [2]
| | h
2 +rf r? +12
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Fig. 3.16. Diagram for the determination of the factor of non-uniformity of loading of teeth

The similar dependence results from the expressions (3.40), (3.41).

On the basis of (3.42) the diagram (Fig. 3.17) is constructed. It testifies that At de-
pends, to a small extent, on the number of teeth in gearing and their rigidity, and it is de-
fined, basically, by the longitudinal rigidity of a belt and the transferred pull.

Thus, as ry >> 1, rp << 1, rir, = 1, the loading on the teeth, created by the difference
of steps, increases from the line of symmetry of the arc of contact to its periphery. The ex-
istence of the difference causes the redistribution of the loading in gearing, and, at
(tw — tp) < 0 the increase in loading of the first from the driving side teeth and unloading of

the last ones, is observed.
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Fig. 3.17. Diagram for the choice of the correction of the step of teeth of a pulley

As a result of the conducted researches of loading of a multiple toothed-belt gearing
by the method of the finite differences the dependences of the distribution of the trans-
ferred loading on the teeth from the main parameters of transmission, the conditions of
gearing and physical and mechanical properties of a toothed belt were received. It was es-
tablished that the most effective methodical way of control of non-uniformity of loading of
gearing and, as a consequence, of the increase of the load carrying capacity and durability

of toothed-belt transmissions, is the correlation adjustment of the step of the pulley teeth.

3.4. Mathematical and physical modeling of the transmission of power

At functioning of a toothed-belt transmission its elements are exposed to the com-
plex of dynamic influences. Their classification, pointing out the systematic and random
components, is offered. The random dynamic factors, connected with the non-uniformity
of movement of the machine-engine or the machine-instrument, owing to their complex
predictability, are not considered thereafter. The systematic dynamic loadings on teeth re-
sult from the shock character of their input in gearing and the alternate loading on the arcs
of contact of pulleys, because of the successive locating of the part of the belt on the sides
with different efforts, and they are also connected with the alternate bending of the belt on
pulleys.
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The researches established that the parameters of mechanical and physical proper-
ties of the elements of the belt in the conditions of the dynamic loading — the dynamic lon-

gitudinal rigidity £F; and the dynamic rigidity of teeth £Z; — essentially differ from the
static values EF and EZ. For the different types of belts the excess of EF,; above EF was

established: V-belts — 1.3 times [104]; CVT- belts — 1.7 times [105]; Poly-V-belts of the
sections K, JI, M — 1.8; 2.0 and 2.2 times accordingly [106]; toothed belts — 1.1...1.3 times
[107].

These results were received by the method of excitation of damped vibrations,

which is not specific for the belt operation in transmission. As a result of the measurement
of the values EF; and EZ,; at the forced loading with the various frequency v of a harmoni-

ously changing loading, in the works [103, 108] it is offered to determine the parameters of

the mechanical properties of belts by the following dependences:
EFq=KegEF;, EZg=kzq EZ, (3.43)

where kgg = 1.6...2.2at v=0...44 Hz and kzg = 1.2...1.6 at v = 0...22 Hz.
It is offered to define the values keq and kzq for toothed belts by the dependences

[47]:

~0,075=0,18+Ar
keg = vOOIA TRy :

(3.44)

0,56 50,44+ Ap
Kyq = vOOI7ATCRI

where Fy and Py — average efforts of the loading cycle; Ag = Fa / Fyp; Ap = Pal Py —
amplitude factors; Fa; Pa — amplitude efforts on a bearing layer and belt teeth.

At the same time the use of the results EF,; and EZ,;, received by the influence of a
harmonious effort on a belt, makes difficulties for the prediction of the deformations of the
belt elements in a real transmission, since the loading modes of both the bearing layer and
teeth are different from the sinusoidal modes. In this case, it is necessary to present the real
operating mode in the form of the sum of the harmonious components and to find the de-

formations of the belt elements for each of them.
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For the solution of the given problem it is necessary to use the visco-elastic model
of a toothed belt. The bearing layer and belt teeth are replaced with equivalent elasticities

and the viscosities, adequately responding to the influence of static and dynamic loadings
and leading to receiving of experimentally observed kg and kzq. In particular, for the teeth
of the belts m = 7 mm; B, = 50 mm; Py, = 4 N/mm the following values were received: the
visco-elastic rigidity E,, = 0.035 MPa; the instant (static) rigidity £, = 5.479 MPa and vis-
cosity of the elastic after-effect 1, = 0.036 MPa-s.

Using the formulas (3.43), the system of the equations (3.2) was presented in the

form:

o _ R APy,
kzqg EZ kzq EZ P kpy EF’

Fn _ Fng  R-Fi——Fng, (3.45)
Kyg EZ kpq EZ P keq EF ’

2Fhp=h-F=F.

The solution of the system (3.45) was made with the help of the computer by the stand-
ard program, realizing the method of Gauss [90]. At that, EF; EZ; F, zo were varied and the

frequency of runs of a belt v was equal to:

The results of the calculation of the efforts in gearing at various frequencies of
loading of a belt show that the increase in the frequency of its runs leads to the partial un-
loading of the teeth, adjoining to the driving side. In the examined cases for zo = 4 the re-
duction of the effort on the first tooth of the arc of contact makes 3.1 %, and for
Zo = 12 — more than 18 %.

The estimation of the influence of mechanical and physical properties of belt elements
on the distribution of the loading in gearing was made at v = 10 s™. The analysis of the de-

pendences shows that the increase in the longitudinal rigidity of the belt EF promotes the
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equalization of the loading between the teeth. It, in its turn, should favorably affect the du-
rability of a belt. The increase in the longitudinal rigidity of the belt from 1460 up to 3170
N/mm causes the reduction of y 1.3 times.

On the contrary, the increase in the rigidity of teeth leads to the opposite results. The
increase of £Z by 13 % leads to an additional loading of the first tooth by 4.1 %.

In our opinion, the dependences ke and kz from EF and EZ allow to explain the effect
of the reduction of y from the frequency of loading. The analysis of the dependences (3.43),
(3.44) shows that at the identical augment of v the value EF; grows more quickly than EZ;. At
the same time at the increase of EF the non-uniformity of loading of teeth decreases. Thus, at
the augment of v the increase of y (because of the growth of £Z) is unable to compensate the
decrease of y (because of the increase of EF).

The increase in the pull, transferred by the belt, leads to the proportional increase in the

loading on all the teeth which are in gearing. It is explained by the increase in the deformation

of tension of the sides of the belt at the increase of F; and the corresponding increase in the step
of belt teeth t,. The gearing of the belt with the increased step t, with a pulley of a constant step

ty, leads, as it is known, to the increase of .

It is necessary to note that the technique of the calculation of loading of teeth of the arc
of contact, presented above, allows receiving the flattened calculated curves, which reflect the
general regularities of the distribution of the loading. The experimental dependences (oscillo-
grams), received by strain-gauging, have a characteristic harmonious profile with local extrema

(Fig. 3.18), testifying to a shock input of teeth in gearing.
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Fig. 3.18. Oscillogram of loading of a toothed-belt gearing
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The author of the work [66] received the system of the differential equations, pre-
senting torsional vibrations of a drive pulley and longitudinal vibrations of the sides of the
belt, accounting the shock input of teeth in gearing. However, the main demerit of the giv-
en approach is the use of the unreasoned supposition, according to which the vibrations,
arising by the action of the shock input of teeth in gearing, damp by the moment of the in-
put in gearing of the next tooth. Thus, the shock loading is perceived by one tooth and the
distribution effect of effort in the multiple gearing is not considered.

The reliable information about loading of teeth in gearing can be received on the basis
of the account of non-uniformity of the distribution of shock and traction efforts on the arc of
contact.

The physical and mathematical model for the research of the distribution of loading
in gearing was developed. It considers: 1) shock character of loading of the first tooth of
the arc of contact; 2) multiple character of gearing; 3) contact of teeth without clearance; 4)
static and dynamic mechanical and physical properties of belt elements.

The developed model allows to estimate the influence of the main parameters of
transmission and mechanical and physical properties of belt elements on loading of gearing
and to offer the reliability methods of its uniformity [109].

According to the principle laws of mechanics the equation of motion of the system
is the following [110]:

Rt +F t +F, t =0, (3.46)
where R t =—k [y t —x t | —the elastic force; F, t =—c [y t —x t | —the damp-

ing force; Ky, t =—my t — the inertial force; m — the weight of the system; c and k — the

viscosity and rigidity of the system elements accordingly; x(t), y(t) — the law of motion at
the input and output of the system.

Having rearranged (3.46), we get:
myt+cyt+kyt =kxt+cxt.

The model of the interaction of teeth in gearing can be presented in the form of the

development (Fig. 3.19). The viscosity of the plastic yielding n,. can be neglected, having
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limited to a three-element model, since the showing of creep of a material or its relaxation
[111] is not specific for the loaded teeth and an interdental part of a belt.
The pulley impacts a tooth of a belt, inputting in gearing, by the specific mass, dis-

tributed along the arc of contact:

My = My g / 2o,

where my, g — generalized mass of a pulley.

Fig. 3.19. Dynamic model of the interaction of teeth in gearing: 1 — tooth of a pulley;

2 — belt teeth; 3 — bearing layer; E,., E,.,— visco-¢elastic rigidity of a tooth and a bearing lay-
er; Nve.r, Nve.» — ViSCOSIty Of an elastic after-effect of a tooth and a bearing layer;

Eo, Eop — instant (static) rigidity of a tooth and a bearing layer

The distribution of loading in gearing is defined by mechanical and physical prop-
erties of belt elements. For the convenience we divide the system x-y into two elements:

X=Xz and xo—y (Fig. 3.20).

Fig. 3.20. Scheme of the calculation of loading of teeth in gearing
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The equations of the movement of transmission elements can be written in the

form:

XoEot =My ¥+ Eqry,
mpY+Egy  myy (3.47)

XZ +Y,
Eot Eot

where my =mymy / mp+my , my=J /r22; mp — the mass of a belt, considering the mass

of a driving side m; and the moment of inertia of a driven pulley J; m, — the mass of a driv-
en pulley; r, — the radius of a pitch line of a driven pulley.
On the other hand:

EvetX+MyetX=MyXo +MyetXo + EyetXo. (3.48)

After the substitution of x, from (3.47) into (3.48) and the transformations, the

equation (3.48) becomes:

——X=myy+EqY. (3.49)

For the interdental part of a belt:

Eqp . ..
EobX+Mveb E % % =m;§+Egpy, (3.50)

ve.b
where m; — the mass of the interdental part of a belt on the length of one step.
On the basis of the equations (3.49) and (3.50) after the transformations we receive the
system of the differential equations of the distribution of loading in gearing for the case zp = 2:

Eo
.o _ t
My Xi + Eot X = Nvet

Xy + Egt Xy +Fyps
vet

Eot

MpXa + EgeXo = Nyey X3 + EqXs — Fys

ve.t

E )
b Xo + EgpXo.
ve.b

M; X3 + EgpX3 =MNvep
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where F,, — the force of impact of a belt tooth with a tooth of a pulley.
In a similar way we make the system of the equations for n teeth in gearing, accept-

ing that the pulley is absolutely non-deformed:

E
. _ t o .
My X1 + EotX) = Nyet Xo +EotXg + Fys

ve.t
} Eor _
My Xp + EgpXp =TNyet X3+ EgtX3 —Fy;
vet
M; X3 +EopXs =Nvep oo X2 + EgpX2;
Eveb (3.51)

o EOb . .
M X4 + EgpXa =MNyep = st EobXa;

ve.b

. EOb .
M X + EopXn = Mveb —  Xn-1 + EopXn—1-
ve.b

The developed system of the differential equations (3.51) was solved numerically
by Runge-Kutta method of 4-th order. The programmed solution was realized by means of
Borland Pascal 7.0 and the object-oriented programming (Application 1). The example of

a graphic solution of a set of equations is presented in Fig. 3.21 (Application 2).

Fig. 3.21. Loading of a toothed-belt gearing:
1 —tooth of a pulley; 2 — tooth of a belt; 3 — bearing layer
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As the object of the research the transmission with the following parameters was ac-
cepted: m =3 mm; t, = 9.42 mm; z; = 7, = 30. The values of mechanical and physical charac-
teristics of teeth and the bearing layer of the belt (static and dynamic), the number of teeth of
pulleys, the value of the shock loading, the speed of the movement of a belt v, varied.

The analysis of the received dependences testifies that the developed physico-
mathematical model allows receiving the dependences of loading of gearing of a harmoni-
ous profile with the local extrema, which corresponds to the experimental curves. Hence,
the developed model adequately describes the physical processes, occurring in gearing at
the transmission of power.

The analysis of the received dependences shows that the increase in the static ri-
gidity of a bearing layer and the viscosity of elastic after-effect of teeth of a belt leads to a
more rigid dynamic operating mode of transmission. On the contrary, the increase in the
static and visco-elastic rigidity of teeth, and also the viscosity of elastic after-effect and
visco-elastic rigidity of a bearing layer of a belt contribute to more uniform loading of
gearing [112].

For example, the increase of E,,., from 0.015 up to 0.1 MPa leads to unloading of

the first tooth of the arc of contact by 23 %, and the increase of E,,; from 5 up to 50 MPa
by 42.8 % (Fig. 3.22).

The influence of a high-speed operating mode of transmission on loading of gearing
was investigated. As a result, the analytical dependence of the factor of dynamism of load-

ing kyq, defining the value of the dynamic factor of non-uniformity of loading of teeth

Vd = ykyq from v, was received (Fig. 3.23).

Fig. 3.22. Dependence of loading of belt teeth

of mechanical and physical properties of an elastomer and a bearing layer
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The non-linear increase of shock loadings on the teeth, inputting in gearing in the
process of the increase of the speed of a belt, was established. In our opinion, it was caused
by the non-linear increase of dynamic mechanical properties of belt elements (longitudinal

rigidity and rigidity of teeth).

Kyl
20T

Fig. 3.23. Loading of teeth, depending on the speed of a belt:
continuous line — theoretical calculation; dashed line — experimental data

For the experimental check of the theoretical dependences the stand tests were car-
ried out. Their main purpose was receiving of the empirical curves, reflecting the character
of the distribution of loading in gearing from the speed of a belt v,,. The object of the re-
searches were the belts m = 7. mm; z, = 71; B, = 32 and 50 mm, made by the method of dia-
phragm vulcanization and equipped with the wear resistant fabric coating of teeth. The tech-
nique of the carried out researches was based on the registration of the deformations of a
measuring tooth of one of the pulleys of transmission (see Fig. 2.29).

The measuring tooth looked like a milled cantilever beam. The resistance strain
gauges with the baseline of 10 mm were pasted on the opposite plane surfaces by the
bridge circuit. The conductors from the resistance strain gauges through a current collector
were connected with the unit record equipment, which was based on the light-beam oscil-
lograph K12-22.

For carrying out of the researches the special stand (see Fig. 2.28), working on the
principle of the open power contour, was made. The motor torque (800 W) was transferred
to a drive shaft of the stand by the open tooth gearing with the transmission ratio u = 15.
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The rational speed of the shaft of the engine rated continuously in the range of
0...600 min™*. The braking torque was formed on the driven shaft by means of the regulated

block brake, allowing to realize the values from 0 up to 200 Nm. It provided the values
Fi = 0..57 N/mm at the admissible value for m =7 mm [F{] = 45 N/mm at the number of
teeth of pulleys of transmission z; = z, = 20 [70].

As a result, the oscillograms of the distribution of loading in gearing at the various
belt speeds v, = (0.17; 1.67; 3.17; 4.67) m/s were received. After the treatment of the re-
ceived oscillograms (Fig. 3.24) by the method of ordinates, it was established that the value
kya increases non-linearly while v, increases (see Fig. 3.23). The increase of vj, from 0.17 up

to 4.67 m/s leads to the increase of k,,q by 80 %.
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Fig. 3.24. Oscillograms of loading of a toothed-belt gearing:
a) Vp = 1.67 m/s; b) v, = 3.17 m/s

The comparison of the received results showed that the theoretical dependences, de-
fining the influence of a belt speed v, on loading of gearing, are adequate to the empirical
data. The divergence of results does not exceed 10.3 %. The similar results, presented in
the section 3.6, were received in the process of the computer modeling in ANSYS.

Thus, the developed physico-mathematical model of the force interaction of teeth in
gearing, allowed receiving the values of the working dynamic loadings, which enables to

make the forecast of the durability of transmission.
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3.5. Variation principles of the research of the stress-strained state

It is known that rubber (rubber-like) materials possess two excellent properties in
comparison with usual design materials. Firstly, these materials are practically incompress-
ible, i.e. their bulk moduli of elasticity essentially excel moduli of shear, and, secondly,
they are capable to endure large deformations.

In view of the incompressibility of rubber materials, analyzing their stress-strained
state, certain difficulties occur. It happens because the approximate calculations, based on
the formulation of the problem in displacements (Navier's equation of equilibrium) can
lead to the poor accuracies at the values of Poisson's ratio pu ~ 0.5.

These errors arise for the reason that in the limit (u = 0.5) the usual formulation of
the problem in displacements proves to be incorrect [113]. Therefore, the frequently used
methods of the solution of the problem of large deformations use the expansion into series
to solve linear problems. It is especially convenient when at the linear analysis the dis-
placements are used as the basic dependent variables. In this connection, it is reasonable to
make the analysis of the stress-strained state of rubber (rubber-like) materials in displace-
ments.

There are three basic variation principles in the theory of elasticity:

1) principle of minimization of the potential energy, expressed by means of deformations;
2) principle of minimization of the complementary energy, expressed by means of stress-
es;

3) variation principle of Hellinger-Reissner, expressed by means of displacements and
stresses.

The variation principle of Hellinger-Reissner causes significant difficulties for the
approximate methods, as it enters the abundant number of the unknowns.

The principle of minimization of the potential energy does not allow using of the
numerical methods of the solution, as it requires the choice of the system of the stresses at
equilibrium, which presents significant difficulties.

The most powerful and allowing to use the numerical methods of the solution is the
mixed method, based on the principle of the minimum of the potential energy and the
method of Ritz.

According to the variation principle of Lagrange, the potential energy of the elastic
system in an equilibrium position takes a steady-state value. This potential energy develops

of the potential energy of the elastic deformation and the potential energy of outside forces.
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In the basis of the solution of the problem of the theory of elasticity in displace-
ments there is the variation principle of Lagrange, according to which, only for the true
equilibrium position (of all statically possible states) the full potential energy takes the

minimum value, i.e. minimization of the functional of the full potential energy.

T=U-W, (3.52)

where U =% .[ oedV — potential energy of the deformation of the design; W = j PSdA —
Vv A

potential energy of the outside forces P; ¢ — stress; € — deformation; 6 — displacement; V —
volume; A — area of a design.

However, this method, even in the combination with the method of Ritz, possesses
a significant error at the application to nearly incompressible materials, and it is practically
unsuitable for incompressible materials.

Thus, for receiving of the method of the research of the stress-strained state, applied
to all materials, it is necessary to use the variation principle, which is true at all acceptable
values of Poisson's factor (0 < u <0.5).

According to the work [114], the principle of the minimum of the potential energy
IS equivalent to the equations of the elastic field of Navier in displacements. At the same
time, Navier’s formulation is wrong for incompressible materials (u = 0.5) [113]. That’s
why it cannot be used for such materials. Besides, the statement of the problem in dis-
placements reduces the accuracy of approximate solutions, when p — 0.5. In order to pre-
vent these difficulties, the variation principle, equivalent to such a statement of the prob-
lem in displacements, is necessary. Such a statement should be true both for compressible
and incompressible materials.

The author of the work [114] offers the variation principle, equivalent to the equa-
tions of the elastic field, expressed by the displacement and function of the average pres-
sure. It preserves the advantages of the principle of the minimum of the potential energy
and eliminates the difficulties, arising at the usage of nearly incompressible and incom-
pressible materials.

The author shows the method of the approximate analysis, inferred from the use of
the method of Ritz together with the offered variation principle. The comparison of the re-
sults, received by this method and by the method of minimization of the potential energy,

shows that the latter results are absolutely inaccurate for nearly incompressible materials,
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whereas the method of the solution, based on the variation principle, yields rather exact
results.

One of the most spread and adaptable methods of the research of the stress-strained
state of rubber-like materials (especially for the designs of the irregular shape) is the meth-
od of the finite number of elements. The given method represents the examined design as a
set of simple elements. In general, the algorithm of the finite element method is the follow-
ing:

1) some number of the nodal points is fixed in the examined volume;

2) the values of an analogue quantity in each nodal point are accepted as unknowns
and are the subjects to be defined;

3) the volume is divided into a finite number of the elements, having the common
nodal points, which approximate the shape of the area in total (Fig. 3.25);

4) the analogue quantity is approximated on each element by some polynomial,

5) the solving system of the algebraic equations, presenting some condition, is
made;

6) the received set of equations is solved by one of the known ways, the state variables

are defined.

Fig. 3.25. Spatial finite-element model of a tooth of a belt

However, the method of the finite number of the elements, based on the principle of

minimization of the potential energy for nearly incompressible materials, is approximate.
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The above variation principles, used for the research of the stress-strained state of
rubber (rubber-like) materials, with all their merits, are substantially worse than modern

soft-hardware methods of modeling of loading of various designs and machines.

3.6. Hardware-software modeling of the stress-strained state

For the research of the mechanical and physical processes, occurring in gearing, the
definition of the influence of the parameters of transmission on its reliability and durabil-
ity, the development of the recommendations on the increase of its technical level, the
complex of the computer finite-element modeling of the stress-strained state of toothed-
belt transmissions in ANSYS [115] is fulfilled.

At modeling the concept of non-linear mechanics of continuum, the non-linear the-
ory of thixotropic visco-elasticity, adhesive, cohesive, highly elastic and elastic-hysteresis
properties of anisotropic visco-elastic systems, the principle of Mooney-Rivlin, the exper-
imental diagrams of tension-compression of polymeric materials [43, 45, 46, 116, 117] are
used.

It is known [118, 119, 120], polymeric materials and the details of engineering ap-
plication, made on their basis, are visco-elastic systems and follow the fundamental laws of
mechanics (Hooke, Newton, etc.) at infinitesimal speeds of the deformation. In addition,
the stresses, arising in the volume of the given materials, depend not only on the value of
the applied loading and also on its type, the speed of change and duration of the operation.
Alongside with it, the polymeric materials display significant rheological and relaxation
properties [121, 122, 123], manifested in lowering of stresses at the constant loading.

The toothed belt at the power transmission is affected by a complex of dynamic
shock loadings, causing the constant change of its stress-strained state. It predetermines the
intensity of the course of the destructive phenomena, leading to the loss of the workable
condition and defining the load carrying capacity and durability of transmission. The re-
searches of the stress- strained state of polymeric materials and the details of engineering ap-
plication made of these materials by strain-gauge and polarization-optical methods [43, 44, 66,
124] were conducted with the tolerances and limitations, which did not allow to receive the
results with the high accuracy. Besides, the quantity of defining factors and the levels of their
variation are restricted, because of their high cost, complexity and the length of the experiment.

In Fig. 3.26 the developed finite-element model of a toothed-belt gearing [125] is

presented. The total amount of elements is 2811 pieces. Rubber is modeled by the elements
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hyper74 (1352 pieces), the toothed pulley is modeled by the elements plane 82 (758 piec-
es), the bearing layer is modeled by the elements link1 (356 pieces). The contact of teeth in
gearing is modeled by the elements targe169 on the pulley (162 pieces) and contal72 on
the belt (183 pieces).

Fig. 3.26. Finite-element model of a toothed-belt gearing: a) arc of contact of a drive pul-
ley; b) fragment of the arc of contact; 1 — pulley; 2 — belt; 3 — bearing layer

In Fig. 3.27, 3.28 the distribution of the main stress o; and contact pressure in gearing
of teeth on the arc of contact is shown. The maximum stress and pressure, distributed along the
arc of contact, is non-uniform. Their concentration is observed in the zone of transition of a
lateral surface of a tooth to the interdental space, i.e. in the area of the origination of a fatigue

crack.
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Fig. 3.27. Distribution of tension stress Fig. 3.28. Distribution of contact pressure

The first tooth from the driving side of a belt is the most loaded one (Fig. 3.29,
3.30).
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Fig. 3.29. Distribution of stresses Fig. 3.30. Mises’ deformations

In Fig. 3.31-3.38 the results of the finite-element computer modeling of the stress-
strained state of the drive toothed belt of a trapezoidal profile with a step of teeth 12.57 mm
(m =4 mm) are presented. A belt is stretched from left to right by the force 8.0 kN. The bear-
ing layer of the belt is considered to be inextensible. For the fixed position of the belt along the
bearing layer the vertical displacements are forbidden. The pulley is considered to be motion-
less and absolutely rigid. The friction factor in the contact is f = 0.5. The material of the belt is
modeled by Mooney-Rivlin’s principle. The module of the elasticity of polymer is E =5 MPa,

Poisson's factor is p = 0.499.
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Fig. 3.37. Intensity of Fig. 3.38. Mutual sliding
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In Fig. 3.39-3.44 the results of the finite-element computer modeling of the stress-
strained state of the drive-toothed belt of the semicircular profile HTD with a step of teeth

14 mm are presented.

