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AEV-T.1 STRUCTURE AND CONSTRUCTION OF INVOLUTE GEARS

I AEV-T.1.1 DEFINITION

The gear is the mechanism composed of two gear wheels that transmits rotational motion and torque through meshing (the direct and continuous contact of the
conjugate tooth profiles).

The gear wheel is a machine element with teeth distributed at equal angular spacing
around the periphery with the angular pitch 1 = 211/z (fig. AEV-T.1.1,b,c).

Pinion — the gear wheel of a gear with the minimum number of teeth.

A wheel tooth is a protrusion on the circumference of a wheel with a symmetrical
structure and active flanks suitable for engagement.

Gearing is the continuous process of successive and continuous contact of the mating
wheels of a gear, ensuring uninterrupted transmission of motion.

The tooth flank (fig. AEV-T.1.2.1,a,b) is the active surface of a tooth that contributes to
the meshing process.

The tooth profile (fig. AEV-T.1.2.1,b) is the curve defining the shape of the active flank;
usually the involute profile is used (fer. AEV-T.1).
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I AEV-T.1.2 CONSTRUCTION STRUCTURE

Addendum Circle

Pinion Addendum cylinder Tooth flank Flank Pitch Circle

Tooth Pitch cylinder Base Circle

Flank

Tooth Profile

Wheel "\

: Dedendum Circl
Rim addendum A Involute
Web Tooth profile
~Hub dedendum Base circle
a b c d

Fig. AEV-T.1.2.1 Constructive structure of a spur gear: a — wheels and main areas; b — parts of the toothed rim; ¢ — generation of the involute profile; d — main
parameters of a wheel in the frontal plane

I AEV-T.1.3 AREAS OF USE, ADVANTAGES AND DISADVANTAGES

Main areas of use: gearboxes, speed reducers, speed multipliers, differential transmissions, conveyors, elevators, technological equipment, oil installations, etc.
Tab. AEV-T.1.3.1 Advantages and disadvantages of gear transmissions [Jula, 1989; Chisiu, 1981]

Advantages Disadvantages

- increased load-bearing capacity (reduced dimensions) - high execution and assembly precision

- high efficiency - complex technologies (high costs)

- high durability - noise and vibrations during operation

- possibility of use for wide ranges of powers, speeds, transmission ratios - discrete transmission ratios (the numbers of teeth on the wheels are
- operational safety integers)

- constant transmission ratio

" Compared to other types of transmissions (through flexible elements, through friction, etc.)

I AEV-T.1.4 CLASSIFICATION

Tab. AEV-T.4.1 Classification of involute gears [Moldovean, 2001]

criterion Type Scheme

Relative position of the wheel Gears with parallel axes (fixed or movable; d > 0,6 =0, 6 € [0, 11/2]) Fig. AEV-T.1.4.1,a,b,c, d

axles (see fig. AEV-T.1.7.1)

Rack and pinion gears (d ~ “°,5=0,0 € [0, 1/2]) Fig. AEV-T.1.4.1,e
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Gears with concurrent axes (any, orthogonal; d =0, 6 € [0, /2], 6 € [0, 11/2])

Fig.

AEV-T.1.4.1f, g, h,i

Cross-axis gears (any, orthogonal; d > 0, 6 € [0, 11/2], 6 € [0, 11/2]))

Fig.

AEV-T.1.4.1,i,j, K

Tooth shape

Straight-tooth gears (with spur or helical toothing)

Fig.

AEV-T.1.4.1,a-, K

Gears with curved teeth

Fig.

AEV-T.1.4.1,i,]

Cylindrical gears

Fig.

AEV-T.14.1,a,b,c,d, e

Tooth flank profile

Wheel shape Bevel gears Fig. AEV-T.1.4.1,9, h, i
Conical-cylindrical gears Fig. AEV-T.1.4.1f
Hyperboloidal gears: helical, worm, hypoid Fig. AEV-T.1.4.1,j k|
Involute (fer. AEV-T.1) Fig. AEV-T.1.4.1,a-|

Cycloidal, epicloidal

Fig. AEV-T.1.4.1 Types of gears: a — external cylindrical with straight teeth; b — external cylindrical with inclined teeth; ¢ — external cylindrical with V-shaped teeth; d —
internal cylindrical; e — rack-and-pinion; f — conical-cylindrical; g — orthogonal conical with straight teeth; h — orthogonal conical with inclined teeth; i — orthogonal
conical with curved teeth; j — helical;, k — worm; I — hypoid

OM2 - AEV-EN - Chapter 1
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I AEV-T.1.5 MATERIALS AND TECHNOLOGIES

AEV-T.1.5.1 Materials and heat treatments

Tab. AEV-T.1.5.1.1 Material groups and technological flows for gears [Chesa, 1984]