Fig. 3.39. Distribution of contact pressure Fig. 3.40. Mises’ deformations

Fig. 3.41. Distribution of stresses ina belt  Fig. 3.42. Distribution of effort in a bearing
material layer
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Fig. 3.43. Intensity of stresses Fig. 3.44. Mutual sliding
in a belt material of profiles of teeth

The comparison of the results of modeling of the stress-strained state of teeth of
trapezoidal and semicircular profiles, allows to make a conclusion: a semicircular profile
of a tooth is more preferable. The smaller values of stresses, deformations, contact pressure
and the relative sliding velocity of profiles of teeth at an input in gearing are available. It is
due to the lowered profile interference of semicircular teeth in comparison with trapezoidal
ones. Hence, the belts with a semicircular profile possess the higher level of load carrying
capacity and durability.

In Fig. 3.45-3.49 the results of the research of the influence of a bearing layer on

the stress-strained state of drive-toothed belts are presented [126].

The toothed belt with the profile HTD, a tooth step t, = 14 mm, a specific pull

Fi = 3.2 N/mm, applied longitudinally (horizontally), is accepted as the object of the re-
searches. In the line of a bearing layer the lateral (vertical) restraint is lapped. The belt
cannot rise up or go down. The bearing layer is accepted to be absolutely flexible laterally,
but absolutely rigid longitudinally.

The solution of the problem is carried out in a flat position for a pulley of the infinite-
ly big radius. One tooth of a belt and one interdental space of a pulley are examined. The
pulley is accepted as absolutely rigid and motionless. The factor of friction between a belt
and a pulley is fi; = 0.5. Both the elastic deformation of a belt tooth and the contact interac-
tion of a belt and a pulley are modeled. The problems are solved in the static position.

In Fig. 3.45 the distribution of the maximum main stress o; (maximum tension
stress) on a belt tooth in the presence of a bearing layer (cord) is presented. The cord dis-
tributes the pull along the rubber part of a belt tooth. The moderate concentration of stress-
es on the radius of rounding of the tooth basis is observed. The maximum level is
o1 = 1.47 MPa.

- 146 -



ANSYE 581
JuN zo zood
lz:22:00
NODAL SOLUTION
STEP=4

SUB =2
TINE=3234
EPTOEQY  [AVG)

ANSYS 5.5.1
JUN z0 2004
12:23:53
NODAL SOLUTION
STED=4

SUB =z
TIME=2234

E (aVE)
DITC =.458E-03
SMN =-510880

E£fHu=0
DMX =_453E-03

SIK =. 147E+407 SMH = 195E-14

[ -,
OO icoseor m .
[ B
B sossor [t
[ B
S =k
- VQSDIHD’F :I .8
° [ -
Fig. 3.45. Distribution of stresses Fig. 3.46. Intensity of deformations
in the presence of a bearing layer in the presence of a bearing layer
F- EEDDED iﬂx 5:33
[ -,
O isossor =
OO ooseor e
B soxson [E
[ =
L asoseor e
L soox+on I
B cozior =
‘ [ -
Fig. 3.47. Distribution of stresses Fig. 3.48. Intensity of deformations
in the absence of a bearing layer in the absence of a bearing layer

Fig. 3.49. Loss of gearing of a toothed belt with a pulley

The displacement of the right end face of a belt under the loading makes s = 0.458 mm,
the intensity of the deformation ¢ (Mises’ deformation) is also maximum on the radius of
rounding of the tooth basis and it makes & = 0.624 (on the true scale; it is equivalent to 189 %)
(see Fig. 3.46).

At the cord removal from a rubber part of a belt tooth the stress and deformation
rise sharply. The pull from a pulley to a belt is transferred only by rubber. In Fig. 3.47 the
corresponding distribution o7 is presented. The tension stresses reach the level of 6.87 MPa

(increase 4.67 times). The deformation of the belt becomes visually appreciable. The dis-
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placement of the right end face reaches 1.49 mm (increase 3.25 times), the intensity of the
deformation reaches g = 1.33 (390 %). It increases 2.13 times (see Fig. 3.48).

The stresses and deformations in all the cases concentrate on the radius of rounding
of the basis of a tooth. The comparison of the solutions shows that the existence of the cord
reduces the level of stresses and deformations, arising in the body of a belt tooth at the power
transmission, several times. It causes the corresponding increase in the belt durability.

The behavior of the belt in the absence of prohibition on the vertical displacement
of the cord is examined (see Fig.3.49). At the pull F; = 0.2 N/mm the loss of gearing of a
belt tooth with a pulley tooth takes place. On the basis of this research it is possible to de-
fine the best value of the preliminary stress of the belt, limiting the vertical displacement of
the bearing layer.

The influence of a high-speed operating mode of transmission on loading of the belt
bearing layer and the contact pressure in gearing of the teeth is investigated (Fig. 3.50, 3.51).

Fig. 3.50. Dependence of loading of the Fig. 3.51. Dependence of contact pressure
bearing layer of a toothed belt at an input in  at an input in gearing from the frequency of

gearing from the frequency of rotation of a rotation of a drive pulley:
drive pulley: n; = 170 min™; n; = 550 min™; n, =170 min™; n; = 1700 min™*
ny = 1700 min™

The analysis of the above-stated dependences shows that the non-linear increase of
both loading of a bearing layer and the pressure in the contact of teeth along with the in-
crease in the speed of a belt is observed. It is connected with the non-linear change of me-
chanical and physical properties of the elements of toothed belts at the increase in the belt
speed. The received dependences are adequate to the developed theoretical dependences and

experimental data.
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Thus, the carried out researches allow to estimate the stress-strained state of toothed-
belt transmissions; to develop the recommendations for the choice of a design, geometrical
and operational parameters of transmission, the materials of elements of a toothed belt, pro-
moting the lowering of stresses and deformations and, as a result, the substantial increase of
load carrying capacity and durability of toothed-belt transmissions.

The computer modeling, which results are adequate to the theoretical development
and experimental data, allows coming to a qualitatively new level of designing of toothed-

belt transmissions with the improved technical characteristics.

3.7. Experimental research of the dynamic rigidity and the factor

of damping of vibrations of a toothed-belt transmission

At the research of the dynamics of a toothed-belt transmission it is necessary to
have the values of mechanical characteristics at the dynamic modes of loading. The re-
searches of a toothed-belt transmission at a static mode of loading [127] and also the defi-
nition of its dynamic rigidity and the factor of damping by the method of free damped vi-
brations at the equal tension of belt sides [128] do not reflect the valid work of transmis-
sion. The offered technique with the use of the forced resonant vibrations allows setting up
the stated characteristics for a case of a real loading of a belt.

The basic scheme of the stand is presented in Fig. 3.52, a. The forced torsion vibra-
tions of pulleys of a toothed-belt transmission are created by the cam-driven generator. The
eccentricity of a cam is 0.5...1.0 mm at the length of the lever 350 mm. For the stabiliza-
tion of the frequency of generated vibrations the drive with a magnetic amplifier PMU
6P-1A is used.

The examined transmission and the generator of torsion vibrations have the vibra-
tion isolation from the plate of the stand. One pulley of a toothed-belt transmission is rigid-
ly slow-downed on a support, another one is connected with a flywheel, receives the varia-
ble torque from the vibration generator through the flange coupling and change torsion
shaft 2.

The variable values of the moment of inertia of the vibration system J are received,
changing the mass of the flywheel. The own frequency of the vibration system is changed,

using the torsion shafts of the various rigidity.
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Fig. 3.52. Scheme of the stand for the determination of the dynamic rigidity and the factor
of damping of vibrations in a toothed-belt transmission (a) and the general view of an
amplitude-frequency characteristic (AFC) (b)

For the fixation of the shear of phases of the vibration system and the generator, and
also the frequency of generated vibrations two photo elements and a disk 3, fixed on the axis
of the generator, are used. Through the apertures in a disk the first photo element sets a sig-
nal on the digital frequency meter F-576 for the determination of the frequency of vibrations,
and the second element sets the signal on the first channel of the two-beam oscillograph
C1-18. The disk is fixed on the shaft in such a way that the hole for the second photo element
is opposite to the certain point, corresponding to the maximum radius of the cam 4.

For the determination of torsion vibrations of a flywheel the wire strain gauges,
pasted on the elastic beam 1, are used. The first end of the beam is closed rigidly and the
other one makes vibrations together with the flywheel. The signal is transmitted to the am-
plifier TA-5, and then to the second channel of the oscillograph C1-18. The kind of the
signal confirms the harmonious character of the raised vibrations.

The preliminary tension of the belt is adjusted by screws; the set preliminary tension
is controlled along the bending deflection of a belt under the action of the effort. The loading
by the moment is carried out by the demountable lever and the load. The difference of ten-
sion of the transmission sides is provided with the elastic deformation of the torsion shaft.

The relative amplitude of the torsion vibrations of the flywheel is displayed on the

screen of the oscillograph. At the shear of phases by x / 2 the resonance of the torsion vi-
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brations is observed. Measuring consistently relative amplitude at the corresponding circu-
lar frequency of the generator, the amplitude-frequency characteristic (AFC) is determined.

The calculation dependences are presented for one-mass vibration system. At the
linear dependence between the elastic force and the deformation the equation of the forced

angular vibrations of the flywheel looks like [129]:
Jo"+E¢" +Cq 0 =Cs S,

where ¢ and cq) — torsion rigidity of the torque shaft and the whole system; & — the factor of
damping of vibrations in a toothed-belt transmission; &, — the law of the displacement of the
end of the torque shaft; c;d; — the law of change of the exciting force; ¢ — the angle of de-
flection of the flywheel.

The solution of this equation with the known value of frequency of its free vibra-

tions o, allows defining the dynamic rigidity of a toothed-belt transmission:
c= Jcog —Cs.

It is possible to consider the moment of inertia of the vibration system equal to the

moment of inertia of the flywheel J = 1.1 N-m's*, since the moments of inertia of other de-
tails of the stand are negligible. The torsion rigidity of the torque shaft is ¢s = 780 Nm/rad.
The damping in the torque shaft can be neglected as it is less than the damping in a
toothed-belt transmission. By relative AFC we define Q-quality of the vibration system,
which is equal to the ratio of the free circular frequency to the width of a resonant curve at
the amplitude 0,7074,,.x. Comparing the received value of Q-quality with its value, ex-
pressed by the ratio of inertial reactive impedance on the resonant frequency to the loss re-

sistance, we receive the calculation formula for the factor of damping:
E=J wp—0y ,

where 1 and o, — see Fig. 3.52, b.
Thus, for the calculations it is necessary to know only the kind of a resonant curve,
which allows lowering of the labor content of the experiment, having excluded the calibra-

tion of the flywheel absolute deflection. At the change of the frequency of free vibrations
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of the system, which is received by the various combinations of the values J and ¢, we get

AFC, showing the insignificant non-linearity of the vibration system.

Investigating the dynamic characteristics of a toothed-belt transmission, two maxi-
ma AFC are observed. The first maximum corresponds to the shear of the phases by n/ 2,
the second maximum appears at the exciting vibrations, which circular frequency is twice
less than the circular frequency of the first maximum AFC (at that, shear of the phases is
approximate to zero). During this moment the intensive lateral vibrations of the following
side of a belt are observed. The calculation of the dynamic characteristics is made, using
the first maximum AFC.

The significant difference of partial frequencies of torsion vibrations of pulleys of trans-
mission and lateral vibrations of belt sides is confirmed experimentally. The dynamic character-

istics of a toothed-belt transmission of the machine tools of the models 1D340 and 1P416F3
(zw = 20 and 22; module m =5 mm, B, = 50 mm, z, = 71) are investigated on the stand.

The dependences of the dynamic rigidity and the factor of damping of a toothed-
belt transmission from the preliminary tension of a belt are presented in Fig. 3.53. The
graphs show that the dynamic rigidity of the toothed-belt transmission, used in the machine

tools of the models 1D340 and 1P416F3, averages ¢ = 2...3.5-10* Nm/rad, and the factor
of damping is §=2.5...4.5 Nms/rad. The static rigidity of transmission is ¢t = 1 Nm/rad.

¢-10* Nm/rad a)

3.5 7
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Fig. 3.53. Dependences of the dynamic rigidity c (a) and the factor of damping & (b) of a

toothed-belt transmission of the preliminary tension of a belt F, at various values of a pull F;
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The moment of inertia of a drive of the machine tool can be modeled on the stand,
changing the moment of inertia of a flywheel for the determination of resonant frequencies of a
drive.

The analysis of the received dependences testifies that with the increase in a prelim-
inary tension of a belt the dynamic rigidity and the factor of damping of vibrations increase.
Hence, the unfounded increase in a preliminary tension of a belt leads to the increase in the
internal losses and decrease in the efficiency of transmission. In the work [53] the similar
conclusion at the research of efficiency of a toothed-belt transmission was received. At the
same time both the increase in the dynamic rigidity with the reduction of the factor of
damping and the growth of the pull in transmission at the constant preliminary tension take
place.

The change of the length of a toothed belt influences its dynamic characteristics. At the

research of two belts B, = 40 mm in width with a number of teeth z, = 78 and 154 it is estab-

lished that the value of the dynamic rigidity (in relation to a step) for a longer belt increases 1.5
times [130].

3.8. Conclusions

1. The research of loading of a multiple toothed-belt gearing by the method of the fi-
nite differences testifies that the distribution of the loading corresponds to the discrete
scheme.

2. At the research of loading of gearing it is necessary to consider the change of the
factor of the overlap ¢, in the process of various phases of gearing and transmission of a part
of power by the teeth, which are in the zone of the incomplete profile gearing.

3. As a result of the carried out researches of loading of the multiple toothed-belt
gearing by the method of the finite differences the dependences of the distribution of trans-
ferred loading on teeth from the main parameters of transmission, the conditions of gearing
and mechanical and physical properties of a toothed belt have been received. It has been
established that in the most effective methodical way of control of non-uniformity of load-
ing of gearing and, as a consequence, of the improvement of load carrying capacity and
durability of toothed-belt transmissions, is the correlation adjustment of the step of pulley
teeth.
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4. The physico-mathematical model of the multiple toothed-belt gearing has been de-
veloped. It allows to define its dynamic loading, depending on the main parameters of trans-
mission and mechanical and physical properties of a belt. The system of the differential
equations, describing the distribution of the loading in gearing, has been solved by the nu-
merical method. The solution is presented in the form of the graphic dependences, having a
harmonious profile with the local extrema, which corresponds to the experimental curves,
received on the developed stand by the method of oscillometry. The divergence of the results
does not exceed 10 %, which confirms the adequacy of the model to the mechanical and
physical processes, occurring in gearing.

5. The complex of the theoretical and computer finite-element modeling of the
stress-strained state of toothed-belt transmissions in ANSYS has been lead. The results of
modeling have shown the adequacy of the developed theoretical theses to the carried out
experimental researches. It allows providing of a qualitatively new level of designing of
the toothed-belt transmissions, characterized by the high accuracy and the lowered labor
costs.

6. The experimental research of the dynamic rigidity and the factor of damping of
vibrations of a toothed-belt transmission have been carried out on the developed stand. It
has been established that with the increase in a preliminary tension of a belt the dynamic
rigidity and the factor of damping of vibrations increase. Hence, the unfounded increase in
a preliminary tension of a belt leads to the increase in the internal losses and the decrease
in the efficiency of transmission. At the same time both the increase in the dynamic rigidity
with the reduction of the factor of damping and the growth of the pull in transmission at
the constant preliminary tension take place. The increase in the length of the toothed belt

leads to the significant increase in its dynamic rigidity.
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Chapter 4. DESIGN-ENGINEERING METHODS OF THE IMPROVEMENT OF THE
TECHNICAL LEVEL OF TRANSMISSIONS OF POWER BY FLEXIBLE LINK

4.1. Energy and resource saving ecologically-safe

technology of drive toothed belts

The basic aspects of the technology of drive toothed belts are widely presented in
the works [131, 132, 133]. It should be noted that the manufacturing techniques include the
following complexes of the working operations:

— assembly of a blank of a belt on a sprocket drum, using cord, fabric and unvul-
canized elastic materials;

— vulcanization of blanks under heat and pressure;

— blank cutting (rolled-up stock) into separate belts;

— quality control of belts.

The assembly of blanks of locked belts consists in placing of one or several layers
of facing fabric on an assembly profile drum, coiling of a cord thread in the helical line,
laying and rolling on the necessary quantity of elastomer. The fabric, put on an assembly
drum, looks like a cylindrical sleeve, sewed or stuck together on the moving line.

The operation of a cord coiling is the most important thing at this engineering
stage. The uniformity of loading of separate coils of a cord and the load carrying capacity
of a belt mostly depend on the quality of its fulfillment. The uniformity of a cord coiling is
provided by two requirements: the constants of a step and tension of coiling. The stable step
of coiling is provided with the application of one or several rollers for directing of a cord.
The clearance between a roller and an assembly drum should be minimal (2...10 mm).

The set effort of tension is provided by means of brake mechanisms, influencing the
spool with a cord. The tension of the cord is supported by the constant periodic of the brak-
ing torque, carried out by hand.

At coiling of a cord thread on the assembly drum the additional spinning or spin-
ning away take place. As a result, the step of a thread coiling changes. The belts with the
metal cord, received an additional twisting, deform inadvertently in a free state, getting
"eight-fold twisting”. The operation of such belts in transmission is accompanied by their
intensive friction on rims. For the elimination of this phenomenon the assembly machine

tool is equipped with an extra attachment, which carries out the rotation of a unit of fas-
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tening of the spool together with the spool to the side, which is opposite to the direction of
the rotation of the assembly drum [134].

After cutting of a rolled-up stock there are certain difficulties with sealing of the ends
of a belt of a cord. The problem is very actual for the belts with a metal cord, which ends can
cause traumas and damage the details of transmission. The simplest way of the elimination
of such a phenomenon consists in giving of the larger angle of coiling to a cord thread in the
places of the future cutting. Such coiling is carried out by means of the additional support,
placed on the basic support of the assembly machine tool and bearing a roller for the direc-
tion of a cord. The interrupted motion is given to the additional support, therefore in the
places of the future cutting of a rolled-up stock the speeds of both supports are summed up.
As a result, the deflection angle of spirals of the cord increases. The additional support is
motionless relating to the basic support in the places of usual coiling [135].

The vulcanization of drive belts is carried out in autoclaves. Such a method of vul-
canization is specific for lengthy (up to 3150 mm) toothed belts. The longer belts are vulcan-
ized in open-side presses or in the vulcanizers of the periodic action, carrying out the vulcan-
ization of a belt by parts.

The toothed belts of a small length without fabric facing are made by the method of
molding in moulds with hydraulic presses with flat heated plattens.

The method of molding consists in coiling of a cord on a sprocket drum and the in-

stallation of the drum in the heated mould. (Fig. 4.1).
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Fig. 4.1. Scheme of a mould for molding of toothed belts: 1 — sprocket drum;
2 — frame; 3 — cylinder; 4 — piston; 5 — raw compound; 6 — blanks of belts

The mould is closed by the cylinder, the toroidal fragment of raw rubber is put into

the circular groove, and the piston is established. The mould is placed between flat heated
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plattens of the hydraulic press. At the rapprochement of the plattens raw rubber fills the
form, forming the body of a blank of a belt. After the process of vulcanization the plattens
of the press are separated, the mould is taken out, and an internal sprocket drum is pressed
out together with a blank. The drum is taken out in parts from the blank, which is cut into
separate belts.

Mould belts are characterized by the exact sizes and a high quality of surfaces,
since they are formed by the precisely and qualitatively processed surfaces of a mould. The
high pressures of pressing (15...25 MPa) provide dense structure of belts, the absence of
pores, holes, etc. For these reasons a cord of mould belts possesses the raised adhesion to
elastomer. The lack of the method is the impossibility of getting of a wear resistant fabric
coating of teeth, that’s why mould belts are made, as a rule, of polyurethane, that is 3...10
times more expensive than chloroprene rubbers, mostly used for manufacturing of toothed
belts.

Pressing in a diaphragm autoclave provides producing of toothed belts with a wear
resistant fabric facing of teeth due to the uniform drafting of a rubber blank on a sprocket
drum. The durability of such belts exceeds the durability of the similar mould belts 5...7
times. The blank, consisting of the layers of facing fabric, consequently put on a drum, a
cord and a raw compound in a sheet form, is put into the operating zone of an autoclave (Fig.
4.2). The zone represents a curing bag, located inside the massive frame, consisting of an

external steel cylinder and an internal elastic rubber diaphragm.
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Fig. 4.2. Scheme of an autoclave for manufacturing assembly belts: 1 — frame; 2 — cover;
3 — shutter; 4 — curing bag; 5 — diaphragm; 6 — sprocket drum; 7 — blank

The diaphragm looks like a rubberized-fabric pipe with flanges and its thickness is

5...12 mm. The over-heated steam is moved into the space between a wall of the cylinder
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and a diaphragm. The steam has the temperature of vulcanization of a blank and the pres-
sure 0.6...1.5 MPa. The diaphragm drafts and uniformly covers and presses the blank on
the sprocket drum. After the process of vulcanization the drum with the blank is taken out
of an autoclave, the blank is taken off and cut into separate belts.

At the same time the technology of vulcanization in an autoclave has its demerits,
which do not allow realizing the maximum durability of the produced belts. First of all, it is
connected with the low pressures of pressing in comparison with the method of molding.

The low pressures of pressing cause the low parameters of durability of adhesion of
a cord to elastomer, the presence of porosity, holes, etc. in a finished article. At the use of
rigid rubbers poor-quality pressing of the profile of teeth is frequently observed. Beside,
pressing in an autoclave is carried out by the flexible pressing element — the rubber-cord
diaphragm. The presence of the non-rigid pressing element does not allow receiving of the
demanded thickness of belts, that’s why they should be ground off.

The new progressive highly effective technology of producing of drive toothed belts
[136] has been developed. The technology is based on the pressing of a blank of a belt by
rigid elements (PRE), synchronously approaching in a radial direction. The flow of a vulcan-
ized elastomer in a radial direction provides the qualitative implementation of the process of
fabric facing on a working surface of a belt, excluding the formation of folds. The presence
of rigid elements (sectors) allows to receive the belts of the pre-set thickness with the de-
manded quality of surfaces just in the mould. The method does not demand power-intensive
autoclaves and it is carried out in the hydraulic vulcanization presses with heated plattens.

The equipment for manufacturing of belts by the method of PRE represents a

mould with a vertical axis of rotation (Fig. 4.3).

Fig. 4.3. Scheme and physical form of a sector mould for manufacturing of toothed belts:
1, 3 —top and bottom of cones; 2 — sector; 4 — gear core; 5 — blank of belt
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Let’s consider the operation process of such a mould. At the removed top cone 1 and
the sectors 2 the gear core 4 with a blank of a belt 5, consisting of facing fabric, a bearing
layer and non-vulcanized rubber, is installed into the bottom cone 3 and is preliminary cen-
tered. Then in the bottom cone 3 the set of sectors 2 is established and covered with the top
cone 1. At the vertical compression of cones 1 and 3 the sectors 2 approach, pressing the
blank on the core. The pressure in the mould is 20...25 MPa.

The carried out experimental researches on the stand equipment (the belt breaking
strength; the resistance of the belt tooth to the shear; the strength of adhesive links; the re-
source) showed that the application of the method of PRE allows providing high parame-
ters of mechanical and physical properties of a belt [137]. It leads to the improvement of the
load carrying capacity and the operational resource of drive toothed belts.

Thus, the developed technology of drive toothed belts has the following ad-
vantages:

1) raised transferred power and durability of toothed belts in comparison with
mould and autoclave analogues;

2) application of the unified equipment and the absence of finishing operations;

3) raised productivity in view of the absence of finishing operations of the backing-
off surface of a belt;

4) minimization of industrial wastes due to the application of hydraulic presses in-
stead of autoclaves and the absence of the grinding equipment;

5) raised ecological cleanliness of manufacture due to minimization of technologi-
cal waste and exclusion of formation of a rubber dust;

6) high (up to 95 %) operating ratio of the basic materials;

7) low specific energy intensity of the technological process.

The disadvantages of the method are the following:

1) limited length of belts, defined by the dimensions of a mould and a working zone
of the technological equipment;

2) low mechanization and automation of the technological process.

Some equipment modifications have been developed. It allows to automate manu-
facturing techniques, to improve the quality of products and simplify the design and manu-
facturing techniques of the details of moulds.

The analysis of the process of pressing of belts in the sector moulds shows that fill-
ing of shape-generating grooves of equipment is carried out not only due to the mechanical

movement of the plastic rubber mass by means of the sectors. Heating of the vulcanized
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mass is accompanied by its nonreversible thermal expansion up to 5...12 %. Thus, filling
of the mould takes place due to the increase in the volume of a vulcanizate, which allows
to create the progressive designs of the equipment, where the displacement of the sectors
corresponds to the radial direction, and a shape-generating groove pressurizes at the close-
ended pressing elements.

The given equipment has a horizontal axis of the gear core and two pressing sectors
(Fig. 4.4). For the realization of the operating cycle the gear core 1 with a pre-assembled
blank 2 is located into the bottom half-mould 3, where it is centered on the flange 4. The
core is covered with the same top half-mould and is placed between the plattens of the
press. At the approach of the plattens the half-moulds also approach up to the contact, clos-
ing the blank of a belt in a shape-generating groove of a mould. For preventing of the
heavy pressure in a mould the scraps of a rubber mixture run out into the orifice hole 5 by

the diameter 0.2...1 mm or into flaps [138].

Fig. 4.4. Scheme and physical form of a horizontal mould:

1 — gear core; 2 — blank of belt; 3 — half-mould; 4 — flange; 5 — orifice hole

One of the ways of updating of the equipment consists in giving universal properties
to it. To avoid manufacturing of expensive sets of moulds for the belts of about the same siz-
es, one unified frame of two sectors, equipped with a set of gear cores for each of the stand-
ard sizes of belts and the set of the changeable elastic sleeves of the identical diameter, is
manufactured. The internal surface of the sleeve performs shape-generating functions, the
external one interacts with the internal boring of the sectors (Fig. 4.5) [139].

The progressive design of a mould for manufacturing of the double-sided toothed
belts, characterized by the raised reliability of work and the quality of products, is devel-
oped (Fig. 4.6) [140].
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Fig. 4.5. Universal mould for manufacturing of toothed belts: 1,2 — top and
bottom half-moulds; 3 — gear core; 4 —blank of belt; 5 — elastic sleeve

Fig. 4.6. Mould for manufacturing of double-sided toothed belts: a) general view of a
mould, a longitudinal section along a plane of symmetry in an initial phase of pressing; b)
the same in the final phase of pressing; c) the same, the section A-A ; d) the same, the sec-
tion B-B; e) scheme of interaction of the mechanism of radial movement with the sectors
of the first group; f) scheme of interaction of the sectors of the first and second groups; g)
scheme of interaction of the mechanism of radial movement with the sectors of the second
group; 1 — sprocket drum; 2 — aligning flanges; 3 — molding sectors of the first group; 4 —
external conic surfaces of the sectors of the first group; 5 — internal conic surfaces of the
cones of the mechanism of radial movement; 6 — cones of the mechanism of radial move-
ment; 7 — sectors of the second group; 8 — lateral planes of the sectors of the second group;
9 — angular holes; 10 — guide pins; 11 — teeth; 12 — circular clearance, a shape-generating
double-sided toothed belt
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The mould for manufacturing of double-sided toothed belts contains a toothed col-
lapsible core 1 with the removable aligning flanges 2, the molding sectors 3 of the first
group with the external conic surfaces 4, interacting with the internal conic surfaces 5 of
the cones 6 of the mechanism of radial movement. The sectors 7 of the second group in the
form of the ground wedges with the flat lateral planes 8 are placed between the sectors 3 of
the first group. The sectors 7 have the angular holes 9 with the guide pins 10, pressed into
the cone 6. On the external surface of the core 1 and the internal cylindrical surface of the
sectors 3 the teeth 11, corresponding to the interdental spaces of the made double-sided
belt, pressed in the circular clearance 12, are cut.

Let’s consider the working process of such a mould. Wear resistant fabric coating is
overlaid sequentially on the toothed collapsible core, preliminary taken out of the mould.
Then the bearing layer in the form of a cord is coiled in the helical line. After that the layer
of the sheet non-vulcanized elastomer and one more layer of fabric coating are overlaid on
the coiled cord. The sectors 3 of the first group, alternating with the sectors 7 of the second
group (the sectors of both groups are placed in a vertical clearance between aligning flang-
es 2) are set round the core with the assembled blank. The core 1 with the blank and the
sectors 3, 7 go down on the bottom cone 6. The conic surfaces 4 of the sectors 3 start in-
teracting with the conic surfaces 5 of the cones 6, and the pins 10 input into the holes 9 of
the sectors 7. The angle of deflection of a guide pin to the axis of rotation of the mould is

determined by the ratio:

tgp :tgoucos%,

where a — the angle of deflection of the external conic surface of molding sectors of the
first group to the axis of rotation of the mould; y — the angle of a wedge of molding sectors
of the second group, y = 360°z; z — the number of sectors in each group.

Then the core 1 is covered with the top cone 6, the working surfaces of the cone in-
teract with the surfaces of the sectors 3 and 7 in the same way.

The design of the mould allows to keep the size of clearances between the movable
sectors, excluding the occurrence of significant friction forces between them, which pro-
vides the improvement of durability and reliability of a mould and minimization of a flash

on a toothed part of belts. It promotes the increase of their quality.
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4.2. Parameters of the technological process of the manufacture of drive toothed belts

The basic parameters of the technological process of the manufacture of rubber-
technical products and, in particular, drive toothed belts are the pressing pressure, tempera-
ture and duration of vulcanization [141, 142].

4.2.1. Pressing pressure

The transmission of a pull from teeth to the bearing layer of a belt is carried out by
means of the mechanical and chemical adhesive forces, arising during the vulcanization on
the border "bearing layer — elastomer".

The pressing pressure p causes the strength of adhesive bonds c,q4, the presence or
absence of porosity and holes, i.e. the solidity of a finished article. The load carrying ca-
pacity and durability of a belt depend on the value c,4. Between p and 44 there is a regres-
sion link. It is caused by the fact that the bearing layer is not a monolithic rod, but a set of
elementary rods (wires, fibers).

The value o,q depends on the degree of the penetration of a filler (rubber) between

the wires or fibers. The higher is p the better is the filling of the section of a bearing layer
with rubber and the area of their contact.

For the determination of an optimum level p the experimental researches were car-
ried out. According to [70] oaq is defined by the effort F that is necessary for the extraction

of the bearing layer from the samples, representing the fragments of a belt (Fig. 4.7).

Fig. 4.7. Configuration of the samples of toothed belts
for the determination of the strength of adhesion: 1 — bearing layer; 2 — sample
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For the metal cord 5J115 (Fig. 4.7, a) (5 brass wires, twisted together, ©0.15 mm) and
7112 is F > 50 N, for 15J115 (Fig. 4.7, b) (15 wires ©¥0.15 mm) and 12J112 is F > 150 N.

Practically, F is determined with the help of the machine of tension, supplied by a
special vice for fixing of bared cables. At moving apart of the jaws the highest value F,

which corresponds to the destruction of the adhesive combination, is fixed.

The value oyq is calculated by the dependence:

Gad:F/nch,

where L — the length of the vulcanized part of a bearing layer.

The investigations are carried out by means of the special frame of a mould (Fig.
4.8) with a chord aperture in the central part. The manometer, representing a spring-loaded
rod is placed in the aperture. The free end of the rod interacts with the displacement indica-

tor of a clock type IH-1.

Fig. 4.8. Scheme of the pressure measurement of pressing: 1,2 — top and bottom half-
moulds; 3 — gear core; 4 — blank of a belt; 5 — manometer; 6 - rod; 7 — spring;

8 — displacement indicator

The pressure in the mould is varied by the quantity of rubber mixture, by the
change of the section of the orifice holes, and also by the regulation of effort of compres-

sion of plattens of a press.
The belts with the module m = 3 mm and the number of teeth z, = 48 are the ob-

jects of the researches. The filler material is the rubber 1453, made on the basis of chloro-
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prene rubber. The facing is the fabric of the article 56320, gum-dipped by Ned20 or a rub-
ber mixture 1453. The bearing layer is the metal cord 5J115, 15J115.

Thus, 4 types of samples are investigated: 1 — 5J115+420; 2 — 5J115+1453;
3 — 15J115+420; 4 — 15J115+1453.

The investigations show that in the beginning o4 increases non-linearly with the
increase of p. After filling of the whole bearing layer with elastomer 644 is stabilized, and
the further increase of p does not lead to the change of o4q (Fig. 4.9).

The analysis of the received dependences c5q = f (p) shows that receiving of cagmax

is possible under the condition when p > 4 MPa. The realization of such a level of p is car-

ried out at pressing of a belt by the rigid elements or sectors.

Fig. 4.9. Influence of the pressing pressure on the strength of adhesion of metal cord

to a rubber mass of a toothed belt (the explanatory notes are in the text)

4.2.2. Temperature of vulcanization

The majority of rubber-technical products are vulcanized at the temperature
140...170°C [141]. The use of higher temperatures allows to reduce the duration of vulcan-
ization and, hence, to raise labor productivity. The raise of the temperature by 10°C allows

to reduce the duration of vulcanization practically 2 times [142]:

B
ﬂ: k 10
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where 1; — the duration of vulcanization at the temperature t;; T, — the duration of vulcani-
zation at the temperature t,; k — the temperature factor of the speed of vulcanization (k = 2).

However, the deterioration of mechanical and physical properties of a finished arti-
cle is observed, if the rubbers are used for a belt manufacture at the temperature above
140°C.

It is connected with the fact that during vulcanization, alongside with the basic process
(the formation of cross linkage of macromolecules of rubber and spatial vulcanized cross-
linking structure), the chemical processes of cyclization and modification of polymer chains, a
rearrangement of the vulcanization bonds, thermal and oxidative destruction of polymer chains
take place (Fig. 4.10) [46, 142]. In this case, over-vulcanization (reversion) of a vulcanizate

occurs.

Fig. 4.10. Dependence of the strength of a belt at tension of time 1

and temperature t of vulcanization

4.2.3. Duration of vulcanization

The optimality of the technological process of the manufacture of belts is defined
by the least duration of vulcanization, at which the maximum values of the basic mechani-
cal and physical properties of a vulcanizate (the strength at tension, the friction resistance,
the ageing resistance) are achieved (see Fig. 4.10).

Examining the mechanical characteristics of rubbers and raw rubbers, it is estab-
lished that under-vulcanized samples [46, 142] have the following higher parameters: the

tear resistance, the formation and growth of fatigue cracks at cyclic loading.
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The authors explain this phenomenon by the fact that while the rubber-technical
products are in service, the heat energy, formed inside a vulcanizate due to the internal
friction, mechanical and chemical processes, is firstly spent for the ending of the process of
vulcanization up to the optimum level of the formation of polymer chains and the vulcani-
zation bonds, and, secondly, the heat energy activates, stimulates or accelerates the pro-
cesses of the thermal and mechanical destruction of polymeric material.

For the experimental testing of the influence of duration of vulcanization on the du-
rability two experimental batches of belts (10 pieces in each one) are made. The vulcaniza-
tion medium represents the rigid pressing sectors; the vulcanization pressure (5 MPa); the
temperature of vulcanization (140°C); the duration of vulcanization of belts from the first
batch (20 minutes) and from the second batch (17 minutes).

The belts are brought to the experimental-industrial durability testing. The average
lifetime of the belts from the first batch is 120 h., the second batch is 200 h.

Let's define the dependence of the duration of tests and the number of the cycles of
loading of belt teeth.

The belt is inseparable, making the cyclic runs along the contour of transmission between
drive and driven pulleys. During one run one separate tooth of a belt experiences one loading on
each pulley. The gearing of teeth does not allow elastic sliding and slippage of a belt.

Thus, the product of the rotation frequency of a pulley by the ratio of the length of a
pulley circle to the length of a belt represents the quantity of loadings of one separate tooth
of a belt a minute on a corresponding pulley, which are designated as N; and Ny:

TCdl

Ny=m—=; Np=n,—=.
toZp toZp

The total quantity of loadings of one separate tooth of a belt a minute on both pul-
leys is:
TCdl TEd2 _ TC(nldl + nzdz)

Ny =N;i+Ny=m 255
pZp

+Nn

Zp Zp

Considering that t, =zm, nyd, =md;, dy =mzy, we receive:

_m(ngdy +nydy)  2mmymzy; 2z

N
> Tmz z
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The total number of cycles of loading of one separate tooth of a belt during the tests

Ny = 2
Zp

where t — the total duration of the resource test, expressed in minutes.

The frequency of rotation of a drive pulley of the examined transmission is n; =
10000 min™, the number of teeth of a drive pulley is z, = 12, the number of teeth of a belt is
zp = 90, the average resource of belts from the first batch is t; = 7200 minutes, the second is
t, = 12000 minutes.

Hence, the durability of the belts from the first batch makes Ny = 1.92-107 cycles,

the second — Ny, = 3.2-107 cycles.

Thus, the choice of rational modes of the technological process of the manufacture
is an effective means of the increase in the durability of drive toothed belts. The realization
of the technological process of the manufacture of toothed belts with optimization of a
mode by the parameters of pressure, temperature and the time of vulcanization allows to
increase the durability of belts by 65...70 % and to lower the labor cost by 10 % [143].

4.3. Progressive designs of the reinforced toothed belts

The design of a toothed belt with sleeve-loopback reinforcement has been developed
(Fig. 4.11).

Fig. 4.11. Longitudinal section of a belt with sleeve-loopback reinforcement:
1 — bearing layer; 2 — sleeve; 3 — tooth of a belt

- 168 -



In the given belt the loops of a bearing layer 1 enclose the sleeves 2, placed along the
teeth 3, and they have the same direction of coiling, which provides a high adaptability to
assembling of blanks of a belt. The experimental toothed belts with sleeve-loopback rein-

forcement with a step of teeth 50.8 mm are manufactured (Fig. 4.12).

Fig. 4.12. Technological mould and a toothed belt
with sleeve-loopback reinforcement

In the given design of a toothed belt the pull is transferred directly from the teeth to
a bearing layer without the occurrence of shearing stress in elastomer.

For carrying out of the comparative analysis of the stress-strained state of the rein-
forced and non-reinforced toothed belts, the computer finite-element modeling in ANSYS

is made. In Fig. 4.13, 4.14 the results of the modeling of a non-reinforced design of a

toothed belt of a semicircular profile are presented [144].
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Fig. 4.13. Distribution of stresses Fig. 4.14. Mises’ deformations

The results of the modeling show that the maximum values of the tension stress c; and
the intensity of the deformation (Mises’ deformation) &; are observed on the radius of transi-
tion of a lateral surface of the tooth to the surface of an interdental space. Thus c; = 12.9 MPa,

g = 2.042.
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In Fig. 4.15-4.20 the results of the modeling of the reinforced toothed belts are pre-
sented:

1) reinforcement by a sleeve @10 mm (Fig. 4.15, 4.16);

2) reinforcement by a sleeve @12 mm (Fig. 4.17, 4.18);

3) sleeve-loopback reinforcement by a sleeve @12 mm (Fig. 4.19, 4.20).

Fig. 4.15. Distribution of stresses Fig. 4.16. Mises’ deformations
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Fig. 4.17. Distribution of stresses Fig. 4.18. Mises’ deformations
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Fig. 4.19. Distribution of stresses Fig. 4.20. Mises’ deformations

The following conclusions can be made:

1) reinforcement by a sleeve @10 mm allows to lower o1 up to 7.1 MPa (45 %) and &;
up to 1.694 (17 %);
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2) reinforcement by a sleeve @12 mm allows to lower 6; up to 3.8 MPa (70 %) and &;
up to 1.217 (40 %);

3) sleeve-loopback reinforcement by a sleeve @12 mm, fulfilling the mechanical link
of armature with a bearing layer, allows to lower o3 up to 1.7 MPa (87 %) and ¢; up to 0.502
(75 %). It allows to raise the load carrying capacity and durability of transmission consider-
ably.

The high engineering level of the given toothed-belt transmissions, alongside with
the other advantages, allows to use them in energy-intensive drives of the processing
equipment.

The technology of the assembly of belts with sleeve-loopback reinforcement differs in
the special ways of coiling of the bearing layer, allowing to carry out looping around armature.

The assembly of belt blanks is carried out on the special assembly machine tool (Fig. 4.21).

Fig. 4.21. Kinematic scheme and the physical form of the device for the assembly of toothed
belts with sleeve-loopback reinforcement: 1 — faceplate; 2 — pin; 3 — trajectory of the thread
carrier; 4 — frame; 5 — support; 6 — bobbin carrier; 7 — bearing layer; 8 — thread carrier
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The basic units of the machine tool are a faceplate with the rods for the fixation of
reinforcement sleeves and the thread carrier. The thread carrier moves along the closed
prolate cycloid relative to the sleeves. Per revolution of the faceplate the thread carrier
makes the number of the revolutions about the axis, which is equal to the number of belt
teeth. Besides, per revolution of a faceplate the thread carrier is displaced axially (relating
to the faceplate) by the size of a step of coiling of a bearing layer.

Thus, the direction of coiling of a bearing layer on all the sleeves is equal, and the

thread carrier makes the full length winding of all the sleeves.

4.4. Toothed-belt transmissions with the improved technical

and ecological parameters

The practice of designing of toothed transmissions shows that the use of helical
wheels allows to increase the transmitted loading essentially or to increase the durability of
transmission at the constant mass and dimension parameters. Alongside with it, the
smoothness of the operation of transmission raises and its acoustic radiation decreases by
50 % [145].

The helical toothed-belt transmission was patented in 1983. [146]. However, the
elastic toothed belt can be only herringbone in contrast to the rigid toothed wheels, capable

to perceive axial effort (Fig. 4.22).

Fig. 4.22. Basic geometrical parameters of toothed belts with herringbone teeth
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The profile of teeth in a herringbone design [147] provides the decrease in the noise
level by 17...19 dB in comparison with the similar spur design [148].

The design of the belt with helical teeth, which symmetric halves are displaced in a
longitudinal direction, relating to each other, is developed (Fig. 4.23) [149].

By analogy to the helical wheels it is advisable to predetermine the basic geomet-
rical parameters in the normal section, which is perpendicular to the tooth line (see Fig.
4.22).

Fig. 4.23. Modified herringbone toothed belt

The longitudinal (circular) step of teeth is determined by the formula:

_ tpn
Pt~ cosp’

t 4.2)

where t, — the normal step of teeth; B — the slope of teeth.
According to (4.1) the length of the belt L, is determined by the expression:

2ot
L, =t il

=t .7 = .

The similar expressions can be received for toothed pulleys. Their type corresponds
to the dependences for the calculation of the geometrical parameters of helical (herring-
bone) cog-wheels.
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The helical belts are not standardized, but the producer companies regulate the val-
ues of a normal step of teeth ty, (5.08; 9.525; 12.7; 10 and 20 mm) and their sizes in the
normal section. However, the given geometrical calculation does not provide the demand-
ed parameters of the working ability of transmission.

It is known that the toothed belt possesses compliance under the operating loads.
The working deformations of belts exceed the deformations of cog-wheels approximately
by 2 orders of the absolute magnitude. For the realization of the maximum possible dura-
bility of a belt the value of non-uniformity of loading of teeth is 0.7...0.9, and it is provid-
ed with the correction of pulleys, i.e. the increase in their external diameter by the follow-
ing value:

Atz

Ad , (4.2)
T

According to the modern conceptions, the value At, providing the maximum dura-
bility of a belt in the set operational conditions, is determined by the following semi-

empirical dependence:

B 1
5 S+Xp
25hp20
e
2
V=7 = ,
400hf20 2
(1+0,00005(HS —60))
Foq f [Fl +FZJXP
LIS {cv2 2 .

where HS — Shore hardness of elastomer A; y;, — the exponent, describing the wear of elas-
tomer.

The amendment Ad (4.2) is determined by the solution of the following equation re-
lating to At at the known y and the parameters of mechanical and physical properties of the

belt elements:
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The use of the given technique allows to receive one of the basic parameters of a
toothed-belt transmission, i.e. the external diameter of the pulley, providing the maximum
possible durability of a belt for the given conditions. However, it is obvious that in
toothed-belt transmissions with herringbone teeth the belt is deformed both in longitudinal
and cross-sectional sections.

The analysis of the force interaction of a toothed belt with pulleys shows (Fig. 4.24)
that the axial forces cause the tension of a belt in a cross direction on a drive pulley and the

compression on a driven pulley.

Fig. 4.24. Distribution of efforts on the arcs of contact in a toothed-belt transmission

with herringbone teeth: 1, 2 — teeth of a drive pulley and a driven pulley

It causes the distortion of geometry of belt teeth and, in particular, the change of the
slope of teeth AB. The correction of the slopes of teeth of the drive AB; and driven AP, pul-
leys is necessary for the axial load compensation, the increase of the uniformity of distribu-
tion of loading along the length of the tooth, the lowering of the concentration of stresses,
and for the raising of the load carrying capacity and the durability of the belt.

Let's receive the expressions for the calculation of the values of the amendments

APy and AP,. For this purpose we allocate the elementary section dy in the tooth of a belt
(see Fig. 4.24), where the elementary force dF, = dF; / 2tgP acts. Within the limits of the
given part the deformation of the belt tooth is considered to be parallel to the axis X and

equal to:

-175 -



dF
£
At the uniform distribution of the pull along the width of the belt the absolute de-

Ad,

formation of its end faces is equal to:

__a _ Ft

[ e
s E E 2E -tgp

AB =

o t_.l\) ‘.UUJ

On the basis of the features of the distribution of circumferential and axial loadings
on the drive and driven pulleys of transmission (Fig. 4.25), after some transformations, we

receive:

Bp Bp
5 B > P
9B~ ABl)——, tg(B+ABz)——
+ABl > +A82

Fig. 4.25. Deformation of the belt on the arcs of contact of herringbone pulleys

After a number of transformations we receive the expressions for the calculation of

the angular amendments of the pulleys [150]:
F . F -
AP, = arctg b ; AB, =arctg _hwb )
ByE -tgB+ BoE-tgp-F
Let's consider the importance of these amendments. For a toothed belt with the

module m =3 mm, B, = 45 mm, E =5 MPa, F; = 10 N/mm and f = 20°, the slopes of teeth

of pulleys should be: B =B—-Ap; =17,73%; B, =B+ AB, =22,9°.
In practice, it means that the correction of the slopes of teeth of herringbone pulleys

makes 10...15 % of a slope of belt teeth.
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4.5. Lowering of the contact pressure in a toothed-belt gearing
by the method of optimization of geometry of teeth

The results of the research of distribution of the contact pressure in a toothed-belt
gearing, combined with the data about the endurance of a material of teeth, make the basis
of the resource designing of drive toothed belts. Thus, it is necessary to consider that the
contacting bodies (a belt and a pulley) are made of dissimilar materials. Hence, the condi-
tion of the contact consists in coincidence of the displacement of each point of a surface of
teeth in the part of contact.

Thus, it is possible to accept the proved assumption that the loading along the
length of a tooth is distributed uniformly and it is symmetric in relation to its center. The
errors of manufacturing and installing, and also the elastic deformations of other details of
transmission (shaft, bearings, etc.) are not considered.

For the research of the distribution of the contact pressure along the length of teeth the
following technique can be used. According to it, an absolutely rigid beam, laying on the elastic
basis and being under the action of the symmetric loading, is considered [151, 152]. A number of

absolutely rigid connections (cores) between a beam and a basis is located (Fig. 4.26, a).

Fig. 4.26. Schemes of loading of teeth in gearing
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The condition of the contact of the beam and the basis in the points of installation of
rods consists in coincidence (continuity) of vertical displacements of a sole of a beam and
elastic basis. As the beam is symmetric, the problem can be simplified, accepting the rigid
fixing in the middle of the beam (Fig. 4.26, b).

If the given statically indeterminate problem is solved by the method of forces with
the use of a beam on two supports, connected with the basis (Fig. 4.26, c), it is necessary to
consider the compliance of the basis from the forces, applied to them and the beam. It
complicates the determination of the factors in the initial equations of the method of forces
considerably. Therefore, it is appropriate to solve the given problem in the following way.
The vertical rods are replaced with the connections 1 and 2, forbidding the turn and the
vertical movement of a beam, which provides its balance (Fig. 4.26, d). It is obvious that
the beam is subjected to the force influence (the external loading N and the forces x;) and to
the kinematic influence (the turn ¢q and the vertical movement zp) (Fig. 4.26, e).

Using the symmetry, the turning angle in fixing is @o = 0. In this case, only the

forces xi; x»; x3; ...; x,, influence the elastic base. The corresponding reactive forces in the

rods are accepted to be even-distributed in the parts c¢i; ¢; cs; ...; ¢,. Hence, x; = pici. It is

natural that for receiving of the solution in quadratures, the value i should be finite. 1 <10
is recommended [153]. In this case, there are 11 equations in this system.

Besides, the use of symmetry allows to exclude 6 unknowns. The forces x; are equal
on the left and on the right and the turning angle in fixing is @o = 0. The equations of the
mixed structure, considering the conditions of the contact of the elastic base and the rigid
beam (i =1, 2, 3, ...) and the balance of the beam as a whole, are made for the determina-

tion of the unknowns. After a number of transformations, the above-examined equations

can be written in the form:
X1811 + X2812 + X3813 +..+ Xn81n +2p+ Alp = O,

X821+ X282p + X383 +...+ Xn8op + 29 + App =0;
_____________________ (4.3)

—X18q — Xp8y — Xga3 —...— X,a, + =M =0,
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where ., — the displacement in the direction of the force x, from the force Xn =1

Am — the load displacement; a; — the distance from the point O to the pointi=1,2, 3, ..., n;
M — the moment from the external loading relating to the point O; N — the projection of the
external loading on the vertical axis.

The displacement &, is defined by the yielding of the elastic base from the unit
force, as the assumption about the absolute rigidity of the tooth of the pulley is accepted,
I.6. dnj = Onj .