Material group Common brands Technological flows
Carbon steels for Heat treatment Surface
heat treatment C45, C50, C55, for property Tooth hardening Thermochemical
improvement, SR | C60 improvement: processing Tooth finishing heat nitriding treatment,
EN 10083 quenching + ' by milingor — (e.g.shaving, for  or treatment, or 40-55 HRC, on the
Alloyed heat- 33MoCr11, 40Cr10, . . gear cylindrical gears) 350-500 HB, surface (0.2...0.8
. high tempering, .
treatable steels, 41 CrNi 12, 42 150-350 HB shaping surface (3...8 mm)
STAS 791 MoCr 11 mm)
Carburizing quality
carbon steels, C15, C20
STAS 880 Case hardening heat
15Cr9, 18 Tooth processing treatment: carburizing + Tooth finishing by
Alloyed case- MnCr11, by milling orgear  — quenching + low tempering, — grinding
. 20TiMnCr12,, shaping 45-65 HRC (surface, 0.8...1.2 (mandatory)
hardening steels, .
STAS 791 18CrN|?0, mm)
20MoNi35,
17MoCrNi14
Other materials Malleable cast iron (Fmp 700-02, STAS 569), with nodular graphite ( Fgn 700-2, STAS 6071) or antifriction ( STAS 6707); bronzes ( CuSn10;
CuSn6Zn4Pb4 -STAS 197/2), plastic materials ( bakelite, textolite, polyamides)
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Tab. AEV-T.1.5.1.2 Specific strength characteristics of gear materials. Operating modes

The limiting stress, 0 iim (O Him for contact or o rim for bending) is the maximum stress (at contact or at
bending) at which after a number of basic operating cycles N g (N g, for contact; N gr, for bending) the
wear/fatigue damage of the active surfaces by pitting or tooth breakage occurs at the limit. The values of
LM | the limiting stresses (contact and bending) determined experimentally under laboratory conditions can be
ot N | found in the specialized literature in tabular or graphical form (fer. AEV-M.1).

™ The operation of a gear wheel depending on the number of stress cycles (contact or bending) N  can fall
Gj : into one of the following regimes (fig. AEV-T.1.5.1.1):

A - static stresses (N j < N st), material fatigue does not occur due to the low number of stress cycles (N st
™ <1000).

y B - limited durability (N st < N j < N ), fatigue failures of the material occur after N j cycles of stress less
than the number of cycles of the basic stress N g (approx. 10 &%) From the equation of the fatigue curve,

N o'N:. = on. N 0j = mquEfNj Olim
Ny i Ng J 7T Plm B he value of the design stress is determined, , with m the

Fig. AEV-T.1.5.1.1 Wohler general fatigue curve (for | qurapility exponent (slope of the inclined branch of the fatigue curve).
contact and bending) and operating modes C - unlimited durability (N ; > N ), the fatigue phenomenon does not occur for (theoretically) a number of

load cycles greater than the basic one

A B C

Nim 8 R 0 A 1 O I 0 1 I g B
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AEV-T.1.5.2 Processing technologies

Disc cutter End mill Hob cutter Comb cutter

Wheel  E T TD

‘W I ‘ cutterl_ w“ H
EIU & @l fmmi
1 Sagp =t e i)
“NI—HIIIHEV

e f

Cup wheel

Milling head

g h i j k 1
Fig. AEV-T.1.5.2.1 Tooth processing processes [Moldovean, 2001]: a — milling by copying with a disk cutter; b — milling by copying with a finger cutter; ¢ — milling
by rolling with a worm cutter; d — external gear tooth shaping by rolling with a comb cutter; e — external gear tooth shaping by rolling with a wheel cutter; f— internal

gear tooth shaping by rolling with a wheel cutter; g — conical tooth milling by copying with a disk cutter; h — curved conical tooth milling by rolling; i — tooth finishing
by shaving; j — tooth grinding (finishing) by form grinding; k — tooth grinding (finishing) by generating; I — plastic deformation (extrusion) of teeth
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I AEV-T.1.6 FORMS AND CAUSES OF REMOVAL FROM SERVICE OR IMPROPER BEHAVIOR

Tab. AEV-T.1.6.1 Forms and causes of removal from service or improper behavior of involute gears [Jula, 1989; Moldovean, 2001; Danape, 2012]

Failure /

Failure mode

shapes Appearance CAUSE Manifestation Avoidance
damage type
Overloads and o '
For wheels made of | Shocks that Breakage at the base of the tooth, in Limiting the transmitted torque by

Overload steels with occur under straight-toothed wheels; breakage at introducing safety couplings

failure increased hardness unusual the corner of the tooth in helical-tooth | Increasing the precision of gear wheels
operating wheels (fig. AEV-T.1.6.1,a) and/or shaft rigidity
conditions

Fatigue fracture

For wheels made of

steel with a
hardness greater

than 45 HRC or cast

iron

Exceeding the
fatigue
resistance of the
material under
time-varying
bending stress

Initially, microcracks in the tensioned
fillet area, which develop causing the
teeth to break (fig. AEV-T.1.6.1,b)

Limitation by calculation of the maximum
bending stresses at the tooth base to
permissible fatigue values

Providing large fillet radii Increasing the
tooth section at the base by increasing the
module and/or by positive profile
displacements

Plastic
deformation

For wheels made of

steels with low
hardness

Overload and
shock loads

Exceeding the yield strength of the
material (fig. AEV-T.1.6.1,c)

Limitation of the transmitted torque, e.g.
by introducing safety couplings

Abnormal
behaviour (with
irregularities,
vibrations and
noise)

Flank damage
due to contact
fatigue (pitting,
pinching)

Especially for
wheels made of
steels with low
surface hardness
(below 55 HRC)

Material fatigue
of the superficial
layers of the
active flanks
determined by
contact stresses
varying over time

Initial microcracks on the surface of
the active flanks that increase as a
consequence of the action of the
hydrostatic pressure of the oil
generated during tooth contacts
followed by the detachment of small
particles of material resulting in small
pits (pitting phenomenon) (fig. AEV-
T.1.6.1,d; see fer. AEV-T.2)
Progression of pitting over time and

consequently abnormal operation with
vibrations and noise

Limitation by calculation of the maximum
contact stresses (fatigue) of the active
flanks to permissible stresses

Thermal and thermochemical treatments
that lead to an increase in surface contact
resistance

Positive profile offsets for increasing
profile radii

Reducing the roughness of the active
flanks Using additive lubricants.