After the determination of the contact displacement, their values are inserted in the
equation (4.3) and the forces x;; x»; x3; ...; x,, are defined. If the value of the force x; is di-
vided into the value of the elementary area of contact, we receive the intensity of the reac-
tions with a lattice diagram, which can be approximated by the equivalent curve. In this
case, the pressure in any point on the effective length of the belt tooth B is determined un-

der the formula:

N
Py=-——vy,

where N — the normal force, influencing the tooth: N = P/cosy; P — the quantity of the pull,
taken up by the belt tooth; b, — the calculation width of a beam; y(y) — the dimensionless
factor of the concentration of the contact pressure.

Let's accept bp = 1, after that, the intensity of the distribution of the contact load-

ing is:
N
Py ZEW y . (4.4)

If we replace y / B =v in the expression (4.4), expressing N in terms of P, we get:

P

Pvy =
y B-Cosyw

V. (4.5)

The graphs of the change of the factor of concentration of the contact pressure
along the length of a tooth, depending on the calculation width and length of a part of the

contact, constructed according to (4.5), are resulted in Fig. 4.27. The value, received on the
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basis of the standard geometrical parameters of a belt tooth, is accepted as the calculation
width of the part of contact.

= 0,06] hy ~R 1-siny ]

cosy

The analysis of the curves in Fig. 4.27 shows that the contact pressure at the end faces
decreases with the increase in the length of a tooth. It is also established that the contact pres-
sure at the end faces of a tooth is 1.3...2.5 times more than in the middle part.

Thus, the increase in the width of a belt is considered to be the rational approach in
designing of toothed-belt transmissions, providing the lowering of the contact pressure in
gearing of teeth. The use of the belt of a smaller module with the equivalent increase in its

width is also rational.

Fig. 4.27. Dependences of the change of the contact pressure along the length of the tooth
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In Fig. 4.27, b the graphs of the change of coordinates of the curves in the parts, de-
pending on the ratio by, / ¢, are constructed. The graphs show that at b, / ¢ = 1/ 3 the coordi-

nates of the curve points in all the parts do not practically change and the set of the curves
can be presented by a generalized curve. Besides its generalized character, the given curve
corresponds to the belts with the length of the teeth, having the prevailing practical appli-
cation. Thus, y (v)=1.3...1.5.

However, due to the increased compliance of the end faces of the belt tooth the
concentration of the loading in these places is less. The influence of the increased compli-
ance of the end faces of the tooth extends to 0.2 of the length of the belt tooth.

Thus, the diagram of the distribution of the contact loading of the belt teeth in the
form of a rigid beam has a saddle-shaped form, which corresponds to the general technical
concepts about the distribution of the contact pressure in connections [154, 155].

The distribution of the contact pressure along the length of belt teeth can be defined by
the representation of the tooth of a pulley in the form of a rigid press tool, acting on the elastic
half-plane. The problems of such a type are examined in the works [156, 157, 158].

During the research it is accepted that the contact pressure depends on the form of
the part, which is in contact. If the press tool has the rectangular flat basis 24" in width, cor-
responding to the lateral side of the belt tooth, and it is loaded by the normal force N (Fig.

4.28), the law of the pressure distribution is represented by the following equation:

N
p X =——. (4.6)
;2 2
X4/ @ X
¢N
5
S A 10 B 4
A a” a B
=TT ]
AT M Lba=12
P ~:\\i:,—/;— ‘\/b”/a”l,4
| |
| [ |
I | I
Fig. 4.28. Calculation Fig. 4.29. Calculation Fig. 4.30. Calculation
scheme scheme scheme
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If the press tool has the form of a cylinder with curvature 1/R (Fig. 4.29), the ex-

22
Ey b~ -
o BV n

2R(-p?)

pression (4.6) becomes:

where E — the module of elasticity of the material of a belt tooth; u — Poisson’s factor;

b' — the half-width of an area of contact:

NR 1—p?
b =1,128|————. (4.8)

In the case of the application of the press tool with the rectangular flat basis 2a" in
width and the rounded edges 1/r (Fig. 4.30) we receive:

sin ¢+ g 9-+0q tgq)—@ol}

2N sin n—2pn COS@+SinelIn +sinoq Int
Po Po COSO Rl pems 9= Po N9 2 |

X = , (4.9
P na” m—2¢g —Sin2¢q 4.9)

where ¢ = arcsin a"/b"; 2b" — the width of the area of contact after compression;
@=arcsin xsingg/a” .

As in the intermediate phases of an input of teeth in gearing and also in the trans-
missions with the uneven teeth their lateral surfaces are not parallel, it is necessary to get
p(x) for the press tool with an inclined basis. Thus, the expression for p(x) should be ex-
plained as the most general case of the formula (4.7) or, in other words, be analogous to the
case of the action of the asymmetrical loading on the base of the press tool with a horizon-
tal basis. Such a loading is presented in the form of the force N', equal to N and passing
through the point C, and also by the moment M equal to N, multiplied by the lever of OC
(Fig. 4.31).

As a result, the base of the press tool turns and moves vertically. Such a case should
be considered in two variants.

1) The press tool is in the contact with the base to an elastic counterbody (see Fig.
4.31):
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N _ E-dx . (4.10)

pXx =
mfa 2-x% 2 1—p2 «/ a’ % —x2

From the theory of the strength of materials [159] it is known that the dependence

of the turning angle of the section of the moment is as follows:

AM 1-p?
o=— (4.11)
nE a’

According to (4.10) p(x) — + o at x = + a. However, the diagram of the contact
pressure differs by its asymmetry (in comparison with Fig. 4.28).
2) The press tool is not in the contact with the elastic base by one of its end faces,

which corresponds to the condition of a limited contact (Fig. 4.32, 4.33):

pXx = 2,N 4/X,+a1, (4.12)
na-g Va-x

where a; defines the boundary of the contact and represents the function M at the constant N.

In the point of the boundary of contact, i.e. at x = ay, p(x) = 0.

-

|11
]

Fig. 4.31. Calculation Fig. 4.32. Calculation Fig. 4.33.Calculation
scheme scheme scheme

- 183 -



Thus, the expressions, describing the typical loadings of the elastic base by a rigid
counterbody (press tool), are received. It enables to consider the contact of teeth in a
toothed-belt gearing. There are three variants of their standard design implementation:

1) a tooth of a pulley is made by the radius pe (Fig. 4.34, a), which leads to taking
of the transmission with a semicircular profile at its increase, and to a trapezoidal profile at
its lowering to the minimal standard values;

2) a tooth of a belt is made in a straight line, approximating an involute (Fig.
4.34, b) and the angle of a pulley space is less than the angle of the profile of a belt tooth,
which corresponds to the standardized transmissions of the type STS (STPD). Thus, the
lateral side of the tooth of a pulley is at the alternate angle Ay with the lateral side of the
tooth of the belt, which is called a preliminary slope;

3) a tooth of a pulley has a straight-sided profile, providing its contact with the tooth
of a belt along the whole lateral side (Fig. 4.34, c).

For the choice of the calculation scheme let’s consider each variant in case of the ab-
sence of rounding of a tip of a pulley tooth and the basis of a belt tooth, i.e. r, = 0.

The variant of the contact of teeth of a pulley and a belt at the scheme in Fig. 4.34, c
can be narrowed down to an axisymmetrical problem at the scheme in Fig. 4.33, i.e. the condi-
tions in the boundary points of the press tool are similar to the conditions in the point of the
contact of the angular points of a root and the point of a tooth of a belt with the lateral side of a

tooth of a pulley.

Fig. 4.34. Possible configurations of trapezoidal teeth of a belt

The variant of the contact of teeth at the scheme in Fig. 4.34, b at presence of Ay al-

S0 presents an axisymmetrical problem at the scheme in Fig. 4.33, and the conditions in a

- 184 -



boundary point are similar to the conditions in the point of the contact of the lateral side of
a tooth of a belt with the lateral side of a tooth of a pulley.

The position of the given point depends on Ay and the effort, taken up by a belt. In
a limiting case it coincides with an angular point of the base or the tip of the tooth of a belt.
In the last case the contact of teeth is identical to the third variant (Fig. 4.34, c).

The relationship between the loading and « is found at the scheme in Fig. 4.31. Un-
der the stipulation that the force is applied to the angular point of the tooth of a pulley, af-

ter some transformations of the expression (4.11) with the replacement N = P/cosy, we re-

ceive:
p_ nEoa c;)soc | (4.13)
41-n
where o = Ay.
i b hy—ry 1-siny
Assuming a'=—= , we have P = (2.2...2.6)m at the values
2 2C0sy

Ay =3...4° and y = 20...25°.

At k < 10 the absence of the complete contact is possible at Ay =6...8°.

Thus, the variant of the contact of teeth at the scheme in Fig. 4.34, b can be replaced
by the variant at the scheme in Fig. 4.34, c. The difference is in the fact that the penetration
of the tooth of a pulley into the mass of the belt tooth is deeper. It happens, because the
profile of the tooth of a pulley is located at the angle Ay to the lateral side of the tooth of a
belt before an input in gearing.

For the estimation we compare two variants of the interaction of a rigid press tool
with an elastic base, presented in Fig. 4.28 and 4.31. In both cases the press tool is in con-
tact with the elastic base by the whole contact area, but the diagrams of the contact pres-
sure are different.

Comparing (4.6) and (4.10), we get the factor, characterizing the asymmetry of the

diagrams of the contact pressure:

(4.14)
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According to the scheme in Fig. 4.34, it is possible to introduce a variant of the con-
tact of teeth by a half of the rigid press tool with the curvilinear base pe. Let’s define the
dependence between the loading and the width of the area of contact, accepting the appli-
cation of force in the angular point of the tooth of a pulley.

Using the method of mapping, we can assume that, if the rigid press tool (tooth of a

pulley) is cut by the plane, passing through the force vector, the loading of a pushed back

part, taken up by the remained part and its yielding, according to the formula (4.8), is J2
times more. As we proceed from the constant value of yielding, the true loadings are 2

times less because of the symmetry.
On the basis of the expression (4.8), after the substitution of P/cosy for N and pq4 for
R, we get:
b °E
P= 5
2,558 1—pt

(4.15)

From (4.15) it follows that at b’ =b(h, —r, (1-siny)) / cosy and z,, <20 we have P =7m.

At the transmission of the pull F; = Fynax = 65m it corresponds to nine teeth on the

arc of contact under the condition of the uniform distribution of the loading between them.
Hence, at the pseudoinvolute profile of teeth of a pulley the complete and incomplete con-
tacts with the belt teeth across the width of a lateral side, are possible. It means that the use
of the diagram in Fig. 4.29 is possible only in the first case.

Thus, the variant of the contact of teeth of the pseudoinvolute profile can be result-
ed in the axisymmetrical problem at the scheme in Fig. 4.33. The initial localized contact
should be considered by means of a preliminary slope, the value of which is defined by the

expression:

8b’
O = )
2,45np

(4.16)

The expression (4.16) can be received in the result of the combined solution of the depend-
ences (4.13) and (4.15) under condition of a = /2.

At z,, <20, ae = 10°.
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Hence, the scheme of the limited contact of the press tool with the elastic base in
the form of a semi-infinite plane (Fig. 4.33) is accepted as a calculation scheme. The initial
linear or point contact is considered by means of the factor of asymmetry ¢ (4.14).

Whereas the tooth of a belt represents a semi-infinite plane, the contact pressure on the
part of the unit length is defined by the formula (4.12).

In Fig. 4.35 the scheme of the interaction of teeth of a belt and a pulley is shown.

According to the designations, accepted in Fig. 4.35, the formula (4.12) becomes:
p X —, (4.17)
where e — the width of the area of the contact of teeth of a belt and a pulley

h,—-r, 1-sin
D<e<-P 2 y.

cosy

Fig. 4.35. Scheme of the contact of lateral sides of teeth of a belt and a pulley

The tooth of a belt inputs in gearing with the tooth of a pulley with the significant
resistance, caused by the friction force, which is necessary to be considered. We accept the
factor of friction to be constant in all the points of the contact and the following boundary
conditions: in the unloaded parts of the boundary of a half-plane (x < 0 and x > ¢) ¢, = 0;
T, = 0; in the loaded part (0 <x <e) u=0; o, = p (x); T = —fp (x); dx = const.

Assigning u and v = — dx the specific meaning of the elastic displacement along the
axes X and Y, accounting the above-stated boundary conditions and the fact that in the point B

p(x) = 0, we receive the following expression for the determination of the contact pressure in
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view of the friction:

(4.18)

2N cos xp (e—xJO’S_p
p X = 1

“xe 1-2p \ x

1 1-2
where p = —arctg f a
T 2

; T —the factor of friction in the pair "tooth of a belt — tooth of

apulley": f = F/N.
In the case of the absence of friction, i.e. at F = 0, we receive p = 0, and (4.18) be-
comes (4.17). In other words, the expression (4.17) is a special case of the expression

(4.18), which is convenient to be written in a parametric form:
px =Ry X, (4.19)
where P, — the average pressure in the part of the unit length:

P
e-cosy

Pe

P — the effort, taken up by the tooth of a belt; y(x) — the dimensionless factor of concentra-

tion of the contact pressure, depending on the linear factor X:

o \05-p
v x = 2cos mp (e XJ . (4.20)
n1-2p X

_ X :
Substitutingn = — , we receive:
e

0,5-p

2cosmp (1-

v = P ( ”j . (4.21)
nl-2p\ n

Expressing the average pressure as the whole width of a rectilinear part of a lateral

) hp—rp 1-siny
side of the tooth of a belt at b = ,i.e
CoSy
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P

= , 4.22
b hy -1, 1-siny (4.22)
the expression (4.19) can be written in the following way:
P X =Ry x, (4.23)

b
where y; X =y 1 o

The expression (4.23) characterizes the distribution of the contact pressure inde-
pendent of the length of a belt tooth. The curves y;(x) at e = b at the various factor of fric-
tion are given in Fig. 4.36.

Fig. 4.36. Dependence of the factor of concentration of the contact pressure

along the length of the tooth at various values of the friction factor

The presented dependences show that along with the increase of f the part of the
high contact pressure near the tip of the tooth of a pulley decreases. The pressure on the
rest part of the contact increases. However, for the values (0.3 < f < 0.7), observable in the
contact of teeth of toothed-belt transmissions, these changes are absolutely insignificant,
and they can be neglected.

On the other hand, the essential factor, influencing the distribution of the contact
pressure, is the radius of rounding of the tip of the tooth of a pulley. For the estimation of

its influence we can use the scheme of the contact of the rigid press tool, having the round-
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ed end faces, with the elastic base (see Fig. 4.30), and the expression (4.9), describing the
law of the pressure distribution.

In Fig. 4.37 the scheme of the contact of teeth with rounding is shown.

Hereafter, we shall consider the tooth with rounding as a half of the rigid press tool
with the rounded end face, i.e. the part of AO (see Fig. 4.30), which corresponds to the part
EB (see Fig. 4.37). We designate the part of the contact of teeth up to the application of load-
ing EB=a".

According to the setting of the problem, at the use of the formula (4.9) it is necessary
to increase the received values two times. The value p () in the point B is different from zero
and, hence, it is a little bit overestimated in comparison with the true value, in the point £ it
is underestimated. Therefore (4.9) is used for the approximate calculation of the contact pres-

sure in the part near the point E.

Fig. 4.37. Interaction of the tooth of a belt with the tip of the tooth of a pulley

The received solutions are summed up. It leads to receiving of the diagram with the
step curve, replaced by the equivalent smooth graph.
From the constructions, presented in Fig. 4.37, the width of the initial part of the

contact of teeth is determined by the expression:

hy— rb+r, 1-siny
a2 . (4.24)
cosy
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The width of the part of contact after the application of the loading can be defined
by the graph in Fig. 4.38.
The contact pressure in each point across the width of the area of contact can be ex-

pressed as follows:
p X =Pyy &, (4.25)
where P+ — the average pressure in the part of the unit length

P

Paﬂ :"—,
a”-cosy

(&) — the factor of the change of the contact pressure in the function & = Xs

sin o+

SIn -9
T T—20q —Sin 2¢q

+sin g In|tg (p+2(p0 tg (P—(Poq

4sin(p0{ X—2¢pg cos@+singln >

y &=

Fig. 4.38. Dependence of the width of the area of contact of the value of the loading
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If the average pressure across the whole width of a linear part of the lateral side of the
tooth of a belt is expressed by the formula (4.22), in this case, the expression (4.25) has the
following form:

px =Ry, X,

where y, X =y b B"
a

Hereafter, considering the expressions, defining b and a", we finally receive:

hg —1pp 1-siny

Y2 X =y & (4.26)

hp— L +rp, 1-siny '

It is obvious, that the length of the tooth and the radii of rounding of its tips can be ex-
pressed as a module or a step of teeth, and the ratio b / a" does not depend on the module. The

factor (&) is also independent of the module, if the force P is expressed in the ratio

[8Pr,(1- p.z)] /(cosy(a”)2 E), defining the value of an abscissa of the graph in Fig. 4.39, by
the dimension factor and the module, i.e. P = um. The graphs are constructed at the following

parameters: y = 20°; hy = 0.6m; r> = (0.05...0.5)m; u =15, 10 and 20 N/mm.

Fig. 4.39. Dependences of the factor y, of the dimensionless coordinate and loading
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The change of y, h, and £ for one module practically does not influence (&) at the

constant rp. At the increase of h, the ratio b" / a" decreases, which causes the increase of
y(&), but in a less degree than a simultaneous reduction of the average contact pressure. At
the same time, the increase in the module of elasticity causes the increase of (&), and the
values yo(y) for the existing designs of belts at the equal r, practically coincide. Therefore
the change of > () is presented by one curve for every r.

The increase of y; (y) at the lowering of u can be explained by the fact that the re-
duction of the area under a smaller loading leads to the reduction of the ratio b” /a" and to
the increase of y (). Besides, the graphs show that at the increase in the radius of rounding
of the tip of the tooth the maximum values of > (y) firstly decrease, and then they increase
again. It is explained by the fact that at small values of r; the slope y; (y) is larger than the
slope b / a" (Fig. 4.40). From the certain moment the slopes equalize and the situation re-
Verses.

Thus, at r, > 0,35m the increase in the maximum contact pressure occurs. Firstly, it

is caused by the reduction of the resultant area of the contact of teeth under the loading.

Fig. 4.40. Dependence of the factor y of the sizes of the contact area pattern

On the basis of the above-stated researches we find a rational variant of rounding of
the tip of the tooth of a pulley (Fig. 4.41).
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Fig. 4.41. Rational geometry of transmission with trapezoidal teeth

The basic precondition of such a choice consists in the fact that at b" / a" > 1.7,
y(E)max = 1.1, and it does not practically change. Let’s introduce the supplementary condi-
tion b" < b in order not to cause a sharp rising of pressure, as the edge of the tip of the
tooth of a pulley under the loading should not contact with the tooth of a belt.

We receive a" = (0.32...0.34)m. On the basis of Fig. 4.38, at b" / a" = 1.7 we have:
SPr; (1- Zu)/(a")ZECOSy =3,2. From this expression, at the existing value of the module
of elasticity of rubber and y = 20°, we receive: 1) P =5m —r,' = 2,4m; 2) P = 10m — 1y’ =
1,2m; 3) P =20m —r,' = 0,6m.

We accept ry' = 0,8m on the basis of the maximum loadings, taken up by the teeth
of a belt. The graph of the distribution of the contact pressure for the given case is repre-
sented with a dashed line in Fig. 4.39.

Whereas the area of the contact of teeth is larger, the lowering of the maximum
contact pressure occurs. The comparison of the curves shows that the offered variant of
rounding of the tip of the tooth of a pulley is optimum, especially for the transmissions
with the module m <5 mm, since the contact pressure is 1.2...1.5 times less in comparison
with the standard geometry. The resultant value of the contact pressure can be found from
the simultaneous solution of the expressions for the parts of the tip of the tooth of a belt
(4.23), taking preliminary e = a" in (4.20) and (4.24), and of the tip of the tooth of a pulley
(4.26).

In Fig. 4.42 the dependences of the resultant factor of concentration of the contact

pressure y () of the dimensionless coordinate X and the loading on the tooth P = um are pre-
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sented. The curves are received by the approximation in the points of discontinuity on the
boundaries of the above-stated parts.

Fig. 4.42. Dependences of the factor y of the dimensionless coordinate and loading
As well as the graphs in Fig. 4.36 and 4.39, the received dependences are compre-

hensible to the transmissions with any module or step of teeth. On their basis the depend-
ences v () of the loading P and the radius r, are constructed (Fig. 4.43).

Fig. 4.43. Dependences of the maximum factor vy (¥) max Of the loading

and the radius of rounding of the tip of the tooth of a pulley
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The marked zone corresponds to the operational interval of loadings on the teeth of
a belt. The analysis of the received dependences shows that the least value y(y) is observed
atr, =0.3mor at r,' = 0.8m (as it has been established above). At r, < 0.3m y(y) starts in-
creasing quickly.

In the process of designing and modernization of toothed-belt transmissions the
values y(y) should be chosen in the following way: at r, = (0.1...0.3)m, y(y) = 1.8...2.5; at
r; <0.1m, y(y) = 2.5...4.

The problem of the determination of rational geometrical parameters of teeth in the
case of a complete adjoining of their lateral sides has been considered before. For the in-
complete profile or partial gearing at non-parallelism of lateral sides the factor of asym-
metry € (4.14) should be introduced.

If it is necessary to receive gearing with a complete contact of lateral sides in un-
loaded transmission at the absence of the lateral clearance between teeth, the angle of a
pulley space is equal to the angle of the profile of a belt tooth and the preliminary slope
Ay = 0. In this case, the law of the distribution of the contact pressure is defined with the
help of the factor y(y).

The most actual profile (from the practical point of view) is the straight-sided (trap-
ezoidal) profile of the tooth of a pulley with the angle of a space, which is more than the
angle of the profile of a belt tooth, or a round profile (Fig. 4.34, a).

There is an angle of a preliminary inclination of lateral sides of teeth Ay for the given
variants of a design. For the variant in Fig. 4.34, b at Ay = 3 ... 4° the width of the area of
contact is equal to the width of a straight-line part of the lateral side of the belt tooth & at
r, =0and P > (2...3.5m, N/mm. The analysis of the expression (4.14) shows that the

change across the width of the area of contact at P = const is linear with the angular factor:

nEa cosy

0=— 1
21-p%2 P

In this case, the maximum value y () max, depending on the angle o = Ay and load-

ings P at r, = 0, is determined. In Fig. 4.44 the dependences of v (%) max at r. = 0 are given
(dashed lines).
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Fig. 4.44. Dependences of the factor ymax(x) at the presence

of the difference of the profile angles of teeth

X =0,25(b" + a") is accepted as a maximum X, where b" is defined by means of the
graph in Fig. 4.38 at the existence of the radius of rounding of the tip of the tooth of a pul-
ley. The dependences of ymax(y) at r> = 0.3m (continuous lines) are also constructed in Fig.

4.44. The marked zone corresponds to the operational loadings, taken up by the belts.

The analysis of the received dependences testifies to the significant influence of the
slope of lateral sides on the concentration of the contact pressure in the base of the tooth of
a belt. In the case of a straight-sided (trapezoidal) profile of teeth at Ay = 1° the maximum
pressure in the indicated zone increases by 30...40 %.

Thus, the reduction of the angle of a space of a pulley in comparison with the angle of
the profile of the tooth of a belt, on the one hand, improves gearing conditions, i.e. the profile
interference decreases, on the other hand, it leads to the substantial increase of the concentra-

tion of the contact pressure in the base of the tooth of a belt. The maximum difference of the
angles should be no more than 10° at v, > vy, and at the absence of clearance.

As it was mentioned above, the complete physical contact of teeth at P =7 N/mm
for the transmissions with the module m = 4 and 5 mm is observed up to the complete ge-
ometrical contact, corresponding to the ending of the input in gearing. The similar situation

is observed for the profile HTD, which can be replaced by the straight-sided profile with a

conventional slope o = 10 and gmax = 3.
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Abstracting from the representation of a tooth of a belt in the form of a contacting
half-plane, we evaluate the influence of the actual geometry of a profile. For the solution of
the given problem we use the conformal transformation of the right angle on a half-plane
with the use of the function of a complex variable. The half-lines, parallel to the sides of

the right angle, are transformed to semiparabolas with the common focus O' (Fig. 4.45).

Fig. 4.45. Explanatory notes are given in the text

The figures are deformed, but the angles between two curves are remained. Thus,
the coordinate lines are transformed into two classes of the focused parabolas. If the angle
of the profile is 2y = 50° or 40°, which corresponds to the standard geometry of trapezoidal
teeth, the mapping function is not expressed as the elementary one.

For the given case the contact of teeth can be presented as the contact of the rigid
press tool with the elastic half-strip, having a rigid sealing (Fig. 4.46).

Fig. 4.46. Explanatory notes are given in the text

The boundary conditions on an area of the contact remain unchanged. Missing some

transformations, we receive the following expression for the accepted calculation scheme:
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e X
ch —ch
0 X =ﬂ. cosmp Smax Simax (4.27)
O,5—p X ’ ’
€ e ch -1
ch +1 Smax
max

where Spax — the largest conventional width of the tooth of a belt (the width of the base of
the belt tooth without taking into account the roundings).
If the expression (4.27) is written down in the form of the formula (4.18) and y = ne

is accepted, after the simplifications, we receive:

y oy = CosTP {chnq —chngn }0,5—;) (4.28)
chmp 05| chmom~1 ’

where ¢ =€/ Sy«

It follows from the expression that at the constant factor of friction the distribution
of the contact pressure depends only on the value g, which is the geometrical characteristic
of the deformed area.

Thus, the rigidity of the half-plane is equal in all the points and depends on the elas-
tic constants; the rigidity of the half-strip decreases in the process of the removal from the
fixed end.

Substituting the values e = b and Spax, expressed as the module (step) for all the
types of belts with trapezoidal teeth, to the expression (4.28) we receive q = 0.515.

In Fig. 4.36 the dependence (dashed line) of the change of the contact pressure in
the dependence (4.28) at the factor of friction f = 0.5 is presented. The comparison of the
given dependence with the similar one, constructed according to (4.21) with the same fac-
tor of friction, testifies to their insignificant divergence, especially in the part, adjoining an
angular point of the belt tooth A.

As the length of the contact is insignificant and the ratio e / Spax — 0, the rigidity of
the tooth of a belt in the zone of the tip is lowered not in such a degree, that the nature of a
curve of the contact pressure near the point B differs greatly from the received one at the in-
teraction of teeth in the form of a rigid press tool and a half-plane.

Thus, the calculation technique of the contact pressure in a toothed-belt gearing is

developed. The main factors, promoting its lowering, are defined. It is theoretically estab-
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lished that the existence of rounding of the tip of trapezoidal teeth of a pulley reduces the
contact pressure of teeth of a belt. The optimum value of the radius ry,, = (0.32...0.34)m, at
which the contact pressure decreases 1.2...1.3 times, is determined.

At the same time, optimization of a working profile of trapezoidal teeth of pulleys
of toothed-belt transmissions does not allow to reach high parameters of the working abil-
ity, and, first of all, the transferred power and durability. The reason is the interference of
the compliant elastomer trapezoidal teeth of a toothed belt and, as a consequence, the sig-
nificant non-uniformity of the distribution of normal and tangential stresses on the volume
of teeth. It follows that the engineering methods of optimization of the working profile of
trapezoidal teeth with the purpose of increasing of their working ability, considered in the

theory and practice of toothed-belt transmissions, are practically exhausted.

JUN 3 z004
11:23:43

F zizaian
NODAL SOLUTION NODAL SOLUTION
STEP=4

STEP=4
SUE =10

SUB =13
TINE=8033

TINE=8033
CONTPRES ([AVG) CONTPRES (aVG
DI =.001085

DI =.001283
SID{ =. 5SEE+07 SIDM =.464E+07

a ANSYS 5.5.1 b [ | amsvs 5.5.1
JUN & Z004

=

F
0
BTN

=

_10ZE+07

0
[T
_1z3E+07
.155E+07
_Z0EE+07
LZ5EE+07

(]

[

=
_309E+07

1

[

]

.185E+07
_247E+07
. 308E+07
_370E+07
.43ZE+07
_493E+07
. 5SEE+07

L3E1E+07
_413E+07
L464E+07

ICORECm

Fig. 4.47. Distribution of the contact pressure in gearing of
trapezoidal (a) and semicircular (b) teeth

The computer modeling of the stress-strained state of the optimized trapezoidal (Fig.
4.47, a) and semicircular teeth (Fig. 4.47, b) in ANSYS shows that the maximum contact
pressure in gearing of the semicircular teeth (under otherwise equal conditions) decreases by

19.6 % [160].
Therefore, the toothed-belt transmissions with the semicircular profile of teeth HTD,

outlined in the end section by the arc of a circle with the radius of tips r,,, are more progressive

with the raised engineering level.
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4.6. Conclusions

1. The modern technology of toothed belts by the method of pressing of the rigid
elements, characterized by the lowered energy and materials consumption, the raised char-
acteristics of belts and ecological cleanliness has been developed.

2. The rational parameters of the engineering process of the belt manufacture (pres-
sure, temperature and duration of vulcanization), allowing to increase their operational re-
source by 65...70 % and to lower the labor cost by 10 %, have been offered.

3. The modern designs and the technology of the assembly of toothed belts with
sleeve-loopback reinforcement have been presented. The stress-strained state of the devel-
oped belts by the method of the finite elements in ANSYS has been investigated. It has
been established that the sleeve-loopback reinforcement allows to lower stresses and de-
formations by 75...85 % in the dangerous section, which allows to recommend the given
toothed-belt transmissions instead of the chain ones in the energy-intensive drives of the
processing equipment.

4. The herringbone toothed-belt transmission with the raised technical and ecological
characteristics, having the correction of the slopes of teeth of pulleys relating to the slope of
teeth of the belt, defined by the kinematic and force features of gearing of teeth, has been de-
veloped. The correction of slopes of teeth of herringbone pulleys makes 10...15 % of a slope
of belt teeth.

5. The calculation technique of the contact pressure in a toothed-belt gearing has
been developed and the main factors, promoting its decrease, have been defined. It has been
established theoretically that the existence of rounding of the tip of trapezoidal teeth of a pul-
ley reduces the contact pressure of the belt teeth. The optimum value of the radius
rom = (0.32...0.34)m, at which the lowering in contact pressure 1.2...1.3 times occurs, has
been defined. On the basis of the computer finite-element modeling in ANSYS it has been
established that the more effective profile (from the point of view of minimization of the
contact pressure in gearing) is a semicircular profile of teeth HTD. The maximum contact
pressure in gearing of the latter ones (under the equal conditions) decreases by 19.6 % in
comparison with the optimized trapezoidal profile.
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Chapter 5. LOAD CARRYING CAPACITY AND OPERATIONAL
RESOURCE OF TRANSMISSIONS OF POWER BY FLEXIBLE LINK

5.1. Wear resistance of toothed belts

It is shown in the work [24] that the most acceptable for the calculation of the dura-
bility of teeth of a belt by the tribological criterion is the power method, based on the fol-

lowing dependence:

| = 1,PL, (5.1)
fr

where | — the intensity of deterioration; |, — the intensity of deterioration at the unit power
of friction; Pz — power friction; y — the parameter, depending on the material, characteris-

tics of a counterbody and the conditions of loading.

Differentiating (5.1) by time, we receive:

di i

The power of friction at an input of teeth in gearing is not constant, since the force
F11 and the speed of sliding of teeth v; change during the turn of a pulley by the angle ;:
F11 — increases linearly, vy; — decreases non-linearly. The instant value of the power of fric-

tion, corresponding to the turn of a pulley by the angle ¢, within the limits 0 < ¢, < 3, can

be written in the form:

I:)fr.x = Ffr.szI.x : (5-3)

In view of the linear increase of F1; we can find the force of friction Fy, , , proceed-
ing from the ratio:
Py Ry f tsox

I:fr.x = I:llx ffs = I:11_ ffs =
%1 ZoY1

(5.4)
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According to the expressions (2.34) and (5.4), the dependence (5.3) becomes:

Frowyfse ‘
Pry=——2 B[ 2| 45, |, (55)
ZoWy1 Y1

We receive the total work of the friction force for one cycle of an input in gearing
by the time integration (5.5):

WJ; P xdo Rwf fs\lflkvsl

t
Ag = _[Pfr.xdt = o 7
0

0 0

where k\,I = (%+%J — the factor, considering the speed of the relative sliding of teeth
s +

in contact (Tab. 5.1).

Tab. 5.1. Values of the factor of the sliding velocity of teeth

Type of teeth Module m, mm Ky,
3.0 1.71
semicircular 4.0 2.26
5.0 4.48
1.0 1.0
1.5 1.19
2.0 1.59
trapezoidal 3.0 1.53
4.0 2.15
5.0 4.29
7.0 6.11
10.0 9.13

Considering the power of friction and averaging the received value, we have:

FRyf ok,
Py =— > 5 (5.6)
Zg

The values (5.2) of intensity of deterioration and the figure y can be defined on the
basis of empirical results. It is necessary to start with the fact that the rules of deterioration

of facing and rubber are different.

- 208 -



The above-mentioned parameters for a rubber mass of the tooth are defined by the
author [24]. Meanwhile the wear of facing precedes the wear of rubber. Hence, the above-
named technique is good for the definition of the durability of teeth, deprived of fabric fac-
ing. All the above considered, the durability of a belt by the criterion of wear of teeth is

defined by the dependence:
NW = Nl + Nz, (57)

where N1, N, — the durability of facing and the rubber mass of the tooth of a belt, cycles.
For the mould belts at N; = 0 the expression (5.7) is transformed into the following

form:

The durability of facing is defined by the dependence:

Ny :%, (58)

where h; — the thickness of facing; hys — the thickness of facing, wearing for one cycle of
loading.

Coming to the unit power of friction, the value hy; is defined from (5.1):

by =y PR (5.9)

where hy¢+ — the thickness of facing, wearing at the unit power of friction for one cycle of

loading.

In the works [43, 46] the values y = 0.9...1.4 for rubbers or rubber-cord designs, for
example, auto-tyres, are resulted. In the work [24] it is recommended that xy = 1.2 for
toothed belts. It is obvious that the given values cannot be used for the fabric facing, which

is not made of rubber. Nevertheless, the facing is made of polymeric material and the gen-
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eral rules of wear of polymers, including rubbers, can be used for the description of wear
of fabric.

On the basis of (5.9) the expression (5.8) can be presented in the form:

h
Nl_ f

- (5.10)
}.Ill.lf‘Dfrf

In such a form the expression (5.10) is unsuitable for calculations. At the known value
h;; and the value Py, determined by (5.6), this expression contains two unknowns hyand ;.

For the determination of hrand y, we write down (5.10) for two modes of tests,
characterized by the kinematic similarity, i.e. Vo) = Vp), Z11) = Z1@); U = Ug). In other
words, for both modes of tests the parameters, defining kinematics of an input of teeth in
gearing, should be constant. The transferred specific circumferential force F; should be

changed.

The tests are carried out up to the complete wear of facing. In the moment of denu-

dation of rubber mass of teeth the durability of facing for both modes Nl(l) and Nl(z) is reg-

istered. Having defined P%) and ng) , the system of the equations can be solved:

h
@ _ f .
Nl B Q) xi
hllf Pfr
(5.11)
NI
1 - (2) Xt
hllf Pfr

Two lots (six pieces in each one) of belts are subjected to resource tests. The pa-

rameters of transmission: m = 3 mm,; z, = 60; zo = 8; the modes of tests: 1) F; = 6 N/mm,

v = 1.2; 2) Fy = 12 N/mm, y = 1.76. It is established that N = 1.85x107 cycles;

N1(2) = 2.85x10° cycles. In the result of the solution (5.11) we have hyyt = 2.5x10™ mm;

%= 1.75.
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At the determination of N, the limiting wear division of a tooth by the thickness of
the layer, wearing for one cycle of loading, is not correct. The similar approach is ac-
ceptable to the calculation of N; when the reduction of thickness of facing slightly influ-
ences mechanical and physical properties of teeth, in particular, its rigidity.

The rigidity of teeth decreases non-linearly, depending on the thickness of the
wearing layer [90]. As a result, the moment comes when the teeth become unable to trans-
fer the pull. The "jump” of teeth of a belt on teeth of pulleys takes place and non-
synchronization of transmission begins.

The value of a wearing layer of the mass of teeth of a belt hy, increases constantly,

because of the increase of their compliance and the augment of the tangential displacement A
(Fig. 5.1) [161].

Fig. 5.1. Tangential displacement of teeth of a belt

Let's write the expression (5.8) for the rubber mass of teeth of a belt at the absence

of fabric facing on them:

N2 =E, (512)

where [h] — the limiting wear of the teeth of a belt.
The use of the technique of finding of the parameters of the equation, describing the
wear of rubber of a belt tooth by the technique, offered for the definition of the wear of

facing, is impossible. Actually, from (5.12) we receive:
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B h
hLer?rr

where hy;, — the thickness of a layer of the belt teeth, wearing at the unit power of friction

N»

(5.13)

for one cycle of loading; y, — the exponent, describing the wear of rubber.

The value of the limiting wear can be defined from the condition of preservation of
gearing. In the work [21] it is established that at the limiting tangential displacement of
teeth [b] = (1.6...1.95)A (see Fig. 5.1) their durability does not exceed several hundred cy-
cles. The real observable tangential displacement b is defined by the deformation of the

first tooth of an arc of contact, which is in the full gearing b;, and by the lengthening of a

belt in the part between the examined teeth At,:
b=b +At,. (5.14)
The expression (5.14) can be written in the expanded form:

1-k
__ Ry Fah
EZdZO a

where k, a — the parameters of the equation.

As [b] = (1.6...1.95)A is maximum permissible, we equate [b] = b, and find the
minimum permissible rigidity of the worn out tooth [162]:

EZ (w) _ Ry

Rkt |
zo( b -~ P kg

: z at
A= m[sm 'Y(?m—klj-l-kztgﬁp -7 E}

We accept [b] = 1.6A, where

juil

h
yzarccos(l—&—klj; ky :%; ky =—.
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After the transformations we get:

b =S,| 150,92/ 1- lFtE’ ,
ZO b _Fll_ tp/a EZd

The influence of wear on the rigidity of teeth of a trapezoidal profile is defined in the
work [90]:

15
ez = Ez 11,1[81] . (5.15)

p

In particular, [h] = 2.2 mm or 0.687S;, is received for the belts with the module
m =3 mm; zo=8; Fy=6 N/mmand y = 1.2 [h] = 2.2 mm or 0.687S,. Under the same con-
ditions and at Fy = 10 N/mm, [h] = 1.31 mm or 0.410 Sp,

The value hy, is defined on the basis of the results of the stand resource tests. The av-

erage thickness of teeth Sy, 5, of the assembly belts with the removed facing (3-60-16) and
mould belts (3-60-16) is measured with the help of the tool microscope MMI-2. Then the

belts are established on the stand for resource tests. The tests are carried out during 3-10* cy-
cles of loading at the fixed value of the pull. After that the average thickness of teeth S ayw)
is measured again, and their wear hy = S, 5y — Sp avw) Is defined.

In such conditions the wear is described by the system of the equations:

NGO - M :
1 r

hllr Pfr
NG = hy :
2 r

hllr PS‘r)

In view of the equal duration of tests we have:
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1 = hy — (5.16)
hllr PE‘P r hllr ng) r

The values of power of the friction from the expression (5.16) are determined by
means of the expression (5.6).
As a result of the researches it has been established that the values hy1r and y,- do not

depend on manufacturing techniques of the belts, and are basically determined by the
hardness of rubber. For the rubber mixtures, used at manufacturing of toothed belts, the

dependences h;i and ¥, on the hardness of material are presented in Fig. 5.2. The analysis

of the dependences testifies that the increase of the hardness of belt teeth considerably in-
creases their durability. The increase of HS from 64 to 85 units results in the increase of N,

2.8 times.

Fig. 5.2. Dependence of the parameters of wear of belt teeth on their hardness

The carried out researches show that the developed method of determination of the
durability of teeth of toothed belts by the tribological criterion allows to predict it with the
satisfactory accuracy [163].

5.2. Fatigue strength of toothed belts

Nowadays the calculation of the fatigue strength of belt teeth is based on the results

of resource tests of toothed-belt transmissions, which are statistically processed.
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In the work [24] the adhesive model of the formation of a fatigue crack in the base of
teeth of a belt is offered. However, in this case, only a shear component is taken from the com-
plex of operating loadings (shear, compression, bending).

At first, such an approach seems justified, since in general the shear deformations
make more than 30 % [21, 23]. Nevertheless, the authors have not received the explanation
of the fact that the fatigue crack is formed from the belt tooth side, contacting with a driven
pulley. The role of adhesion in the formation of a fatigue crack has not found its acknowl-
edgement either.

Actually, the volume of a bearing layer in the volume of a belt is minor. Taking it into
account, the expression for the calculation of durability, caused by adhesive forces, is possible
only for toothed belts, which teeth are vulcanized to the bearing layer in the form of a metal
or polymeric tape.

In order to prove that the fatigue life of belt teeth is defined by the complex of fac-
tors, but not only by the adhesion of rubber to the bearing layer, we show the following
causes.

Let's consider the process of formation of a fatigue crack. The analysis of the rea-
sons of the loss of the working ability of toothed belts testifies that the crack arises in the
zone of transition of an interdental space to a lateral surface of a tooth. On the assumption
that the occurrence of the fatigue crack is the consequence of the destruction of the adhe-
sive connection, it would arise not on a surface of a tooth, where there are no adhesive
connections, but in its base, contacting with a bearing layer.

Thus, the formation of the fatigue crack is the consequence of the action of not only
shear forces. Analyzing the diagrams of the distribution of the tangential stresses in the
material of belt teeth and on the interface "tooth — bearing layer" [34, 89], it is established,
that their maximum values are observed in the zone of crossing of the straight lines, which
make up the continuation of a lateral surface of the belt tooth and the surface of the thread
of a bearing layer, which is the nearest to the base of the tooth. Hence, the concentration of
shear stresses is inside of the volume of the tooth, but not on its surface.

Let's make the following example. The results of the researches of the stress-strained
state of teeth testify to the non-uniform distribution of tangential stresses in the bases of trap-
ezoidal teeth and practically uniform distribution in the bases of semicircular teeth. In this
case, the localization of the maximum stresses and deformations in the teeth of a semicircu-

lar profile is observed in the zone, which is near the axis of symmetry of a tooth.
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However, the results of resource tests of belts HTD testify to the similar character
of the fatigue failure. The crack appears on the surface of a tooth and progresses along a
normal to the radius of rounding up to the denudation of a bearing layer [164]. The crack
extends at the angle 25...30 with the axis of a bearing layer (Fig. 5.3, a) and its length is
(0.2...0.3) Sp.av.

About 30...35 % of the tested belts have shown the modified fatigue failure of teeth
(Fig. 5.3, b), consisting in the distribution of a crack on some distance from the surface of a

bearing layer. The similar destruction is fixed for the belts with trapezoidal teeth [57, 164].

Fig. 5.3. Kinds of the distribution of a fatigue crack of teeth HTD of a profile

Thus, the fatigue failure of teeth of a belt is cohesion-adhesive with a prevalence of
the first factor and the absence of the second one in some cases. The insignificant influence
of the adhesive factor follows from the circumstance that the period of time from the occur-
rence of the crack up to its distribution along the length, corresponding to the loss of the load
carrying capacity of teeth, makes only 5...8 % of the durability N;. First of all, it is connected

with a sharp increase in the concentration of stresses in the tip of the crack in comparison
with the rounded part of transition of an interdental space to a lateral surface of a tooth.

Hence,

Nf = Np + Ng, (5.17)

where Np; Ng — the fatigue durability of belt teeth before the origin of a crack and its distri-

bution up to the limiting condition of teeth accordingly.

Accounting the above-stated calculations the expression (5.17) becomes

N¢ = (1.05...1.08)Ny. At the same time, the destruction of an adhesive layer between the
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elastomer and the cord is observed at the stage, corresponding to Ng. Hence, the account of
the adhesive factor of the destruction of teeth does not apply essential correction in the ac-

curacy of the definition of the value N¢. The greatest interest, from the practical point of

view, is presented by the stage Ny, where the durability of teeth should be defined on the
basis of the equations of the durability of rigid bodies.

In this connection we can consider the formation of a fatigue crack from the tooth
side, interacting with a driven pulley, as the existing techniques of prediction of the dura-
bility do not allow to explain this fact.

At an input of teeth in gearing the friction force F;.; promotes the compression of a
lateral surface of the belt tooth (Fig. 5.4). The opposite side of the belt tooth lengthens. It also
lengthens at an output from gearing with a driven pulley, since the friction force Fz., has an
opposite direction. The friction forces in gearing of teeth, located at the following side, cause

smaller deformations of the tension-compression of teeth (in view of F, < F)).

Fig. 5.4. Direction of friction forces in a toothed-belt transmission:

a) driving side; b) following side; 1 — drive pulley; 2 — driven pulley

Besides, the given forces create bending moments, various in size, influencing the
belt tooth. The values of the arms of the influence of the friction forces Fy; (Fi2) and Fy;

(F22) are equal accordingly:

h cosZB )
L1 = Lo = . . . , (5.18)

P

cos P (90°+ 90° +

sin| arctg Pp ctg Pp +90° )

hp 2 2

+S
cosp, 7
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Liro1 = Liroo = S, +2h,tgBy,. (5.19)

Having the values of the loadings, influencing the teeth, we receive the expressions
for the determination of stresses, acting in their material. In this case, the effort, acting on the
belt tooth, can be put not in the middle of its lateral side, but in the tip (see Fig. 5.4), contrary
to the approach, offered in the work [165]. It corresponds to the kinematic features of an in-
put trajectory. Chapter 2 shows that the initial contact of teeth occurs in the point, located in
the rounded part of transition of the tip of the belt tooth to its lateral side.

The results of the researches in the work [166] allow to make the following conclu-

sion: the disconnection of teeth at an output from gearing with a driven pulley takes place
in the point at a height of (0.3...0.4)h, from the surface of an interdental space. Hence, at

the output from gearing with a drive pulley the application of the loading in the middle part
of the lateral surface of teeth of a belt can be justified.

Let’s make the calculation scheme for the receiving of the dependences of the basic
stresses, acting in the belt teeth, of the main parameters of transmission (Fig. 5.5).

Fig. 5.5. Distribution of stresses in the material of belt teeth:

a) at an input in gearing; b) at an output from gearing
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At an input of teeth in gearing we have the following values of stresses:

— bending stress:

6F (S
Sy = 11 Z{amwﬂh—smqq(z?+fﬁ%]} (5.20)

Sp + 2hpthp

—compression stress:

11 . .
=—— =2 |sinyq + fs« COS : 5.21
G¢ Sp +2hpthp [ W1 fs Wl] ( )

— shear stress:

o
Sp +2hstgB,

[cos yy — fis sin\plj. (5.22)
The normal resultant pressure in the point B (o, = 6, + o) depends on the ratio of

the values fz and ;. The existence of the tension of bending in the point B is connected

with the fulfillment of the condition:

> tgyy . (5.23)

Thus, for example, at y; = 10% m =7 mm and f; = 0.1 and 0.4, according to (5.23),
we receive 1.304 > 0.176 and 0.937 > 0.176 accordingly. Hence, the occurrence of the ten-
sion stresses in the point B at an input in gearing is practically inexplicable.

The shear of the belt tooth in the direction of the action of the force F1; will domi-

nate over the shear from the friction forces in the case of the fulfillment of the condition:

1

fs

We receive the following values of stresses for the output from gearing (see Fig. 5.5):
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—bending stress:

S
op = 6F, 5 [cos\plhp +siny, (?er ffshpﬂ; (5.25)
Sp + 2hptg[3p
—compression stress:
Fo )
0. =——5——|siny; — fs cosyy |; (5.26)
Sp + 2hpthp [ ]
— shear stress:
F12 .
T=—=% | cosyq+ fesin . 5.27
s, +2h 9P, [ Wit T W1:| (5.27)

The presence of the compression or tension in the point B depends on the ratio of
vy and arctgfss. Aty > arctgfis the stress of the compression from the force F;, dominates
over the compression by the friction forces.

The ratio o, and o, is of interest at the various F11 (12) and fgs. So, at any Fi1 (1) and
the increase of fi; from 0.1 up to 0.2; 0.3; 0.4 the ratio o, / 6. changes in the following way:
9:1; 6.6:1; 5:1; 4:1. It can be explained by the fact that at the relatively constant values of
op the vertical component of the friction force Fiifsscosy; increases and o, increases too.
The ratio o, / T is approximately constant and equal to 2.5:1. Thus, the bending stress has
the largest value at an input in gearing and the compression stress has the minimum value.
At the increase of y; from 10° up to 20 and 30° the value 6, increases 1.17 and 1.44 times
accordingly.

The similar ratios are also observed at an output of teeth from gearing. Thus, the in-
crease of yz from 10° up to 20 and 30° promotes the growth of o, 1.25 and 1.76 times ac-
cordingly. The more intensive growth of o, with the increase of y is connected with the

opposite direction of o, and o..
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According to the maximum strain energy theory the equivalent stress in the basis of
teeth of a belt is equal to:

Goq = Op+0¢ 24372 (5.28)

The analysis of the dependence (5.28) for the point B at an input in gearing and an

output from it shows that the values Cgq are practically equal. The increase of cj;g] over

c‘e’gt by 2...5 % is found. At the same time, the given values have different signs: ciera is

out

eq IS the tension stress.

the compression stress, o

It is known that the fatigue crack (for the majority of machine-building details)
arises in the part with prevailing tension stresses. It is characteristic of cog-wheels, fixing
details, etc. [167]. Therefore, the occurrence of the fatigue crack from the belt tooth side,
interacting with a driven pulley, becomes obvious. At an output from gearing with the giv-
en pulley in the zone of the point B of the belt tooth the maximum tension efforts act.

The corresponding pressure arising in teeth of a semicircular structure:

1,5F . .
5 e (cosyy —siny f 4 ) —sinyRy ;
2

F .
G = =k (sinyy + frs cosyy);
2R,

I 11 .
T=—"-(COoS — fs sin "
2R2 ( Y1 fs \Ifl)

where he = h, + Ry(siny1 — 1); hy, R, —see Tab. 1.8.