Flank damage
due to scuffing

On heavily loaded
gear wheels at high

speeds and with

improper lubrication

Increased
slippage
between flanks;
high roughness
of flanks

Scratches oriented along the flank (fig.

AEV-T.1.6.1,e) generated by the
formation and rupture of microwelds
due to high local loads and high
temperatures

Improving lubrication conditions (lubricants
with additives); increasing manufacturing
and assembly precision; reducing the
roughness of the active flanks

OM2 - AEV-EN - Chapter 1
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Flank damage
due to abrasive
wear

On open
(unprotected) and
improperly
lubricated gear
wheels

Increased
slippage
between flanks;
high roughness
of flanks

Removal of fine particles of material
from the tooth flank as a result of
abrasive particles existing in the
contact area (fig. AEV-T.1.6.1,f)

Proper lubrication, seals and protection to
the action of abrasive particles from the
external environment

Flank damage
due to spalling

For wheels made of
surface heat-treated
or thermochemically
treated steels
(hardening,
carburizing,
nitriding)

Material fatigue
of the superficial
layers of the
active flanks

The appearance of microcracks at the
boundary between the hardened layer
and the base layer (fig. AEV-T.1.6.1,9)

Appropriate thermal or thermochemical
treatment technologies

Flank damage
due to plastic
flow

For wheels made of
steels with low
hardness

Overloads, high
slippage and low
lubrication

The appearance of dents on the flanks
of the driving wheel teeth and dents on
the flanks of the driven wheel teeth as
a result of high tangential stresses
caused by frictional forces that change
their direction in the gearing pole (fig.
AEV-T.1.6.1, h)

Reducing loads and/or increasing flank
hardness

OM2 - AEV-EN - Chapter 1
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Critical ™
Section

Plastic deformed shape

Plastic deformed shape

Initial crack
Grainy region

Al
&

Fig. AEV-T.1.6.1 Failure modes and wear types [Jula, 1989; Moldovean, 2001]: a — overload failure; b - fatigue failure; ¢ - plastic deformation of the tooth; d — flank
pitting; e — scuffing; f— abrasive wear; g — flank spalling; h — plastic flow
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I AEV-T.1.7 FUNCTIONAL AND CONSTRUCTIVE PARAMETERS

Tab. AEV-T.1.7.1 Main input-output and construction parameters

My, (T;) Wheel 2 Axis (driven)

w3 (n2)

H;  Wheel 1 Axis
(driving)
@1 (01) My (T))

Fig. AEV-T.1.7.1 General diagram of the input-output
geometry

Input-output parameters

H 1 H 2V — orthogonal spatial coordinate system with axes H 1 and H 2 in the horizontal plane and V

in the vertical plane

a — distance between the wheel axles

B — angle of the wheel center line with the vertical

> — the angle between the wheel axes

w 12 (N 12) —angular velocity (speed) of the driving and driven wheels, respectively

M 11,2 (T 1,2) — torque of the driving or driven wheel

P 12 — power at the axis of the driving or driven wheel (P 12=M w12 W 1,2)

n="P /P 1—gear efficiency

i=tw1/wW2=%n4/n2—transmission ratio ( (-) — external gear, ( + ) — internal gear)

Main construction parameters of the teeth

z 12 — numbers of teeth of the wheels (i=+z2/z 1

U =max(z 2, z 1)/min(z 2, z 1) — gear ratio (u = | i |, for reduction gears (n 1 =n 2); u=1/|i|, for
multiplier gears (n 1 < n 2); pinion — the wheel with the minimum number of teeth)

b 12 — wheel widths

OM2 - AEV-EN - Chapter 1
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AEV-T.2 MODELING OF INVOLUTE GEARS

I AEV-T.2.1 MODELING OF STRAIGHT-TOOTH CYLINDRICAL GEARS

AEV-T.2.1.1 LOAD MODELING

Tab. AEV-T.2.1.1.1 Calculation relations for forces in spur gear

(fig. AEV-T.2.1.1.1,b),
- friction is neglected,

Simplifying assumptions:
- normal forces are considered applied to the gear pole C at the middle of the wheel

- the forces applied are considered static.

Tab. AEV-T.2.1.1.1 Force calculation relationships

Force

The relationship

Direction and meaning

Direction tangent to the pitch

Normal force,
Fn=Fn1=Fn2
Fig. AEV-T.2.1.1.1 Force diagram [Moldovean, 2001]: a — in the frontal

plane, b - spatial
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Fn = €COS 0y = dyyq €OS 00y,

(Fn =.JF + th) (AEV-

T.2.1.1.3)

circles; opposite direction to
Tangential force, Ft — 2Ty the speed (resistive force), for
Ft = Fu = Ft2 A1 (AEV-T.2.1.1.1) | the driving wheel, and same

direction as the speed (motor

force), for the driven wheel
Radial force F, =F; tgo,, = Radial direction; direction
c - -0 2T, towards the center of the
Fr=Fr1=Fr2 _tgﬂ-w wheel

dyyy (AEV-T.2.1.1.2)
Direction according to the
Fi 2T, common normal of the profiles

in contact; opposite direction
to the speed (resisting force),
for the driving wheel, and the
same direction as the speed

(driving force), for the driven

wheel
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Note.
a. Meanings of the parameters in fig. AEV-T.2.1.1.1: d w1,2 - diameters of the pitch circles; d»1.2 - diameters of the base circles; aw - actual gearing angle; w12 -
angular velocities; M or T 1 - pinion torque; M or T 2 - wheel torque.