The analysis of the given dependences shows that in both cases the equivalent pres-
sure to a great extent depends on the geometrical parameters of teeth of a belt defining the
area of dangerous section.

Let's define the equivalent pressure arising in the basis of teeth of a belt with a trap-
ezoidal structure at their input in gearing with teeth of a drive pulley. We shall accept the

following parameters of transmission: Fi1 = 50 N/mm; t, = 14 mm; f = 0.5. Thus,

Geq = 23.07 MPa. At similar parameters of toothed-belt drive with teeth of a semicircular
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structure ceq = 12.85 MPa. Thus, use of a semicircular structure of teeth instead of trape-
zoidal allows lowering equivalent pressure in dangerous section by 44.3 %.

At hardware-software modeling of the stress-strained state of teeth of belts of trape-
zoidal and semicircular structures in ANSYS the results similar to theoretical calculation are
received. For a trapezoidal structure ceq = 23.1 MPa, for semicircular ceq = 12.9 MPa. The
received results testify to adequacy of the developed theoretical physical and mathematical
models of the stress-strained state of teeth of belts of various structures to the real physi-
comechanical processes occurring in gearing by transmission of capacity.

As all the force factors (bending, shearing and compressing loadings) act on the
teeth of a belt together, there is no necessity to indicate the destruction criteria, correspond-
ing to each kind of loading.

The equation of the durability of belt teeth in a general form can be written in the fol-

lowing way [168]:

where [ceq] — the stress in the material of the belt tooth, corresponding to the basic level

of durability Ny; my — the exponent of the curve of fatigue of teeth.
If my =1, [ceq]l corresponds to the stress at the single loading. Thus, the data
about the breaking strength of teeth 61 = [ceq]l are necessary for the determination of N;.

The value o7 is determined by the dependence (5.28) with the help of the substitution of the
value F12p, corresponding to the minimum effort, causing the breaking off of the belt tooth

at a single loading, into the formulas (5.25) — (5.27) (Tab. 5.2).
Taking it into account, the fatigue durability of the belt teeth is:

N¢ = Nb[c—rJ , (5.29)

Geq

where o, — the limit of endurance of teeth.
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Tab. 5.2

Type of belt Hardness of teeth HS F12p, N/mm
m=1mm (1-112) 77.2 17.4
m = 1.5 mm(1.5-53) 64.1 30.7
m =2 mm (2-68) 75.0 335
m =3 mm (3-48) 64.2 50.0
m =4 mm (4-48) 73.7 56.5
m =5 mm (5-100) 70.8 81.8
m=7mm (7-71) 70.5 142.0
m =10 mm (10-96) 67.0 218.5
XL (130X1) 69.3 30.8
XL (210XL) 90.0 24.8
L (300L) 71.6 43.9
L (210L) 88.5 36.9
H (300H) 71.9 52.9
H (300H) 90.5 43.8

In figures 5.6, 5.7 dependences ceq = f (F11) for toothed belts with a trapezoidal and

semicircular structure of teeth of standard sizes existing now on a global scale are presented.

a) b)
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Fig. 5.6. Loading of teeth of belts with trapezoidal teeth: a) TU RB 00149438-073-95;
b) 1ISO 5296; ¢) DIN 7721; d) AT (Automobile Transmission)
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Fig. 5.7. Loading of teeth of belts with semicircular teeth:
a) HTD (I1SO 13050); b) TU 38405560-84

It is necessary to note that the purpose of existing engineering techniques of design
calculation of toothed-belt drives is a definition of the minimal width of the toothed belt
meeting shown requirements to conditions of transmission of capacity and its size.

In a basis of the given techniques there is a choice of geometry of a working part
and a step of teeth which is carried out on the basis of initial data about transferred capaci-
ty and frequency of rotation of a drive shaft by means of diagrams. In this connection the
comparative analysis of a loading of teeth of belts of various standard sizes and structures
with equal or close step of teeth represents significant practical interest. The results of a
loading of teeth of toothed belts of various standards with step of teeth of a belt t, = 5 and
(8...10) mm are presented in figure 5.8.

a) b)

0 20 40 60 80 100

Fiy N/mm Fyy, N/mm

Fig.5.8. Loading of teeth of belts: a) t, =5 mm; b) t, =8...10 mm

The analysis of diagrams testifies that application of toothed belts with structure AT

or a semicircular structure of teeth (instead of trapezoidal) allows lowering considerably
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equivalent pressure in dangerous section, hence, in a corresponding measure it allows rais-
ing transferred capacity and an operational resource of toothed belts.

At preservation of the given parameters at the former level it is possible essential
decrease in weight and dimensions of toothed-belt drive, hence, its dynamic loading, noise,
vibrations and, at last, cost prices of manufacturing. We shall analyse the reasons for the
given superiority of toothed belts with structure AT and a semicircular structure of teeth.

It has been above noted that the major factors defining a stress-strained state of
teeth of a belt are its geometrical parameters. For the comparative analysis of the given pa-
rameters of toothed belts of various structures and standard sizes we shall enter relative
scale factors: ky = Sp / ty; ko = hy / ty; ks = hp / Sp and ks = hy / Hp, where Sy, hy, t, and H, —
see Tab. 1.6-1.8. The results of calculation of scale factors are presented in Tab. 5.3.

Tab. 5.3. Scale factors of toothed belts

Scale factors
Standard Marks t,, mm
P ki | k. | ks | K
Trapezoidal structure

ml 3.14 0.318 0.255 0.80 0.5
ml.5 471 0.318 0.254 0.80 0.546

OST m?2 6.28 0.286 0.238 0.83 0.5

3805114-76, m3 0.42 0.339 0.212 0.625 0.5

TURB m4 12.57 0.350 0.198 0.568 0.5
00149438-073-95 m5 15.71 0.318 0.222 0.70 0.534
m7 21.99 0.364 0.279 0.75 0.545

m10 31.42 0.382 0.286 0.75 0.6
Average value 0.334 0.243 0.725 0.528
MXL 2.032 0.374 0.251 0.671 0.464
XL 5.08 0.265 0.250 0.927 0.552
1SO 5296 L 9.525 0.336 0.200 0.585 0.531
H 12.7 0.346 0.180 0.520 0.534
XH 22.225 0.357 0.286 0.8 0.567
XXH 31.75 0.384 0.3 0.781 0.607
Average value 0.344 0.244 0.714 0.542
T2.0 2.0 0.35 0.25 0.714 0.454
T2.5 2.5 0.4 0.28 0.7 0.538
DIN 7721 T5 5.0 0.36 0.24 0.667 0.545
T10 10.0 0.35 0.25 0.714 0.555
T20 20.0 0.325 0.25 0.769 0.625
Average value 0.357 0.254 0.713 0.543
. ATS5S 5.0 0.5 0.24 0.48 0.444
Aﬁéﬁ%‘l’gﬁ)ﬂ)‘e ATI0 | 10.0 05 0.25 05 0.555
AT20 20.0 0.5 0.25 0.5 0.625
Average value 0.5 0.247 0.493 0.541

Semicircular structure

m3 9.42 0.531 0.425 0.8 0.667
TU 38405560-84 m4 12.57 0.557 0.398 0.714 0.667
mb5 15.71 0.573 0.382 0.667 0.667
Average value 0.554 0.402 0.727 0.667
3M 3.0 0.567 0.390 0.688 0.434
HTD SM 5.0 0.564 0.412 0.730 0.458
(1SO 13050) SM 8.0 0.612 0.423 0.689 0.564
14M 14.0 0.616 0.430 0.698 0.602
Average value 0.589 0.413 0.701 0.515
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The analysis of the received results shows that toothed belts of various standard
sizes and structures do not possess geometrical similarity of teeth. Alongside with it teeth
of toothed belts with structure AT and a semicircular structure are more massive with the
increased height, width or a corner of a structure in comparison with teeth of a trapezoidal
structure.

Besides in toothed-belt drives with a semicircular structure of teeth practically there
is no radial backlash between teeth of a belt and a pulley in gearing. It leads to more uni-
form distribution of pressure and deformations on all volume of the teeth of a belt and sig-
nificant decrease in a loading of the dangerous section which is in the field of transition
from a lateral surface of the teeth to an interdental hollow. Alongside with it significant
(15...20 %) decrease in contact pressure upon a surface of the bearing layer adjoining to an
interdental surface of a belt occurs what, in turn, raises fatigue durability of a bearing layer.
Let's assume, that teeth of a trapezoidal structure have the same scale factors
ki=Sp/t,mks = hy/t, as well as teeth of a semicircular structure at a constant step of
teeth. Thus, we shall hypothetically increase height and width of teeth of belts due to de-
crease in similar parameters of pulleys of transmission, lateral and radial backlashes in
gearing teeth. Considering that rigidity and durability of metal teeth of pulleys of toothed-
belt drive is non-comparable more rigidity and durability of elastomer teeth of a belt such
reduction will lead to decrease in weight and dimensions of pulleys. The results of re-
searches are shown in figure 5.9 (pages 222...224).

The analysis of the received graphic dependences shows that increase in geomet-
rical parameters of teeth of a trapezoidal structure up to a level of similar parameters of
teeth of a semicircular structure allows considerably (on 30...45 %) lowering equivalent
pressure and deformations in their dangerous section and providing loading ability and fa-
tigue durability of teeth of a trapezoidal structure practically equal to the given parameters
of teeth of a semicircular structure. Alongside with it there is an essential decrease in
weight and dimensions of toothed-belt drive.

At the same time it is necessary to note that teeth of a semicircular structure possess
a number of the advantages not peculiar to teeth of a trapezoidal structure to which first of
all it is necessary to refer their minimal profile interference, the raised wear resistance due
to lowered capacities of friction and speed of mutual sliding of teeth of a belt and a pulley
at an input in the gearing, the raised smoothness of the work, lowered noise and vibrations.
In aggregate it allows ascertaining unequivocally higher technological level of toothed-belt

drives with teeth of a semicircular structure.
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Fig. 5.9. Loading of teeth of toothed belts

The carried out comparative analysis of the international standards existing now,
concerning standard sizes and structures of drive toothed belts (Tab. 5.4) has shown their
imperfection regarding unreasonably wide nomenclature of them with close or equal step of

teeth — the parameter being a basis of design engineering calculation of toothed-belt drives.
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Tab. 5.4. Matrix of standard sizes and structures of toothed belts of the international

standards
Standard size
Standara Step of teeth t,, mm
Trapezoidal structure
OST, ml m1l1.5 m2 m3 m4 m5 m7 m10
TU RB 3.14 4,71 6.28 9.42 1257 | 15.71 | 21.99 | 31.42
MXL XL L H XH XXH
1SO 5296 2.032 5.08 9.525 12.7 22.225 | 31.75
T2 T2.5 T5 T10 T20
DIN772L |y 25 5 10 20
ATS5 ATI10 AT20
AT 5 10 20
Semicircular structure
TU m3 m4 m5
38405560-84 9.42 1257 | 15.71
HTD 3M 5M 8M 14M
(1SO 13050) 3 5 8 14

Therefore, with the purpose of increase of a technological level of toothed-belt
drives, observance of the general rules of standardization, unification, the international di-
vision of labour and cooperation it is offered to develop the new international standard
«Belts drive toothed and pulleys. Basic sizes» using the results of researches received in

the present work.

5.3. Lowering of the sliding friction of teeth in gearing

The given above dependences (§5.1 and §5.2) testify to the significant influence of
the sliding friction of teeth on the durability of a belt. For the experimental check of the
influence of friction on loading of gearing the computer modeling of its stress-strained
state in ANSYSS is carried out.

In Fig. 5.10 and 5.11 the results of the modeling of the stress-strained state of teeth

of a semicircular profile with a step t,, = 14 mm at the various values of the factor of fric-

tion in the contact of teeth are presented.
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a) b) c)
Fig. 5.10. Distribution of stresses in the belt tooth material:

a) b) ©)
Fig. 5.11. Intensity of deformations in the belt tooth material:

The results of the modeling show that the maximum tension stresses Gimax and the
deformation intensity (Mises’ deformation) gmax are observed on the radius of transition of a
lateral surface of a tooth to the surface of an interdental space. At fis = 0.5: 61max = 10.6 MPa,
gimax = 2.042. The lowering of the friction factor up to the value fis = 0.2 (under all other
equal conditions) allows to reduce 6imax Up t0 6.42 MPa (39.4 %) and &jmax Up to 1.675
(18.7 %). The further lowering of f;s up to 0.1 leads to the reduction of 61max U t0 5.22 MPa
(50.7 %) and &jmax Up to 1.651 (19.1 %).

Thus, the numerical modeling with the use of the modern hardware-software means
confirms the fact that the decrease in the sliding friction of teeth in a toothed-belt gearing is an
effective method of the increase of the durability and load carrying capacity of toothed belts.
The reduction of roughness of the working surfaces of a belt and pulleys of a toothed-belt

transmission is offered as the methods of the decrease in friction in the contact of teeth.
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The working surface of teeth of toothed belts is covered with a special fabric facing,
which promotes the increase of their rigidity and wear resistance. The facing durability
makes 75...80 % of the general durability of teeth. It is made of kapron or nylon, and it is
impregnated with special adhesive chemical compositions on the basis of latex or rubber
for the improvement of the adhesion strength to the components of a belt.

The measurement of the friction force between the belt tooth, covered with fabric fac-
ing, and the steel penetrator (Ra = 1.6 microns) is lead by means of a hardware-software
complex on the basis of a tribometer TT/{1 (Fig. 5.12).

Fig. 5.12. Tribometer PD1: 1 — holder of the upper specimen; 2 — holder of the down spec-
imen; 3 — carriage; 4 — screw nut; 5 — traverse; 6 — case; 7 — supporting cylinder; 8 — rotary
rack; 9 — damper; 10 — basin; 11 — load carriage; 12 — screw; 13 — counter-weight

For the belts with the teeth covered by nylon fabric "Nuela-120", gum-dipped with
88CA TU381051760-89, frs = 0.38+0.02.

For the less roughness the fabric is additionally impregnated with some special adhe-
sive compositions on the basis of graphitic dust. The measurement of the friction force

shows that fgs = 0.25+0.01.

The resource tests of the toothed belts, made with the use of two above mentioned
kinds of fabric coating of teeth, show that the operational resource of belts increases from
1.9-10" to 2.1-10" cycles (10.5 %) at the average, providing that the fabric is additionally im-
pregnated with adhesive compositions on the basis of graphitic dust.

It is known that the roughness of working surfaces of pulleys of a toothed-belt
transmission has no decisive importance, as they are exposed to grinding by a belt in op-

eration. However, at Ra > 1.6 microns the opportunity of running-in of a belt and a pulley
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is practically excluded. The belt breaks down quickly due to the intensive abrasion of its
working surfaces. The recommended values of roughness are Ra = 1.25...1.6 microns.

The electro-pulse polishing is used as the finite stage of the operation of steel pul-
leys of a toothed-belt transmission [169]. The pulleys HTD 22-5M-32 (with the teeth of a
semicircular profile, t,; =5 mm, z,, = 22, b,; = 32 mm, d. = 33.87 mm), 45 GOST 1050-88
made of steel (32 pieces) are processed. Electro-pulse polishing is carried out in 2 %-th
water solution of ammonium chloride for 1.5 minutes at the temperature of electrolyte
70°C and stress 300 V.

The measurement of roughness is carried out by a standard technique (GOST 2789-
73) on a profilograph-profilometer M2 "Mahr GmbH", the length of burrs is defined with
the help of a microscope "PMT-3".

Before processing the pulleys have the roughness of the working surfaces
Ra = 1.75...2.5 microns and the burrs on the edges with the height 0.2...0.35 mm. After
electro-pulse polishing the burrs on the edges of the details are taken off completely, the
roughness of the working surfaces of pulleys lowers up to Ra = 1.25...1.6 microns, which
corresponds to the requirements of the design documentation. The physical form of the

pulleys is presented in Fig. 5.13.

a)

Fig. 5.13. Physical form of pulleys of a toothed-belt transmission:

a) before processing, b) after electro-pulse polishing

The resource tests of toothed belts "ContiSynchroforce CXP 11l HTD 1500-5M-32"
(Germany) in the drive of the experimental parquet-polishing machine "CO-318"
(P = 2.2 kW, n = 600 min™, d = 200 mm) show that after the electro-pulse polishing of pul-
leys the durability of toothed belts increases by 20...22 %. In such a case, the estimated cost

of manufacturing of pulleys at their series production increases slightly (no more than 5 %).
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On the basis of the carried out complex of the theoretical and experimental research-
es, including numerical modeling of loading of a toothed-belt gearing in a real-time mode,
the following conclusions and recommendations [170] are made. They are recommended for
the use in the theory and practice of designing and operation of toothed-belt transmissions:

— electro-pulse polishing, providing the fulfillment of the requirements of the tech-
nical documentation and a normative operational resource with the minimum energy and
labor costs, should be used as the final operation of the technological process of manufac-
turing of steel pulleys of transmission;

— wear-resistant fabric coating of working surfaces of teeth with its additional im-
pregnation with the adhesive compositions on the basis of graphitic dust, which allows to
increase the durability of belts by 10.5 % at the average, should be used in manufacturing of
drive toothed belts;

— the results of the computer finite-element modeling of the stress-strained state,
adequate to the developed theoretical dependences and the results of the industrial tests of

transmission, should be used for the design of toothed-belt transmissions.

5.4. Probabilistic methods of prediction of the durability of toothed belts

Probabilistic methods of the estimation of wear-fatigue strength make the basis of
the resource designing of toothed-belt transmissions.

The analysis of the results of fatigue tests of the pieces of materials and machine el-
ements show that the exact description of the dependence of the number of loadings before
the failure N from the maximum stress of the cycle ¢ of the regular loading at the constant

factor of asymmetry r gives the following equation [171]:

-1
N=2in 1+{exp(G_GrJ—1:| , (5.30)

(¢ VO

where Q — the factor of endurance, equal to the product of a limit of endurance o, by the

number of cycles up to the point of the lower knee of the fatigue curve No; vo — the equa-

tion parameter equal to the ratio of the product of a limit of endurance by the characteristic

of the slope of the fatigue curve v to their difference: vo = o;v / (o — V).
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The reason of the dissipation of the fatigue resistance is the dissipation of the values
of the limit of endurance, which can be estimated with the use of the function of the normal
distribution. In the case of the normal distribution of the values of the endurance limit, the

expression (5.30) becomes:

-1
N :gln 1+{exp(ﬂj—l} ,
(e} Vo

where oyp = M(oy) + tS(oy) — the particular value of the limit of endurance, corresponding

to the probability P; M(cy) and S(c,) — mathematical expectation and a square deviation of
the values of the limit of endurance of the set of details; t — the quantile of the normal dis-
tribution, corresponding to the probability P [172].

The estimation of the dependence of the number of cycles before the failure of the
value of the stress, made with the account of probability of non-failure, gives the idea of
the resistance of machine elements to the fatigue. Such the estimation allows determining
of non-varying parameters of the equation of the fatigue curve and the parameters of the
distribution of the values of the endurance limit.

The object of the experimental researches is the toothed belts, made by the method of
pressing by the rigid elements. The standard sizes of the belts (module-number of teeth) are
2-68; 3-60; 4-48. The belts have a wear-resistant coating of teeth with kapron fabric, gum-

dipped, and they are made with the different types of a bearing layer (Tab. 5.5).

Tab. 5.5. Mechanical and physical properties of a bearing layer

Type of Diameter Quantity of |Diameter of| "Alive" | Module of | Breaking

bearing 4. mm unit _threads, unit threads, sectlozn, elasticity E, | strength, kg
layer e pieces mm mm MPa (MPa)
5]115 0.4 5 0.150 0.089 4510 | 20(2247)
15J115 0.75 15 0.150 0.265 5.7-10" 60(2260)
20CT 0.35 1600 0.009 0.102 458-10% | 11(1147)
35CT 1.0 2400 0.009 0.152 5.2.10" 24
75CA 1.25 8000 0.009 0.509 3.64-10" 65

For the researches the stand with the open force contour, allowing to test two belts

at the frequency of the rotation of the pulleys n,, = 1800 and 2200 min, is used (Fig. 5.14)
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Fig. 5.14. Kinematic scheme and physical form of the stand for the research of the dura-
bility of toothed belts: 1 — electric motor; 2 — brake machine; 3 — disk of the balancer;
4 — drive pulley; 5 — driven pulley; 6 — belt; 7 — indicator of replacement;

8 — elastic element; 9 — tension device

Stresses in a bearing layer at bending are:

— EdC

Gb—z—p,

where p — the radius of the curvature of a pulley.

The minimum and maximum stresses of the cycle are:
Omin =O2F,;; Omax =O%h T O2F,
The average stress of the cycle is:

Sb
Cav = O2r, +

2
As a result of the researches, it is established, that the fatigue strength of all the types

of a bearing layer decreases exponentially with the increase of the operating stresses (Fig.
5.15-5.19).
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Fig. 5.15. Diagram of a fatigue of toothed belts with a metal cord 5J115

Fig. 5.16. Diagram of a fatigue of toothed belts with a metal cord 15J115

Fig. 5.17. Diagram of a fatigue of toothed belts with a glass-fiber cord 20CT
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Fig. 5.18. Diagram of a fatigue of toothed belts with a glass-fiber cord 35CT

Fig. 5.19. Diagram of a fatigue of toothed belts with a glass-fiber cord 75CA

Characteristics of the fatigue resistance of different types of a bearing layer are pre-

sented in Tab. 5.6.

Tab. 5.6
Bearing layer 6, , MPa Vo, MPa Sy, MPa Q, MPa-cycle
57115 65 22.1 8.75 6.25-10°
157115 140 23.5 19.6 1.4-10°
20CT 55 13.5 9.05 1.5-108
35CT 64.5 22.8 10.93 1.05-108
75CA 168.1 28.2 17.67 1.45.10°
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The results of the carried out researches can be used at the choice of a bearing layer.
For example, both the glass-fiber cord 20CT and the metal cord 5J115 can be used for the
spline toothed belts (m =1, 2, 3 mm).

The analysis of the diagrams of the fatigue of the above-mentioned types of a bearing
layer shows that the average value of the limit of endurance G, is equal to 65 and 55 MPa
accordingly, the number of cycles up to the point of the lower knee of the fatigue curve
No = 107 and 3x10 cycles accordingly. The glass-fiber cord can endure 3 times more load-
ings at the equal value of the average limit of endurance. It allows using of the belts with a
glass-fiber cord 20CT on the pulleys of a small diameter.

Let's draw a comparison between G, and No for a metal cord 15J115 and a glass-fiber
cord 75CA. For the metal cord 15J115: G, = 140 MPa, No = 10’ cycles; for the glass-fiber
cord 75CA: G, = 168.1 MPa; Ny = 10" cycles. At the equality of Ny the glass-fiber cord
75CA has a larger values, . It allows using of the belts with the glass-fiber cord 75CA for

more loaded transmissions.
The characteristics of the fatigue resistance of teeth of toothed belts are also defined.

The tests are made on a stand-pulser (Fig. 5.20).

Fig. 5.20. Kinematic scheme and physical form of a stand-pulser: 1 — frame; 2 — electric
motor; 3 — eccentric shaft; 4 — lever; 5 — axis; 6 — rocker; 7 — penetrator; 8 — specimen of a
belt; 9 — tooth of a belt; 10 — spring; 11 — adjusting screw; 12 — indicator of replacement;
13 — fixing screw

In the given stand the working loading is periodically put on the lateral surface of
the tooth by means of the penetrator, representing the tooth of a pulley of transmission.

The frequency of loading is 12 Hz. Four lots of toothed belts are tested.
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The belts of the first lot (m = 2 mm) consist of: a) mould; b) assembly; c) assembly, re-
inforced with copper wire 0.6 mm (Fig. 1.17). The analysis of the diagrams of the fatigue

(Fig. 5.21) testifies that the assembly and reinforced belts have the increased values G, and No.

Fig. 5.21. Diagrams of the fatigue of toothed belts:
a) mould; b) assembly; c) assembly reinforced
In this case, a) &, = 3 MPa, Np = 10° cycles; b) &, = 4.5 MPa, No = 1.2x10° cycles;
€) 6,=55MPa, Ng= 4x10° cycles. Thus, the presence of fabric facing and reinforcement
of belt teeth leads to the increase of G, 1.5 and 1.8 times accordingly.

The second lot includes the following belts: a) assembly, the pressure of vulcaniza-
tion P = 0.6 MPa; b) assembly, P = 20 MPa; c) assembly, micro-reinforced (Fig. 1.16). The
analysis of the diagrams of the fatigue (Fig. 5.22) shows that the increased pressure of vul-
canization and micro-reinforcement increase the durability of toothed belts. Thus, for:

a) G,= 15 MPa, Ny = 1.4x10° cycles; b) G,= 16 MPa, Ny = 2.2x10° cycles;

¢) G, = 19.5 MPa, No = 3.5x10° cycles.

Fig. 5.22. Diagrams of the fatigue of toothed belts: a) assembly, P = 0.6 MPa;
b) assembly, P = 20 MPa; c¢) assembly micro-reinforced
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The belts of the third lot have different Shore hardness A of teeth (HS):
58.6; 64.2; 74.3; 85.2 units accordingly. On the basis of the diagrams of the fatigue (Fig.
5.23) the dependences G, and Q of the hardness are constructed (Fig. 5.24).

Fig. 5.23. Diagrams of the fatigue of toothed belts with different Shore hardness A of teeth
HS: a) 58.6; b) 64.2; ¢) 74.3; d) 85.2 units

Fig. 5.24. Dependence of an average limit of endurance
and the factor of endurance of the hardness of teeth

The analysis of the dependences testifies that the increase of the hardness of teeth

from 58.6 to 85.2 units leads to the augment of &, 3 times, which promotes the corre-

sponding increase of the life time of toothed belts.
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The belts of the fourth lot have different degrees of reinforcement of teeth, which
represents the ratio of the diameter of a spring d to the length of a tooth h, (Fig. 1.20):
0; 0.3;0.5; 0.7; 1.0.

On the basis of the diagrams of the fatigue (Fig. 5.25) the dependences of the charac-
teristics of the fatigue resistance of the degree of reinforcement of teeth (Fig. 5.26) are con-
structed. The graphs show that the augment of the degree of reinforcement of teeth from

0 to 1 leads to the increase of the fatigue resistance of toothed belts 3.1 times.

Fig. 5.25. Kinetic diagrams of the fatigue of toothed belts with
different degrees of reinforcement of teeth: a) 0; b) 0.3; ¢) 0.5; d) 0.7; e) 1.0

Fig. 5.26. Dependence of an average limit of endurance

and the factor of endurance of the degree of reinforcement of teeth
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Thus, the results of the researches on the dissipation of characteristics of the fatigue
resistance and predicting of an operational resource of drive toothed belts are generalized
by means of the kinetic theory of the mechanical fatigue. The techniques of fatigue tests,
probabilistic resource designing of drive toothed belts and the basics of diagnosing of the
fatigue at the operation are developed [173].

On the basis of the diagrams of the fatigue the curves of equal probability of non-
failure of the elements of toothed belts, allowing to specify the permissible pull, depending

on the set operational resource, are constructed.

5.5. Design method of the improvement of technical characteristics

of toothed-belt transmissions

As it has been stated above, the increase of a step of belt teeth t, is observed at a con-

stant step of pulley teeth t,; in the process of transmission of power. In this case, the interfer-
ence of teeth increases considerably, but the load carrying capacity and durability of a
toothed belt decrease. Therefore, one of the main aspects of a design calculation of transmis-
sion is the determination of a step correction of teeth of a pulley.

The analysis of the world scientific and technical literature has shown that there are
some contradictory recommendations for the calculation of correction. The authors of the
works [49, 61] recommend increasing of the external diameter of a pulley d, by 0.001t,,
For the belts of the "modular” system the value of the correction is defined by means of the
tables, depending on the reference diameter of a pulley. In this case, the external diameter

of a pulley is:

da = m21—26+k1,

where k; — the correction (Tab. 5.7) [174].

Tab.5.7.
mz;, mm ki, mm mz;, mm ki, mm
up to 50 0.08 120...198 0.13
50...78 0.10 200...318 0.15
80...118 0.12 320...500 0.18
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The given technique does not consider the influence of mechanical and physical
properties of a belt on non-uniformity of loading of teeth. Therefore, in the work [175] the

value k can be found by the dependence:

F
k1(2) = O, ZB—tle(z) y (531)

p

where A —the compliance of a bearing layer on the length of one step (Tab. 5.8).

Tab. 5.8.
m, mm 1.0 1.5 2.0 3.0 4.0 5.0 70 | 10.0
A, mm?/N-107% 7 8 9 10 11 13 14 16

In the work [176] it is offered to consider not only the sizes of a pulley, but also the

value of the transferred loading. For example, at 10 < zo < 30:

~ 10,0005
i

Ky

1 75-10 . (5.32)

The analysis of the expression (5.32) shows that at zo < 10 a step of teeth of a pul-
ley is not corrected, which is inconsistent with the laws of the distribution of loading in
gearing, at the reduction of z, loading of teeth increases, and at zo < 6 the value of the al-
lowable circumferential force is corrected. Thus, at the reduction of zp the value k; increas-
es.

In the work [177] it is offered to determine the value of the correction of a step on
the basis of mechanical and physical properties of a belt in view of the length of the arc of
contact:

0,429k, FiB,

At=t, —t, = ,
zZ

(5.33)

where k, — the ratio of the compliances of a belt frame and its teeth.

To the authors’ point of view, the expressions (5.31) — (5.33) allow to get y = 1,
which predetermines the maximum possible durability of a belt. At the same time, it is

proved, that at the reduction of y the durability of belts increases [178].

- 239 -



Hence, v = 1 is not a universal parameter, providing the maximum durability of a belt.

In view of the influence of the frequency of belt runs v on its mechanical and phys-
ical properties and the distribution of the loading in gearing, the author of the work [47]
offers the dependence At of v.

Meanwhile, the value At, corresponding to the predetermined value vy, can be found

by the following dependence [179]:

P 113 hd , (5.34)

200 2
k keky 0,5(th +1| 0,53z +1
t

At

where ki, ke, kz — the factors, considering the frequency of belt runs, longitudinal rigidity and
rigidity of belt teeth.

In the work [90] it is offered to achieve the maximum possible level of an operational
resource of toothed belts by means of supporting of the equivalence of both criteria of the
working ability. Therefore, the pressures on the teeth of the arc of contact are equated.

At the same time, in the given work the values of y, providing the maximum level
of the durability of a belt by the criteria of wear of the profile N,, and the fatigue failure of
teeth N, are not given.

For receiving of the dependence N, of y a numerical experiment is carried out. In

such a case, according to the technique of orthogonal planning [180] the factors, defining
the fatigue durability of belt teeth, vary. It is established that the durability can be deter-

mined by the dependence:

25h_z

N =| —22 | (5.35)
F\p\/a
Y2

The durability of a belt by the criterion of wear of teeth is:

Ny, =125

1,75
ht ( Royf fskvs, j (5.36)

1f Zp
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The analysis of the dependences (5.35), (5.36) shows that the ratios dN,, / dy and

dN/ dy are less than zero. Thus, the dependences N,, and N of y have no extrema, and the

value y cannot be found by the methods of common optimization. Hence, it is possible to de-
termine the value v, corresponding to non-maximal possible, but to some definite predeter-
mined level of the durability.

The comparison of the dependences (5.35) and (5.36) testifies that at any values of
the argument dN,, / dy < dN,/ dy. Therefore, there is a condition, at which N,, = N.. The
value vy for the given case is determined by equating of (5.35) and (5.36):

15

03

7 byt 25h,, of ek 05 5 37

Wont = 1| 1 25h, \F e (537)
2

Fi
For example, at m = 3 mm; o = 15.7 s™; Fy = 6 N/mm the value Wopt = 0.45. At

v < Yot the durability of a belt is determined by the processes of wear, and at y > Yopt

the operational resource depends on the intensity of the behavior of the fatigue failure.

Thus, at the predetermined value of the durability of a belt N, by the formula (5.37)

the value gy is found, the value of the durability N,,, is determined by (5.35) or (5.36). If

N;>N,, the value of non-uniformity of loading of teeth is found by the expression:

057
o n (125N
Rrofgky, | Nphu

In the case Ny < N,, the value y is determined by the dependence:

The value At can be found by the dependence (5.34) at the known .
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The complex of stand tests is carried out for the experimental check of the developed

dependences. The object of the researches is toothed belts with the module m =7 mm; z, = 71;

B, = 32 mm, made by the method of pressing by rigid elements and equipped with a wear-
resistant fabric coating of teeth. The technique of the researches is based on the registration
of the deformations of the strain-gauge tooth of one of the pulleys of transmission (see
Fig. 2.29) of the special stand (see Fig. 2.28).

The kind of the distribution of loading in gearing at the various values of a step cor-
rection is found in the following way. The strain-gauge pulley is made with the external di-

ameter 139.0 mm, At/t, = +0.00433 and y = 0.43 (Fig. 5.27, a).
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Fig. 5.27. Oscillograms of the distribution of loading in gearing
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After the oscillogram recording the external diameter of a pulley is ground up to
138.8 mm, at which At/ t, = +0.0029 and y = 0.72 (Fig. 5.27, b). After carrying out the next
series of tests the pulley is consistently ground up to the diameters: 138.6 mm
(At/ t, = +0.00143; y = 1.02) (Fig. 5.27, c); 138.4 mm (At / t, = 0; y = 1.30) (Fig. 5.27, d);
138.2 mm (At/t, =-0.00143; y = 1.59) (Fig. 5.27, €); 138.0 mm (At/t, = -0.0029; y = 1.88)
(Fig. 5.27, ).

As a result of the processing of the received oscillograms by the method of ordinates it

is established, that y decreases linearly in the process of increasing of the correction of a step
of teeth of a pulley (Fig. 5.28). In the examined range of the change of At/ t, the discrepancy

between the theoretical and experimental results does not exceed 14.3 %.

Fig. 5.28. Dependence of the factor of non-uniformity of loading
of teeth of a belt of the correction of a step of teeth of a pulley:

« —theoretical calculation; o — experimental data

The analysis of the dependences y of At shows that the greatest discrepancy be-
tween them is observed in the field of high values of the ratio At/ t,. It is caused by the fact
that the partial output of teeth from gearing, located at the following side, is not considered
in the theoretical calculation of .

At At /1, <0 the loading on the given teeth is rather insignificant, and in the case of

the significant correction of a step of pulley teeth, the main part of the transferred pull is
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redistributed in the zone, adjacent to the following side. In view of the trapezoidal form of
teeth along with the increase of the effort the radial force, pushing out teeth from gearing,
also increases. The insufficient tension of the following side is unable to neutralize the ac-
tion of the radial forces, so, some teeth output from gearing partially. As their rigidity de-
creases, in this case, the pull is redistributed in the zone at the following side. The loading
on the teeth in this zone increases, which does not lead to the decrease of y. The elimina-
tion of the given phenomenon takes place at the increase of the preliminary tension of a

belt by the value A2F, according to the dependence [181]:

2
0,00143At ]

A2F, :0,25( t
p

Thus, the technique of the determination of the rational value of the correction of a
step of pulley teeth, providing uniform loading of gearing and the improvement of the load
carrying capacity and durability of toothed belts, is developed. On the basis of the carried
out complex of the theoretical and experimental researches the modern technique of the
design-engineering calculation of toothed-belt transmissions with the improved character-

istics is developed [182].
5.6. Conclusions

1. The technique of the resource design of a toothed-belt transmission by the crite-
rion of wear of the working profile of belt teeth on the basis of the power approach has
been developed. It allows specifying of the value of the operational resource and predicting
of it with a reasonable accuracy.

2. The technique of the resource design of a toothed-belt transmission by the crite-
rion of a fatigue failure of belt teeth, considering kinematic and force features of the inter-
action of teeth in gearing, has been developed. The calculation of the fatigue life is based
on the results of the analysis of the complex stress-strained state and the developed models
of the loss of the working ability and the main principles of the destruction of teeth.

3. The loading of teeth of drive toothed belts of standard structures on the basis of
the developed physical and mathematical models of the complex is stress-strained state,
kinematic and power features of interaction of teeth in gearing is investigated. The equiva-

lent pressure in the dangerous section, defining fatigue durability of teeth of a belt is estab-
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lished, that, depends, basically, from their geometrical parameters. On the basis of the re-
ceived results of researches recommendations on increase of a technological level of
toothed-belt transmissions are developed.

4. The technique of a probabilistic estimation of the fatigue strength of a bearing
layer and belt teeth on the basis of the results of their resource tests and the kinetic theory
of mechanical fatigue has been developed. The results of the researches on the dissipation
of the characteristics of the fatigue resistance of the elements of toothed belts have been
generalized.

5. The recommendations on the choice of the optimum materials, designs and manu-
facturing techniques of drive toothed belts by the criterion of the highest load carrying capac-
ity and the operational resource have been developed. It has been established that the belts,
made by the method of pressing by the rigid elements, in comparison with the mould ones

have a raised limit of endurance G, 1.5 times and a base number of cycles of loading No 1.2
times; the reinforcement of belt teeth with copper wire @0.6 mm augments G, 1.22 times

and No — 3.33 times in comparison with a non-reinforced design. The increase of mould

pressure from 0.6 up to 20 MPa leads to the increase of G, 1.1 times and No —1.57 times.
Micro-reinforcement of belt teeth by the cuts of viscose fiber increases &, 1.29 times and

No — 1.59 times. The increase of the tooth hardness, defined by the material of the belt filler,

from 58.6 up to 85.2 units, according to Shore A, leads to the increase of G, 3 times and Ng

— 3.5 times. The increase of the degree of reinforcement of belt teeth from O up to 1 leads to

the increase of G, 3.1 times and N — 2.25 times.

6. The results of the computer finite-element modeling of the stress-strained state of a
toothed-belt gearing, depending on the tribological characteristics of the transmission ele-
ments, have been given. The methods of lowering of friction in the contact of teeth have
been offered and checked experimentally.

7. The technique of the calculation of the rational parameters of a toothed-belt
transmission, providing uniform loading of gearing and the increase of the load carrying
capacity and the operational resource of transmission, has been developed. It has been es-
tablished that the loading distribution in the multiple gearing depends on the correction of a
step of pulley teeth and the factor of non-uniformity of loading. The rational value of the
factor is in the interval 0.8...1.1, depending on the conditions of the operation and the pa-

rameters of transmission.
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CONCLUSION

The theoretical and experimental research of mechanical transmissions of power by
flexible link, of the belt and toothed-belt transmissions in particular, has made it possible to
solve an important scientific and technical problem of improving technical level by design,
engineering and manufacturing methods.

The model of the interaction of flexible link with the pulleys has been developed. It
allows considering the action of shear deformations at the transmission of power. The in-
fluence of shear deformations of flexible link on the value of its relative sliding has been
defined. The received theoretical results are adequate to the experimental data, which
makes it possible to recommend the developed technique for the estimation of sliding in a
belt transmission, depending on its traction ability. As a result of the research of kinematics
of a toothed-belt transmission, based on a matrix transformation of coordinates, the sliding
velocity of teeth and the zones of their incomplete profile gearing have been defined. The
developed theoretical dependences are also adequate to the received experimental data.

The research of a multiple toothed-belt gearing loading by the method of finite dif-
ferences testifies that the distribution of loading corresponds to the discrete scheme. The
carried out research shows the dependences of the distribution of transmitted loading on
the teeth of the main transmission parameters, the conditions of gearing and mechanical
and physical properties of a toothed belt have been received. It has been discovered that the
most effective methodical way of gearing loading non-uniformity control and, as a conse-
quence, raising the load carrying capacity and durability of toothed-belt transmissions lev-
el, is the correlation adjustment of a step of pulley teeth.

As a result of the investigation of dynamics and loading of a toothed-belt gearing
on the basis of the developed physical and mathematical and virtual models the calculated
dependences of the distribution of loading in gearing of the main parameters of transmis-
sion, the mechanical and physical properties of the elements of toothed belts have been re-
ceived. It has allowed predicting their operational resource objectively. The analytical de-
pendences have been confirmed experimentally.

On the basis of the experimental research it has been established that with the in-
crease in a preliminary tension of flexible link its dynamic rigidity and the damping factor
of vibrations increase. Therefore, the unreasonable increase in a preliminary tension leads
to an increase in intrinsic losses and decrease in transmission efficiency. At the same time,

along with the growth of a transmitted pull (at a constant preliminary tension of flexible
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link) an increase in the dynamic rigidity and reduction of the damping factor take place.
The increase in the length of flexible link leads to the significant increase of its dynamic
rigidity.

The hardware-software finite-element modeling of the stress-strained state of the
components of toothed-belt transmissions has been carried out. On its basis the optimum
geometrical and operational parameters, which allowed essentially to raise the load carry-
ing capacity and durability of transmission, have been defined. The results of the modeling
have shown the adequacy of the worked out theoretical statements to the carried out exper-
imental researches, which allows to ensure a qualitatively new level of designing of the
toothed-belt transmissions, described by the high reliability and lowered labor cost.

The technique of the calculation of the contact pressure in a toothed-belt gearing
has been developed, and the main factors promoting its lowering, have been defined. It has
been established that the rounding of the tip of the trapezoidal teeth of pulleys reduces con-
tact stresses of belt teeth considerably. The optimum value of the radius of rounding has
been determined. On the basis of the computer modeling it has been established that the
semicircular profile of teeth is more effective from the point of view of minimization of the
contact pressure in gearing.

The modern technique and equipment for the manufacture of drive toothed belts
have been developed. The technique is characterized by the reduced power, material and
labor costs and by the increased ecological cleanliness. The rational parameters of the
technological process have been offered.

The chevron toothed-belt transmission with the raised engineering and ecological
characteristics, having the correction of the slopes of teeth of pulleys relating to the slope
of belt teeth, defined by the kinematical and force features of gearing of teeth, has been
developed.

It has been established that the most effective design method of the improvement of
operational characteristics of toothed-belt transmissions is macro-reinforcement of toothed
belts. The designs and engineering of toothed belts with sleeve-loopback reinforcement of
teeth have been presented. As a result of the research of the stress-strained state the signifi-
cant lowering of stresses and deformations in the dangerous section in comparison with the
standard non-reinforced design has been established. The techniques of drive toothed belts
durability prediction, based on the models of their destruction due to the wear and fatigue
failure have been developed and confirmed experimentally. On the basis of the resource

tests, probability methods of the estimation of the fatigue strength and kinetic theory of
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mechanical fatigue the results of the investigations in the dispersion of characteristics of
resistance of the fatigue of flexible links have been generalized.

The modern technique of the design calculation of a toothed-belt transmission with
the improved operational characteristics has been developed.

The received investigation results have been introduced in some industrial enter-
prises of the Republic of Belarus and the Russian Federation with a significant economical
efficiency.

The research works, presented in the monography, were awarded a silver medal and

a diploma at 111 International Innovation and Investment Exhibition in Moscow.
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APPENDICES

Appendix 1. The program of the solution of the system of the differential equations
of the dynamic model of the force interaction of teeth in gearing
(object-oriented programming)

Uses Objects, Graph, Crt, GrDTop, Mouse, GrafMatr;

const
{GraphDeskTop}
ExitFl : Boolean = False;
const

{model const}

M = 46.2;

mm = 4;

mv = 0.076;

Kc =5;

Kd = 0.035;

¢ =0.0036;

cv =0.5;

F =10.00;

Kvc = 700;

Kvd = 10;

type
UndoRec = Record
TStart: Real;
Tend: Real;
end;

var

{GraphDeskTop}
CurColor : Byte;
DeltaT - Real;
Time : Real;
IsCount : Boolean;
TStart : Real;
TENnd : Real;
RCoord : RealCoordType;
grDriver - Integer;
grMode . Integer;
ErrCode . Integer;

- 249 -



str . String;

OutStr . String;
LTCoord : PointType;
RBCoord : PointType;
MouseRec : TMouseRec;
OldMouseRec : TMouseRec;
UndoArray : Array[1..5] of UndoRec;
UndoArrPtr : Byte;
LeftPanel . PPanel;
DownPanel . PPanel;
ZoomInBtn : PButton;
ZoomOutBtn : PButton;
ReDrawBtn : PButton;
UndoBtn : PButton;
ExitBtn : PButton;

type

{modelling types}
Glnarray = ARRAY[1..10] OF real,;

var
{modelling Variables}

t,h : Real;

X,dxdt,xout : GInArray;

s,ds : Real;
{DataFiles}

fModel : text;

fPModel : text;

MazFile : text;

Function IsMouseChange : Boolean;
begin

IsMouseChange:=False;

MsRead(MouseRec.x,MouseRec.y,MouseRec.MBut);

With MouseRec Do Begin

IF (OldMouseRec.X <> X) or (OldMouseRec.Y <> Y) Then Begin
Str(MouseRec.x:4,0utStr);
Str(MouseRec.y:4, str);
OutStr:= OutStr +_str;
setcolor(7);
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setfillstyle(1,7);
Bar(GetMaxX-69,GetMaxY-10,GetMaxX-6,GetMaxY-2);
setcolor(0);
OutTextXY (GetMaxX-75,GetMaxY-10,0utStr);
IsCount:=False;
end
else begin
If not IsCount then Begin
Time:=TStart + MouseRec.X/(GetMaxX-76-3)*DeltaT,;
RetRealcoord('Model', Time,RCoord);
setfillstyle(1,7);
Bar(3,GetMaxY-11,GetMaxX-76,GetMaxY-2);
setcolor(0);
Str(Time:7:3,0utStr);
OutTextXY (GetMaxY-120,GetMaxY-11,'t:"+OutStr);
setcolor(14);
Str(RCoord.sq:8:4,0utStr);
OutTextXY (3,GetMaxY-11,'s:'+OutStr);
setcolor(11);
Str(RCoord.sqt:8:4,0utStr);
OutTextXY(120,GetMaxY-11,'v:'+OutStr);
setcolor(4);
Str(RCoord.sqtt:8:4,0utStr);
OutTextXY (240,GetMaxY-11,'a:'+OutStr);
IsCount :=True;
end;
end;
IF (OldMouseRec.MBut <> MBut) Then IsMouseChange:=True;
end;
OldMouseRec:=MouseRec;
end;

Procedure DrawGraphics(TStart, TEnd : Real);

Begin

{DrawGraphics}

GraphEl('Model’, {File.Dat}
1, {EINum}
3,2,GetMaxX-76,GetMaxY-16,{Coord}
False, {ClearFlag}
{avStr}
false, {ZeroLine}
0, {ZeroNum}
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False, {AlIGrFI}

2,TStart, TEnd);
GraphEI('Model’, {File.Dat}
2, {EINum}
3,2,GetMaxX-76,GetMaxY-16,{Coord}
False, {ClearFlag}
{avStr}
false, {ZeroLine}
0, {ZeroNum}
False, {AlIGrFI}
1,TStart, TEnd);
GraphEI('"Model’, {File.Dat}
3, {EINum}
3,2,GetMaxX-76,GetMaxY-16,{Coord}
False, {ClearFlag}
{avStr}
false, {ZeroLine}
0, {ZeroNum}
False, {AlIGrFI}
4,TStart, TEnd);

end;

Procedure ReDrawProc;

Begin
SetViewPort(2,3,GetMaxX-76,GetMaxY-16,False);
SetBkColor(15);
ClearViewPort;
SetViewPort(0,0,GetMaxX,GetMaxY ,False);
UndoArray[UndoArrPtr]. TStart:=TStart;
UndoArray[UndoArrPtr]. TEnd:=TEnd,;
DrawGraphics(Tstart, TEnd);
UndoArrPtr:=UndoArrPtr+1;
IF UndoArrPtr>5 Then UndoArrPtr:=5;
DeltaT:=RetDeltaT;
Tstart:=RetTStart;
TEnd :=TStart+DeltaT;

End;

Procedure UndoProc;
Begin
UndoArrPtr:=UndoArrPtr-2;
If UndoArrPtr<=0 then UndoArrPtr:=1;
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TStart := UndoArray[UndoArrPtr]. TStart;
TENnd := UndoArray[UndoArrPtr]. TENd,;
RedrawProc;

end;

Procedure PushLeftButton;
Begin
IF ZoomInBtn”™.PushButton(MouseRec.X,MouseRec.Y,False) Then TEnd:=TEnd*0.3;
IF ZoomOutBtn”.PushButton(MouseRec.X,MouseRec.Y,False) Then
TEnd:=TEnd/0.3;
IF ReDrawBtn”.PushButton(MouseRec.X,MouseRec.Y ,False) Then ReDrawProc;
IF UndoBtn”™.PushButton(MouseRec.X,MouseRec.Y,False) Then UndoProc;
IF ExitBtn™.PushButton(MouseRec.X,MouseRec.Y ,False) Then ExitFl:=True;
IF (MouseRec.X>3) and (MouseRec.X<(GetMaxX-76)) Then TStart:=TStart + Mous-
eRec.X/(GetMaxX-76-3)*DeltaT,;
end;
Procedure PushRightButton;
Begin
If (MouseRec.X>3) and (MouseRec.X<(GetMaxX-76)) Then
If TStart < (TStart + MouseRec.X/(GetMaxX-76-3)*DeltaT) Then
TEnd:=TStart + MouseRec.X/(GetMaxX-76-3)*DeltaT,;
end;

Procedure Eventinterpretator;
begin
MsHide;
Case MouseRec.MBut of
1: PushLeftButton;
2: PushRightButton;
end,;
MsShow;
end,;

Procedure ShowDeskTop;

Begin

{Panels}
LTCoord.X:=GetMaxX-75;
LTCoord.Y:=1;
RBCoord.X:=GetMaxX-5;
RBCoord.Y:=GetMaxY-1;
LeftPanel := New(PPanel,Init(LTCoord,RBCoord,7));
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LTCoord.X:=1;

LTCoord.Y:=GetMaxY-15;
RBCoord.X:=GetMaxX-75;

RBCoord.Y:=GetMaxY-1;

DownPanel := New(PPanel,Init(LTCoord,RBCoord,7));

{Buttons}

LTCoord.X:=GetMaxX-70;

LTCoord.Y:=10;

RBCoord.X:=GetMaxX-10;

RBCoord.Y:=30;

ZoomInBtn := New(PButton,Init(LTCoord,RBCoord,7,">>");

LTCoord.X:=GetMaxX-70;

LTCoord.Y:=45;

RBCoord.X:=GetMaxX-10;

RBCoord.Y:=65;

ZoomOutBtn := New(PButton,Init(LTCoord,RBCoord,7,'<<"));

LTCoord.X:=GetMaxX-70;

LTCoord.Y:=80;

RBCoord.X:=GetMaxX-10;

RBCoord.Y:=100;

ReDrawBtn := New(PButton,Init(LTCoord,RBCoord,7,'ReDraw"));

LTCoord.X:=GetMaxX-70;

LTCoord.Y:=115;

RBCoord.X:=GetMaxX-10;

RBCoord.Y:=135;

UndoBtn := New(PButton,Init(LTCoord,RBCoord,7,'Undo"));

LTCoord.X:=GetMaxX-70;
LTCoord.Y:=GetMaxY-60;
RBCoord.X:=GetMaxX-10;
RBCoord.Y:=GetMaxY-40;;
ExitBtn := New(PButton,Init(LTCoord,RBCoord,7,'EXit));

{DeskTop}
Line(1,GetMaxY-1,1,1);
Line(GetMaxX-1,1,1,1);

LeftPanel®.ShowPanel;
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DownPanel™.ShowPanel;
ZoomInBtn~.ShowEnableButton;
ZoomOutBtn™.ShowEnableButton;
ReDrawBtn”.ShowEnableButton;
UndoBtn”.ShowEnableButton;
ExitBtn”.ShowEnableButton;

end,;

Procedure ReleDeskTop;

begin
Dispose(LeftPanel,Done);
Dispose(DownPanel,Done);
Dispose(ZoomInBtn,Done);
Dispose(ZoomOutBtn,Done);
Dispose(ReDrawBtn,Done);
Dispose(UndoBtn,Done);
Dispose(ExitBtn,Done);

end,;

{Include modelling files}
{$I SaveFile.inc}
{$I Derivs.inc}

{Main}

Begin
{Open File of output results}
Assign(fModel,'Model.dat");
ReWrite(fModel);
Assign(fPModel,'PModel.dat’);
ReWrite(fPModel);

{Road variables}

{Start conditions}
X[1]:=0;

x[2]:=0;

X[3]:=0;

X[4]:=0;

X[5]:=0;

X[6]:=0;
h:=0.001;
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t:=0;
Whilet< 1 Do
Begin
model;
t:=t+h
End;
Close(fModel);
Close(fPModel);

{GraphDeskTop}
grDriver := Detect;
InitGraph(grDriver, grMode," ");
ErrCode := GraphResult;
if ErrCode <> grOk then
Begin
WriteIln('Graphics error:', GraphErrorMsg(ErrCode));
Halt(2);
end;

UndoArrPtr:=1;
ShowDeskTop;
InitGraphics;
ReDrawProc;
{Mouse}
MsShow;
{DeskTopEventinterpretator}
Repeat
IF IsMouseChange Then Eventinterpretator;
Until (MouseRec.MBut=3) or ExitFl ;
CloseGraph;
DoneGraphics;
ReleDeskTop;
end.