2T, 2T, 2T,

b. For_the unshifted gear (aw = a; dw1 =d1): F, = dy | F. = dyy 18 a Fp = dyyy cose o — pressure angle, d 1 - pitch diameter of the pinion.

AEV-T.2.1.2 CONTACT STRESS CALCULATION MODEL
Tab. AEV-T.2.1.2.1 Model and calculation relationship at contact [Jula, 1989; Moldovean, 2001; Radulescu, 1985 ]

The calculation model at reference contact [Hertz, 1881] (fig. AEV-T.2.1.2.1,a)
In the contact area of two cylinders with diameters D 12 and lengths B, loaded with force F nc, maximum
normal contact stresses appear which, according to Hertz, are determined by the relationship,

F 1
[]-H — EE 1]1[‘ =
kP (AEV-T.2.1.2.1)
where, | = B, represents the length of the contact line;
1 1 1 1 1
- = i — .

P p1 P> Dy/27 Dy/2°

reduced curvature (p 1,2 are the radii of curvature of the two cylinders, the sign (+) corresponds to the
external contact (fig. AEC-T.1,a), and the sign (-) to the internal contact;

g = !
E 2 2
1-vy  1-v3
Eq Eo

the elasticity factor where E 12 and v 12 are the elastic moduli and, respectively, the transverse
contraction coefficients (Poisson) of the materials of the two cylinders (ref. AEV-F.1).
Assumptions of Hertz's model:

- the cylinder materials are homogeneous, isotropic, elastic according to Hooke's law;

a - the normal force is applied statically;

- contact stresses are distributed uniformly over the contact length;

- the width of the contact surface 2b o, as a result of the elastic deformation, is very small in relation to
the dimensions of the cylinders;

- the cylinder surfaces are perfectly smooth;

- friction forces are not taken into account.

Differences between the model of two teeth in gearing (fig. AEV-T.1, b) and Hertz's model:
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- the radii of curvature of the teeth are variable (the profiles are involute);

- the interaction force between the teeth does not act statically but variably depending on external and
internal dynamic loads;

- contact stresses are not uniform along the contact line due to inaccuracies in execution and assembly
and elastic deformations of the gear elements;

- there are frictional forces;

- the flanks are not perfect, they may have various roughnesses.

Customizing the parameters of Hertz's relation for the offset gear with straight teeth in contact at
the gear pole:

Normal contact force,

F
Fnc = KA KvKHEKHu Fn = KA KvKHEKHu t = KA K?KHEKHQ d

COS5 Gy

2T,

COS 0L
wi w

(AEV-T.2.1.2.2)

K A — operating mode factor, takes into account the effect of variable external loads (fer. AEV-F.2); Ky —
internal dynamic factor, takes into account internal dynamic loads (AEV-F.3); K ng — factor of non-uniform
load distribution along the contact line, specific to contact stress, takes into account execution errors in
the tooth direction and elastic deformations of the gear subassembly elements (AEV-F.4); K nq - factor of
non-uniform load distribution in the frontal plane, specific to contact stress, takes into account pitch
errors (fer. AEV-F.5).

Reduced curvature
Taking into account that,

P1 = |AC| = dl:ul/{2 gy gng Pz = |EC| = dZ/Z tgﬂw;
d.bLg = sz COS (d 12-

division diameters, u=d 2 /d 1), it results,

1 1 + 1 2 utl 2 utl
P P11 Po cosa tgayy, dz d,cosa tgoy, u (AEV-T.2.1.2.3)
Contact line length,
_ 2
he =b/Z (AEV-T.2.1.2.4)

where b is the tooth width (tooth length, wheel thickness); Z « — the contact ratio factor specific to the
contact stress (fer. AEV-F.6)
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,_‘__Eifl : Ti
— _"___"_'_""':_-—_:::y,r/__ oy Angrenare

unipara

o

Fig. AEV-T.2.1.2.1 Contact calculation model of the spur
gear: a — reference calculation model (Hertz), b — spatial
calculation model ¢ — frontal plane calculation model

Tab. AEV-T.2.1.2.2 Contact calculation relations (extended forms of the basic calculation relation (AEV-T.2.1.2.1))

Maximum contact stress Verification sizing
OH = OHp1,2
pee g (AEV- 2, (AEV-T.2.1.2.8) T KaKoKinKn Il ey
Oy = ZgZeZy |—= KoK KypKiq ——T1.2.125 1oAY HBTHE (7 7 7 )2 i
b dj u 7 W4 o2 u T.21.29)
) SHlim%N12 7 7 7 HF
Onrp12 = —¢ ZLZRZyZy,
H min
(AEV- |, (AEV-
ZpZ:E 2T +1 L 2Ty EaKKgpK u+i1
oy = E=e HJ KKy KHBKHau T.2.1.2.6 |0 np1.2 — permissible contact stresses for J LA HB ol (ZgZ.Zy)? — T.21.2110
mzy ) the pinion and, respectively, the wheel; bm 230 )
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_ Zgdely [Ty
Op = — EKAK'I.FKHBKH&

Arpr

(ut1)

(AEV-
T.2.1.27

)

O Him — limit contact stress (fer. AEV-
M.1);

S Hmin — Minimum safety factor for
contact (fer. AEV-F.14)