{ Integration of Ordinary }
{ Differential Equations }
{ Runge-Kutta Method }

PROCEDURE rk4(y,dydx : glnarray; n: integer; x,h : real;
Var yout: glnarray);

{ Programs using routine RK4 must provide a }
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{ PROCEDURE derivs(x:real;y:glnarray;VAR dydx:glnarray); }

{ which returns the derivatives dydx at location }
{ x,given both x and the }
{ funtion values y.The calling program must also define }
{ the types }
{TYPE }
{ glnarray = ARRAY][1..nvar] OF real; }
{ where nvar is the number of variables y. }
VAR

i : integer;

xh,hh,h6 : real;

dym,dyt,yt : glnarray;
BEGIN

hh:=h*0.5; h6:=h/6.0; xh:=x+hh;
FOR i:=1 TO n DO BEGIN
yt[i]:=y[i]+hh*dydx[i] END;
derivs(xh,yt,dyt);
FOR i:=1 TO n DO BEGIN
yt[il:=y[i]+hh*dyt[i] END:;
derivs(xh,yt,dym);
FOR i:=1 TO n DO BEGIN
ytil:=y[i]+h*dym[i]; dym[i]:=dyt[i]+dym[i] END;
derivs(x+h,yt,dyt);
FOR i:=1 TO n DO BEGIN
yout[i]:=y[i]+h6*(dydx[i]+dyt[i]+2.0*dym[i]) END
END;

Procedure Derivs(t:real; x: glnarray; var dxdt: glnarray);
Begin
dxdt[1] := x[4];
dxdt[2] := Xx[5];
dxdt[3] := x[6];
dxdt[4] := (-Kc*x[1]+c*Ke/Kd*X[5]+Kc*x[2]+F)/M;
dxdt[5] := (-Kc*x[2]+c*Kc/Kd*x[6]+Kc*x[3]-F)/mm;
dxdt[6] := (-Kvc*x[3]+cv*Kve/Kvd*x[5]+Kvd*x[2])/mv;
End; { derivs }
{$!1 Rk4.inc}
Procedure Model;
Begin
{Equtation & Runge_Kutta method }
Derivs(t,x,dxdt);
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Rk4(x,dxdt,6,t,h,xout);
{Save result on current step}
SaveFile(t,dxdt[4]*M,dxdt[5]*mm,dxdt[6]*mv,dxdt[2],x[3],dxdt[3]);
X = Xout;
end;
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Appendix 2. Distribution of loading in a toothed-belt gearing

N NE

TURE Y '
bearng layer

R __tooth of a pulley

tooth of a belt

My, = 46,2; m, = 4; m; = 0,076; k. = 5; kg = 0,035; ¢ = 0,0036;
¢y =0,5; F=10; ky¢ = 700; kyg = 10; m=3; t,=9,42, 2, =2, =30
Fig. A.1. Loading of elements of a toothed-belt gearing

N

'\‘s

kv =900
Fig. A.2. Loading of elements of a toothed-belt gearing
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c=01
Fig. A.23. Loading of elements of a toothed-belt gearing

c=0,2
Fig. A.24. Loading of elements of a toothed-belt gearing
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c=0,3
Fig. A.25. Loading of elements of a toothed-belt gearing

T

c=04
Fig. A.26. Loading of elements of a toothed-belt gearing
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kvg = 100
Fig. A.29. Loading of elements of a toothed-belt gearing

Wigi

kva = 500
Fig. A.30. Loading of elements of a toothed-belt gearing
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Fig. A.33. Loading of elements of a toothed-belt gearing

¢, =10,0
Fig. A.34. Loading of elements of a toothed-belt gearing
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¢, = 30,0
Fig. A.35. Loading of elements of a toothed-belt gearing

¢y =40,0
Fig. A.36. Loading of elements of a toothed-belt gearing
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¢y =50,0
Fig. A.37. Loading of elements of a toothed-belt gearing

¢y = 100,0
Fig. A.38. Loading of elements of a toothed-belt gearing
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Fig. A.39. Loading of elements of a toothed-belt gearing

ke=0
Fig. A.40. Loading of elements of a toothed-belt gearing
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¢ =200
Fig. A.41. Loading of elements of a toothed-belt gearing

k. =300
Fig. A.42. Loading of elements of a toothed-belt gearing
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GLOSSARY

A
AOpa3uBHBIN H3HOC Abrasive wear
ABTOKJIaB Autoclave
Anresust Adhesion

ANTre3noHHBIN CIION

Adhesional layer

Annpokcumanus

Approximation

ApmupoBaHue

Reinforcement

AMIUIMTYa KPYTHIBHBIX KOJI€OaHUI

Amplitude of torsional vibrations

AMIUTATYIHO-4aCTOTHAs XapaKTepUCTHUKA

Amplitude frequency characteristic

AnHu3oTpOnuUs Anisotropy
b
banka Beam
buenue Beat
bokoBas rpanb 3y0a Lateral side of the tooth
BykcoBanue Slipping
B
Ban Shaft

BapuanmonHsslif npuHIun (MeTox)

Variational principle (method)

BenoMelii mkuB

Driven pulley

Beaymmii mkus

Drive pulley

Benymas (Benomast) BETBb peMHs

Driving (following) side of belt

BepositHOCTh O€30TKa3HON pabOThI

Life probability

BeposiTHOCTHBIN MeTO

Probability method

Bepmmna 3y6a

Tooth point

Bubpanus

Vibration

Bun paspyuenus

Kind of destruction

Buxkennb

Rolled-up stock

Boz0yxaenue konebanuii

Excitation of vibrations

Buyrtpennee tpenue

Internal friction

Bnanguna 3y0a

Tooth space

Brynouno-nerieBoe apMupoBaHue

Sleeve-loopback reinforcement

Bynkanuszar

Vulcanizate

BrinocimBocTh

Endurance

BoeinyxxaeHHsle Kose6aHus

Forced vibration

Bricokon1acTUYHOCTD

High elasticity

Bsaskoctn

Viscosity

BsskoamacTrndeckas JKeCTKOCTh

Viscous-elastic rigidity

Bsizkoynpyrast Mmozenb

Viscoelastic model

Bs3K0CTh MIaCTHUECKOTO TEUCHUS

Viscosity of plastic flow

BsizkocTh ynpyroro nocieneicTBus

Viscosity of elastic aftereffect
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r

I"apmonnueckuii mpoduin

Harmonious profile

I"apmonnueckoe ycumiue

Harmonious effort

I'eomerpuueckoe nomodue

Geometrical similarity

I'uOkas cBs3b Flexible link
I'nbkocTh Flexibility
I'onoHoMHast cuctema Holonomic system
I'pebenka Comb

A
JlaBiieHue Pressure

Z[aBJ'IeHI/Ie IIpeCCOBaHUA

Pressure of pressing

Jatuuk

Sensor

JlenutenbHbIN qUamMeTp

Pitch diameter

JemmupoBaHue Damping
JlecTpyKius Destruction
Hedopmarus Deformation, strain
JlebopMupoBaHHOE COCTOSHUEC Strained state
Jluarpamma Diagram
Jluarpamma ycTajaoCTH Diagram of fatique
Huadparma Diaphragm

HuadparmeHHas ByJIKaHU3ALUSA

Diaphragm vulcanization

Z[I/IHaMI/I‘leCKaSI MOACIb

Dynamic model

JluckperHas cxema

Discrete scheme

J10rOBEYHOCTH Durability
JlonmyckaemMoe HarpsiKeHUe Allowable stress
Hopr Core
Jlyra obxBara Arc of strap
Jlyra crerieHus Arc of mesh
K
XKectkocTh Stiffness, rigidity
3
3azop Clearance
3akon ['yka Hooke’s law
3aneruieHue Gearing
3y0Ouartslii 6apadan Sprocket

3y0OuaTblii peMeHb

Toothed belt

3y0 pemHs

Tooth of belt

3y0OuaTo-peMeHHas rnepeaava

Toothed-belt transmission (drive)

3y0UaThIii CepACUHHK

Gear core
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n

N3ru6 Bending
W3HaImBaeMoCTh Wearability
N3noc Wear
N3HOCOCTOMKOCTD Wear resistance
WNunenrtop Penetrator
Wuaukarop Indicator
HNuterpupoBanue Integration
WHTEHCHBHOCTD Intensity
WHTEHCHBHOCTD H3HAIIUBAHHMS Wear intensity
Wnrepdepenust Interference

HcnibiTanne Ha ycTanoctb

Fatigue test

HrepanmoHHbIi METOT

Iterative method

K

Kanonnueckne YpaBHCHUA

Canonical equations

KacarenwHas cuia

Tangential force

Kauenue

Rolling

Kayuyx

Rubber

KBaHTHIBP HOPMAIBHOTO pacupeaeIeHus

Quantile of normal distribution

KBa,Z[paTI/I‘lHOC OTKJIOHCHHEC

Quadric deviation

KHHHOpeMeHHaH rnepeaada

V-belt transmission

Koresus

Cohesion

Konogounsiit Topmo3

Block brake

KoHeuHslit 351eMeHT

Finite element

KonraktHas 3aJga4da

Contact problem

KonrakT 3yObeB Contact of teeth
KonraktHOoe naBneHue Contact pressure
Kontpreno Counterbody
Koncois Cantilever beam
Konconsuo In cantilever

KonneHnTparop HanpsiskeHH

Stress concentrator

Konnenrpanus HanpspkeHui

Stress concentration

Kondopmuoe npeoOpazoBanue

Conformal transformation

KonTakTHas 3agaga

Contact problem

KoHTakTHOE naBneHue

Contact pressure

Kopa, xopamnyp

Cord

KOpCHB XAPaKTCPUCTHICCKOTI'O YPABHCHUA

Root of the characteristic equation

Koppekuust mara 3yobes

Correction of a step of teeth

Koaddurnment apmupoBanms

Reinforcement coefficient

Koaddumnment acummerpun

Asymmetry coefficient

Koadduuuent nemndupopanus

Damping factor
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KoaddutmenT monesnoro neicTpust

Efficiency

Koadduuuent [lyaccona

Poisson’s ratio

Koaddurment tpenns

Coefficient of friction

Kpusas ycranoctu

Curve of fatigue, S-N curve

KpytunbHas xecTKOCTh

Torsional rigidity

Kpyramuit MOMeHT Torque
Kpyuenue Torsion

JI
Jlutbe Moulding
JIuThEBOI peMEHb Mould belt

JlokanbHbINi 3KCTpEMYM

Local extremum

M

Marematnueckoe OXUIaHUE

Mathematical expectation

Marpuynas 3anuch

Matrix notation

MaxoBHK

Flywheel

Marpuna nepexona

Transition matrix

Me:x3yOHas BriaguHa

Interdental space

MesxoceBoe pacCToOAHUC

Spacing on centres

Meramnokopn

Metal cord

Meron urepaunu

Iteration method

MeTo1 KOHEUYHBIX Pa3HOCTEN

Finite difference method

MeToa KOHEUHBIX 3JI€MEHTOB

Finite element method

Merton Putia

Rit’s method

Moaynb

Modulus

MoMeHT uHepuuu

Moment of inertia

MowmeHT TpeHus

Moment of friction

MHoronapHoe 3aienjieHue

Multipair gearing

MHoromukiaoBas YCTAJIOCTh

High-cycle fatigue

Moayns casura

Shear modulus

Monynb ynpyroctu Modulus of elasticity
MomHoCTb Power

H
HaBuBka Coiling
HarpyxeHHOCTb 3aleruieH s Loading of gearing
Harpyska Load
Hanexuocts Reliability
Hamotka Winding
Hanonuurens Filler
Hamnpsoxenue Stress

Hanpsixkennoe cocrosinie

State of stress, stressed state
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HarnpspxenHo-nedopMupoBaHHOE COCTOSIHUE

Stress-strained state

Hanpsixenue nukiia

Cyclic stress

Hatsxenune

Tension

Hauanpnas daza

Initial phase

HenonxonpoduibHoe 3a1ienieHue

Incomplete profile gearing

HepaBHOMepHOCTB HarpyxeHus

Irregularity of loading

HepaBHoMepHOCTH pactipeneneHus

Irregularity of distribution

HepactsoxumocTtb

Non-extensibility

Hecxumaemsiii Mateprai

Incompressible material

Hecymwuii crnoi

Load carrying layer

Hecymas cnoco6HOCTh

Load carrying capacity

HureBoaurenn

Thread carrier

Homorpamma

Nomograph

HopwmanbHoe pacnipenenenue

Normal distribution

0]
O060i1 Flash
OO6pa3er 119 UCTIBITAHUN Test piece

OOBEKTHO-OPHEHTHPOB. IPOTPAMMUPOBAHUE

Object-oriented programming

OxkpyxHOE yCuiane

Pull

Omnopa

Support

Opt HOpManHn

Unit vector of normal

OcecumMeTpuyHas 3aada

Axisymmetric problem

OcHacTKa

Equipment

Ocumnorpamma

Oscillogram

Ocp cummeTpun

Axis of symmetry

OTtHocuTeNbHOE YIUINHEHNE

Unit elongation

1
[Tapa6osa Parabola
[TapamiensHOCTb Parallelism

[Tapamerpuuecknii BU1

Parametrical kind

IlepenaBaeMast Harpyska

Transferred loading

[Tepenaua

Transmission

Hepe;[aTquoe OTHOIIICHHEC

Reduction ratio

[Iepnonnueckoe HarpyxeHne

Cyclic loading

[TepemenHas Harpy3ka

Changing load

IIepemenienue

Displacement

[Tepeconpsikenne 3yObeB

Reinterface of teeth

[Mnactuueckas nedopmarnus

Plastic deformation

[TnacTrHuHOCTH Plasticity
[Tnanrraii6ba Faceplate
[TnockocTh Plane
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HHOCKOpeMeHHaSI nepeaada

Flat-belt transmission

[Inomanp KOHTaKTa Contact area
[T1o1m1aa6 MOMEPEYHOro CEUECHUS Cross-sectional area
IToBepXHOCTH Surface
[ToBepXHOCTHBIN CIIOH Surface layer
[ToBpexxnenue Damage
ITorpemuocTs Error
IMomaTnuBOCTH Compliance
ITokpeiTHe Surface coat
[Mone3nas Harpyska Useful load
[MonukmuHOpEMEHHas niepeiaya PolyV-belt transmission
[Tomumep Polymer
[Tomsyyectsb Creep

ITonnas moreHLManbHaAsS OHCPIusia

Total potential energy

[Tosykpyribrit mpoduth Semicircular profile
[MTonynapaboa Semiparabola
[Monynonoca Semistrip
[TosymIocKoCcTh Half-plane
[MonyOeckoHevHas MIIOCKOCTh Semi-infinite plane
[Torypopma Half-mould
[IpenBaputenbHOE HATSKEHUE Prestressing
[Ipenen BEIHOCIUBOCTH Fatigue limit

IIpenen npounoctu

Breaking stress (strength)

IIpenen ycranoctu

Fatigue strength

[TpeccoBanue Moulding
[Mpecc-popma Mould
[TpuBenenHas macca Reduced mass
[TpuBon Drive
[TpuBOIHOI peMeHb Drive belt
[Tporu6 Deflection

[IporpaMMHo-amnmapaTHOe MOJEIUPOBAHHE

Hardware-software modelling

[IporHo3upoBanue Prediction
[IponoIKUTENBHOCTD UCTIBITAHUI Test time
IIpockanb3biBaHNe Slippage
[MpouHoCTH Strength
[Tpodwis Profile
[Tpoduorpad Roughometer
[Ipodunomerp Profilometer

[Ipouecc n3HamMBaHus

Wear process

[Ipyxuna

Spring

[TpsiMonmuHEHBIN (KPUBOJIMHEHHBI) Y4aCTOK

Rectilinear (curvilinear) site

[IceB103BONBBEHTHBIN POPUITH

Pseudoinvolute profile
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P

PaGora BHEMmIHUX cuil

External work

PaboTocmocoOHOCTD Serviceability
PaBHoBecue Equilibrium

Paguyc-BekTop Radius vector
Pamnyc xaueHus Rolling radius

Pannyc xpuBHU3HBI

Radius of curvature

Pannyc ckpyrnenus

Radius of rounding-off

Paznenénnas pasHocTh

Divided difference

Paznoxxenue cruibl

Decomposition of force

PazHocTs nraros

Difference of steps

Paspymenue, pa3pbis

Fracture failure, rupture

Pacrnipenenenue Harpy3ok

Load distribution function

Pacnipenenenue HanpsiKeHUN

Stress distribution function

PacTsxenue

Tension

Peaknus cBszeit

Reaction of constraints

Peszonancuag uyacrora

Resonance frequency

Pesuna

Rubber

Pe3unoBas cmech

Rubber mixture

Pe3nnoTeXHHUYECKOE U3IEIHE

Rubber engineering article

PesynpTHpyromas Harpy3ka

Resultant loading

Penakcanus Relaxation
Pemennas nepemaga Belt drive
PemoHnTONIPHUTOTHOCTH Maintainability
Pecypc Resource

PecypcHoe npoexkTrpoBanue

Resource designing

C

COopouHbIil peMeHb

Assembly belt

CBoOoHbBIE KOJIEOaHMs

Free vibration

Casur Shear

Cagur ¢a3 Phase difference
Cerka Mesh

Cxarue Compression

Cwita TpeHus

Friction force

CunoBoii KOHTYp

Power contour

Cunyconna

Sinusoid

Cucrema nuddepeHnanbHbIX YpaBHEHUN

System of the differential equations

CxkoJpxeHune

Sliding

CKOpOCTb CKOJIbKEHUS

Sliding velocity

Crnoxnoe HAIPSA’>KCHHOC COCTOSAHUC

Complex stress state

Croi

Layer
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Cwmsarue

Bearing stress

CoOcTBeHHAas yacToTa

Natural frequency

ConpoTHuBieHHE Pa3pyIICHUIO

Breaking strength

CpenHee kBaJJpaTUHUHOE OTKIOHEHUE

Standard deviation of a random

Cpez[Hee HaIIpsAKCHUEC LUKIIA

Mean stress of cycle

Cranuna

Frame

Crarudeckas HEOIPEACINMOCTD

Static indefinability

Crexsiokop, Glass-fiber cord
CrepxeHb Rod, bar
CTOMKOCTH Durability
Crpena nporuba Maximum deflection
Cynnopt Support
Cuennenue Stick, adhesion

T

TanrenmnuanbHas Harpyska

Tangential loading

TBepaocts 3yObeB

Hardness of teeth

TBepnocts o lopy

Shore hardness

TeH3omeTpuyecKkuil IKUB

Strain gauge pulley

Teopus mpodHocTH

Theory of strength

Teopus ynpyroctu

Theory of elasticity

TexHonornyeckui npouece

Technological process

TxaneBas oOKiIagKa

Fabric facing

ToxnecTBo

Identity

Toperny

End face

TopuoBoe nepekprITHe

Face overlap

TopMO3HON MOMEHT

Braking torque

TopcuoHHBIN Bal

Torsion shaft

TpaneuennaneHblil npoduie

Trapezoidal profile

TpeHI/IC CKOJIBXXCHHUA

Sliding friction

Tpubomerp

Tribometer

TpynoemkocTs

Labour content

Tarosast crtocoOHOCTH

Traction ability

N

VYron Bxoaa (BbIXosa)

Entrance angle (outlet)

VYroi HakJIOHA

Slope

Yroiu nosopora

Arc of traverse

VYroia cuerienus

Angle of coupling

VYrioBast CKOpoCcThb

Angular velocity

VYnap

Impact

Y napHbIii BX0O/1 3yObEB B 3allCTIIICHUE

Shock input of teeth in gearing

YnpouyHeHue

Strain hardening
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Ynpyrocts Elasticity
VYupyras Oanka Elastic beam
Yupyroe nocieneiicrsue Elastic after-effect
Yrpyroe CKoOIbXeHHE Elastic sliding

VYpaBHeHue npopuis

Equation of profile

VYpaBuenue Ditnepa

Euler equation

VYcanka

Contraction

VYeunue

Effort

yCKOpeHHOG HCIIBITAHUEC

Accelerated testing

YcnoBue npo4yHOCTH

Strength condition

VYcnoBue cOBMECTHOCTH JiehopManiuii

Condition of compatibility

YcTanocTb

Fatigue

YcranocTHas JOJATOBEYHOCTh

Fatigue life

YcTamocTHEIN U3HOC

Fatigue wear

VYcranocTHoe paspylieHue

Fatigue failure

VYcranocTHast pOYHOCTH

Fatigue strength

YcranocTHas TpenHa

Fatigue crack

VY cTOoUuBOCTh

Stability

()

daza 3anemieHus

Phase of gearing

DU3NKO-MaTEeMaTHYECKOE MOACIINPOBAHUC

Physicomathematical modelling

duznko-MexaHnueckKre CBOMCTBa

Physicomechanical properties

OyHKITMOHAT Functional
dyrepoBka Lining
1|

‘ [ukn HarpyxeHus

Cycle of loading

L |

Yacrora BpalICHUA

Rotational speed

YacTtoTa HarpykxeHUs

Freqguency of loading

YucaeHHoe MOZICIINPOBAHUC

Numerical modelling

Uucno 3yObeB B 3allCTIIICHUH

Number of teeth in gearing

Yuciio MUKIOB

Number of cycles

I
[Iar 3yObeB Step of teeth
[IeBpoHHBII 3yOUaThIii peMeHb Chevron toothed belt
[IIepoxoBaTocTh Roughness
[Itamn Press tool
tudt Pin
Mym Noise
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9

OBOJILBEHTA

Involute

DKCIUTyaTallMOHHBINA PEKUM HArpyKeHHUS

Service loading

DKCIUTyaTallHOHHBIN pecypc

Service resource

DKCICHTPUCHTET Eccentricity
D1aCTUYHOCTD Elasticity
Dnacromep Elastomer

DNEKTPOUMITYJIBCHOE MTOJINPOBAHUE

Electropulse polishing

9MHI/IpI/ILICCKaH 3aBUCHUMOCTB

Empirical dependence

Onropa HanpsKEHUH

Diagram of stress
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