— dimensional factor (fer. AEV-F.8);

Z w — hardness factor (fer. AEV-F.9);

Z y — speed factor (fer. AEV-F.10);

Z r — flank roughness factor (fer. AEV-
E.A1);

Z | — lubricant factor (fer. AEV-F.12);
Z n 12 — factors of the number of load
cycles of the pinion and the wheel (fer.
AEV-F.13);

Oyp = MIN(Oyp;,0ypy) _
permissible contact stress of the gear

—(u-l—l)J

Ty KaKy KHEKHc:

(AEV-
(ZgZ, ZH]T21211

Note.

b. For the unshifted gear (dw1 = d 1; o w =0): dy =

2a

utl:d,=mz

pinion(fer. AEV-P.1.3); to simplify the calculation relations, cosa/cosa w ~

2
(see fer AEV-T.8.1); Ly - cosa sina (fer. AEV-F.7).

|| 2
2
a. In the relations in this table ZH = €057 @18 Cw ig 4he contact area factor (fer._ AV-F.7);m — tooth module(fer. AEV-P.1.4), z 1 - number of teeth of the pinion(fer.
AEV-P.1.1); Llja = brxaw, ll-'m = b/m, ll-'d = brxdl - width_factors related to the distance between the axes, the module and, respectively, the diameter of the
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AEV-T.2.1.3 BENDING STRESS CALCULATION MODEL

Tab. AEV-T.2.1.3. Model and basic calculation relation for bending [Jula, 1989; Radulescu, 1985; Moldovean, 2001 ]

Simplifying assumptions:

- the tooth is considered a straight bar subjected to bending stress, taking into account
the stress concentrator at the base of the tooth (fig. AEV-T.2.1.3.1),

Ftc - the normal force is considered concentrated at the tip of the tooth,

- the compressive stress generated by the radial force is neglected,

- the calculated thickness of the tooth is considered to be determined by two tangents to
the fillet profiles that make 30 ° with the tooth axis.

Theoretical design bending force (fig. AEV-T.2.1.3.1),

2T, cosaoy

Fie = Fro KuK KggKp, = F,, cosa, KyK KegKpo = dyyy cosa

KﬁKVKFEKFﬂ, (AEV-T.2.1.3.1)

4 l/z/ where K A — operating mode factor, takes into account the effect of external loads (fer.
AEV-F.2); K — internal dynamic factor, takes into account internal dynamic loads (fer.
AEV-F.3); K rg — factor of non-uniform load distribution along the contact line, specific to
bending stress, takes into account execution errors from the tooth direction and elastic
deformations of the gear subassembly elements (fer. AEV-F.4); K rq - factor of non-uniform
load distribution in the frontal plane, specific to bending stress, takes into account pitch
errors (fer. AEV-F.5).

s r.' :
¥R

Fig. AEV-T.2.1.3.1 Bending calculation model of the spur gear The reference calculation relationship for the maximum bending stress,
M; Fic hEa 2T,
OF =W, - b5§/6 Y. Y5, - d; bm KaK KppKeaYe Ysa Yea (apv72132)
h
6 ﬂn:n::sn:tﬂ
"
o Yo = (EE) COS0 _
with *Fa m , the form_factor (fer. AEV-F.7); Y ¢ — the contact ratio factor for

bending stress (fer. AEV-F.6); Y sa — bending stress concentration factor at the tooth base
(fer. AEV-F.15)

Tab. AEV-T.2.1.3.2 Bending calculation relations (extended forms of the basic calculation relation (AEV-T.2.1.3.2) )

Maximum bending stresses (1 — pinion, 2- wheel) Verification sizing
AEV- (AEV-
2T, 2, ( Op1 = Oppi Of2 = Ofp2 . _ 32Tz saYFa
OF12 =, ¢ KaK KpgKpaYe Ysa1,2 YFa1: T213. : (AEV dy = a KoK KppKg Y. opp 12138
1,2 4 3) T.2.1.3.7) )
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2T (AEV- o _ 9Flim1, 2¥N1,2 YST Ve oY, 2T

+ KaK KpgKpaYe Yoa1, Yy 7213, FPL2 SF min 81.2°Rim = |qu 2 KoK KepKpa Yz ( 5
4) , m FP

o rp12 — allowable bending stresses for ‘\l

pinion and wheel;

O Fiim1,2 — limit bending stress for pinion

and wheel (fer. AEV-M.1);

S rmin — Minimum safety factor for bending

(fer. AEV-F.1);

Y ~1.2 — factor of the number of load

cycles of the pinion and the wheel (fer.

(AEV_ w)’ (AEV_

T, z4 (ut1)? Y st — reference bending stress factor (Y a[Tyzq(ut1)? Y5:VFa
Op1s = —1”1 > KaK KppKpo Y, Yoorp 7213 STS=Tz)- 9 ( aw:J 2 K K, K Kea Ye (. frappF) T.2.1.3.1
1,2 5) ’

l'l'lﬂ max 0)
Y 512 — stress concentrator factors of the
pinion and wheel (fer. AEV-F.1 5);
Y r12 — roughness factors of the pinion
and wheel fillets (fer. AEV-F.11);
— gear size factor for bending (fer.
AEV-F.8)

(YsaYFa) — max ({SaiYFai Ysaz)
SFF TFF1 FE

2a

Y ¥ (AEV-
sa Fa) T.2.1.3.9

n)

O p—
F1.z by m?z;

Note.

1
a. For the non-displaced gear (d w1 =d 1; aw =a; aw =a): utl:d, =mz, (fer. AEV-F.11); m — tooth module(fer. AEV-P.1.4), z 1 - number of teeth of the
pinion(fer. AEV-P.1.1);

b. In the relationships in this table: q"a = b/a, q"m = b/m, LI"d = b/dl - width factors related to the distance between the axles, the module and,
respectively, the diameter of the pinion(fer. AEV-P.1.3)
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I AEV-T.2.2 MODELING OF CYLINDRICAL GEARS WITH INCLINED TEETH

AEV-T.2.2.1 GEOMETRIC AND FUNCTIONAL PARTICULARITIES OF CYLINDRICAL GEAR WITH INCLINED TEETH

Tab. AEV-T.2.1.1.1 Geometric, functional and constructive features [Jula, 1989; Radulescu, 1985; Moldovean, 2001]

Geometric features
- The tooth flank is generated by moving a straight line inclined at an angle
with respect to the generator of the base cylinder (fig. AEV-T.2.2.1.1,a). The
dependence between the radii of curvature of the involute (profile) in the normal
plane n-n, p n, and that in the frontal plane t-t, p ¢ is
Pn=ptCOSP b (AEV-T.2.2.1.1)
- The dependence between the tooth pitch in the frontal plane p tand the one in
the normal plane p n (fig. AEV-T.2.2.1.1,b) is p n = p tcosp; taking into account
that p = m 1, the dependence between the frontal module m tand m 1, resutts,
m »=m cospB, (AEV-T.2.2.1.2)

with B the angle of inclination of the teeth;

Note: in design practice, usually, geometric parameters in the frontal plane do
not contain the indext(mt=m, pt=p, pt=p etc.)

Constructive and functional features

- The length of the tooth is greater than the width of the wheel (bending
resistance is greater than in the case of a straight tooth).

- The inclined teeth progressively enter and exit the gearing, respectively, which
leads to reduced noise and, therefore, use for higher speeds.

- There are several pairs of teeth in the gear; the total contact ratio, € y= € o+ € g,
€ «— the contact ratio in the frontal plane, € g - the additional contact ratio, due to
the inclination of the teeth.

Fig. AEV-T.2.2.1.1 Main geometric characteristics of the inclined involute
profile: a - spatial view; b — axial view

AEV-T.2.2.2 LOAD MODELING [Radulescu, 1985]

Simplifying assumptions:

- normal forces are considered applied to the gear pole C at the middle of the wheel width (fig. AEV-
T.8.2.2.1)

- friction is neglected,

- forces are considered to be applied statically

Tab. AEV-T.2.2.2.1 Force calculation relationships

Direction and sense (fig. AEV-
T.2.2.2.2)

parameter The relationship
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Bw Direction tangent to the pitch circles;
Tangential 2T, opposite direction to the speed
force, F. = d_ (resistive force), for the driving wheel,
Ft=r1=Ft2 t w1 (AEV-T.2.2.2.1) and same direction as the speed

(motor force), for the driven wheel

2T . . T .
. F.=F et | Radial direction; direction towards the
EailT:I fc:r:eF, ) r t (80wt w1 180t (AEV- center of the wheel,;
T T2222) tana wt = tand wn /cOSP w
Axial force Axial direction; the direction
’ 2Ty th determined by the direction of
w

Fa=Fa1=Fa F3=Ftthw=a

, (AEV-T.2.2.2.3) [ inclination of the tooth and the

direction of rotation of the wheel

F; 2T, Direction according to the common
- normal of the profiles in contact;
Normal force, Fn - t8BwCOS oty duwt I2BwCOS Xwn | opposite direction to the speed
Fn=Fn1=Fn2 | (AEV-T.2.2.2.4) (resisting force), for the driving wheel,
F. = \/Fz 4+ F2 + F2 and the same direction as the speed
(o r t 2) driving force), for the driven wheel
g
Note 1
For the unshifted gear (dwn=an=0a; Bw=p;d w1 =d 1):
2T,
Ft = d, ,
2T
F,=——1tga
d;cosp
2T,
Fa = dl tg B,
Fig. AEV-T.2.2.2.1 Force diagram: a — in the axial 2T,

plane for the pinion, b — in the frontal plane for the e Fn =d; tgp cosx
gear; ¢ — in the normal plane for the gear; d - in the

‘ e IE a = a, — reference pressure angle, d 1 - pinion pitch
axial plane for the wheel; e — spatial view

diameter; B — tooth inclination angle
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Fig. AEV-T.2.2.2.2 Directions and senses of forces in cylindrical gears with helical teeth: a — clockwise movement and inclination of the teeth to the right; b —
clockwise movement and inclination of the teeth to the left; ¢ — counterclockwise movement and inclination of the teeth to the right [Moldovean, 2001]

Note 2 Meanings of the geometric parameters in Fig. AEV-T.2.2.2.1: d w12 - diameters of the pitch circles; B w — angle of inclination of the teeth on the pitch circle; a
wt- angle of engagement in the frontal plane; a wn - angle of engagement in the normal plane; w 12 - angular velocities; M +1 or T 1 - torque of the pinion; M 1 - torque
of the wheel; F +» — normal force in the tangential plane (F tn = F tn1 = F n2)
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AEV-T.2.2.3 CONTACT STRESS CALCULATION MODEL
Tab. AEV-T.2.2.3.1 Definition and parameters of the equivalent gear [Jula, 1989; Radulescu, 1985; Moldovean, 2001 ]

n-n Definition of equivalent gear (fictitious, virtual):
_ Eulh_h Since in the plane normal to the tooth direction the dimensions are minimal and, in
4’3 T B addition, the interaction force F , acts in this plane, the calculation of the cylindrical
P, 1l T gear with helical teeth is performed by means of an equivalent cylindrical gear with
‘\B ¢ equivalent wheels (with straight teeth, fig. AEV-T.2.2.3.1,a,b), which has the same
—_— /{ - gleometric and loading parameters as the real gear ( with helical teeth) in the normal
plane.
¥ & The equivalent wheel is the spur gear wheel that has teeth with the same shape and
[ dimensions as the teeth of the real wheel in the normal plane (hence the index n); for
mathematical modeling, the following equalities will be considered: the radius of
1 curvature of the tooth profile of the equivalent wheel is equal to the radius of curvature
_\ of the tooth profile of the real wheel in the normal plane; the module of the equivalent
_ — wheel is equal to the normal module of the real wheel; the coefficient of profile
- ing displacement of the equivalent wheel is equal to the coefficient of profile displacement
¥ of the real wheel in the normal plane.

bn Parameters of the equivalent cylindrical gear (for the unshifted helical gear):
- Diameters of the division circles

by

=

b
[=]

=
A
\

\ o

f
d111

N
\'-,
\
4

{lz
dy2
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a From Fig. AEV-T.2.2.3.1,cand d itresults d = 2 p ¢ sina tand, respectively, d n =2 p
sina (the relations are general, if necessary, they can be customized for the pinion, 1
and the wheel 2); taking into account the relation (AEV-T.2.2.1.1), it results
sin oz 1
b d,=d ——=
. ¢ B sina cos By, _d cos®By (AEV-T2.23.1)
/ The numbers of teeth on the wheels
Ol < Substituting in the relation (AEV-T.2.2.3.1),d » =m » z » and d = mz and, in addition,
(4 v taking into account the relation (AEV-T.2.2.1.2), it results
1
Zn = 2———————
5 cosp cos? By (AEV T.2.2.3.2)
Distance between axles
¢ Taking into account the relation (AEV-T.2.2.3.1),
Fig. AEV-T.2.2.3.1 Equivalence model of a helical gear with a spur gear: a d,; + dp- d; + d, 1 1
- axial view of the helical gear (real), b - axial view of the equivalent spur dp = 5 = 5 2 = 2
gear (virtual), c - front view of the helical pinion/wheel (real); d - front view cos®By, cos*By (AEV -1.2.2.3.3)
of the equivalent spur pinion/wheel (virtual) Gear ratio
Considering rel. (AEV-T.2.2.3.3),
L — Zpnz _ Zo/(cosp cos®By) _ Z3 _ u
\" " zpy  zi/(cosPeos?By) 2y (AEV  -T.2.2.3.4)
Pinion torque
Taking into account Fig. AEV-T.2.2.3.2 and the relation (AEV-T.2.2.3.3), it results
_ d F d d 1 1
T\ Th1 = Fina e - = 1t1_1 =T
. 2 cosf 2cos?fy, 2 cos  cos?fy, cos B cos?fy
T

(AEV-T.2.2.3.5)

Tooth width (fig. AEV-T.2.2.3.1,a,b)
1

by, = b cosp (AEV-T.2.2.3.6)

ab
Fig. AEV-T.2.2.3.2 Torque equivalence model: a - axial view and normal
section of the pinion tooth (real), b - front view of the equivalent pinion
The contact calculation of the helical gear is done through the equivalent spur gear.

The calculation relations (tab. AEV-T.2.2.3.2) for contact of the cylindrical gear with helical teeth obtained by replacing the parameters of the equivalent gear (tab.
AEV-2.2.3.1) in the calculation relations for contact of the gear with straight teeth in chap. AEV.T.2.1, tab. AEV-T.2.1.2.2 are synthesized in tab. AEV-T.2.2.3.2.

Tab. AEV-T.2.2.3.2 Calculation relations for contact of cylindrical gear with helical teeth
| Contact stress | Verification | sizing |
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(AEV- = (AEV-
oy = ZgZTuZg J 2L KoK KigpKpo S T223 | OF = OHPL2 (AEV-T22310) | q, = if”i Calo el (7.7 7475)? S5 T223.4
v ) o Oy llmle 2 ZeZ bra ofzp 1)
HP12 — S L R W
ZeZZulp |2T nr1 AEV- H min 2 [2 T, KaKoRneKna (ZeZeZule\ 2 uzs OV
Oy = J KK KygKpyo "= T223. |, m = J 1 Ratviug H“( £Zelu ﬁ) £1 12231
m Zy 8) O Hp 12— permissible contact stresses Urm OHF 21 u 2
for pinion and wheel, g Hlim — limit
contact stress (fer. AEV - M.1),
S H min — Minimum contact safety factor
(fer. AEV-F.1),
Z n 12 — factors of the number of load
cycles of the pinion and the wheel (fer.
AEV-F.13),
oy zE EZHZﬁJ K,K, KHEKH {u+1 $5\2/3 ié\/_lﬂeﬂ() roughness factor (see fer. a, = (ut1) JTl KAKVKHﬁI-{Ha (ZoZ. ZHZI (TAE\2/31
U g) e 2 Yau oy 3)
Z | — lubricant factor (fer. AEV-F.12),
Z y — speed factor (fer. AEV-F.10),
Z w — hardness factor (fer. AEV-F.9),
Z x — size factor (fer. AEV-F.8)
Z|3 =/ cosp _ tooth inclination
factor for contact stress

Note.
2a

d
a. For the non-displaced gear (d w1 =d 1; aw =a): ! utl.d,=mz4 (fer. AEV-T.1.2); m — front module of the toothing(fer. AEV-P.1.4), z4 -number of

ZcosPy
teeth of the pinion(fer. AEV-P.1.1); Ly =cos®aty “w contact area factor (fer. AEV-F.7);to simplify the calculation relations, cosa/cosaw = 1
b. In the relationships in this table:,,- width factors related to the distance between the axles, the module and, respectively, the diameter of the

pinion(fer. AEV-P.1.3)lIJa =b/a, Y, =b/myg =b/d;

c. The calculation relations for the helical gear are almost the same as those for the spur gear, with the difference that, in addition, the factor Zg
appears; differences also appear in the calculation relations for the correction factors (Z, Z )

AEV-T.2.2.4 BENDING STRESS CALCULATION MODEL

The bending calculation is also done using the equivalent spur gear. The bending calculation relations (tab. AEV-T.2.2.4.1) are obtained by replacing the parameters
of the equivalent gear (tab. AEV-2.2.3.1) in the bending calculation relations of the spur gear in chap. AEV.T.2.1, tab. AEV-T.2.1.3.2.
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Tab. AEV-T.2.2.4.1 Calculation relations for bending stresses

Maximum bending stresses (1 — pinion, 2- wheel) Verification sizing
2T, z (AEV- = 2Tz (AEV-
Op13 = ——KaK, KepKpo Y. YpYs, T:2.24. OF1 = Opp1, OF2 = OFP2, (AEV- | d, = J = K oK KppKpq Y Y (Y
b, , di cosp 1) T.2.2.4.4) Wa cosf P o5
(] Y Y
2T, (AEV- | Oppyz = — hm;; mb:: 227 Y512 3 f 2T, Y., Y (AEV-
OF1.2 by, 2 2.cosP KAKVKFE I{FQYEYE Y, ;’52.2.4. , m \|| ¥z, cosp I{AKVKFEKFQYEYE( on '6r)2 2.4,
o rp12 — allowable bending stresses for
pinion and wheel;
O Fiim1,2 — limit bending stress for pinion
and wheel (fer. AEV-M.1);
S Fmin — minimum safety factor for
bending (fer. AEV-F.1);
Y ~1,2 — factor of the number of load
cycles of the pinion and the wheel (fer.
(AEV- AEV-F.13), . _ (AEV-
_M Y s7 - referen nding stress factor _ 2|Tyzy(utl) ¥s
OF12 = 5o 2 oo KAKKraKrYeYpYsos ;2 24 T =2e);e ence bending stress factor | 5~ — Jm KoK, KegKp Y. Yp ( 1224
) Y 512 — stress concentrator factors of )
the pinion and wheel (fer. AEV-F.1 5);
Y r12 — roughness factors of the pinion
and wheel fillets (fer. AEV-F.11),
Y x — size factor for bending (fer. AEV-
E.8);
Y g — tooth inclination factor for
bending stress (fer. AEV-F.9);
Note.
d _ 2 ayy
a. For the non-displaced gear (d w1 =d 1; aw =0): ! utl.d,=mz, (fer. AEV-T.1.2); m — front module of the toothing(fer. AEV-P.1.4), z 1 - number of teeth of
(YsaYPa) — max (YSE:LYFE:L’ YsazYPaz)
the pinion(fer. AEV-P.1.1); = “FF “max IFP1 9FPz /. o simplify the calculation relations, cosa/cosa w ~~ 1 is considered
b. In the relationships in this table:,,- width factors related to the distance between the axles, the module and, respectively, the diameter of the pinion(fer. AEV-
M)Llja = br‘{aw Py = b/mqjd = bt‘{dl
¢. The calculation relations for the helical gear are almost the same as those for the spur gear, with the difference that, in addition, the Y g factor appears, and cosf3
appears in the denominator of the fractions.
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I AEV-T.2.3 MODELING OF BEVEL GEARS (STRAIGHT, CURVED (INCLINED) AND HYPOID)

AEV-T.2.3.1 GEOMETRIC AND FUNCTIONAL PARTICULARITIES OF BEVEL GEARS [Radulescu, 1985; Moldovean, 2001]

General aspects

Main kinematic and geomefric parameters

- From the point of view of the spatial position of the general gear axes (tab. AEV-

- Diameters of average pitch circles (fig. AEV-T.2.3.1.2; 1 - pinion; 2 - bevel

T.1.7.1), the bevel gear has the distance between the axes a = 0 and the angle
between them X # 0.

- The bevel gear is a spherical gear with the axes of motion circular conical
surfaces with semi-angles 8 12 (fig. AEV-T.2.3.1.1) and the angle between the axes
>=0 1+ & 2 which can be considered a generalization of the cylindrical gear which
has the point O at infinity. Thus, the elements of the bevel gear can be studied by
analogy with those of the cylindrical gear considering the correlations: circles in the
plane become circles on the sphere, the plane involute becomes the spherical
involute, the gear line becomes a diametrical circle, the reference rack becomes a
reference plane wheel.

- In the case of bevel gears being made with straight-profile tools ( straight-line
cutting edges), an approximate involute profile is obtained with the diametrical gear
circle degenerated into an octoid, hence the name octoidal gear.

- To define the geometry of the bevel gear, by analogy with the cylindrical gear, the
spherical surfaces are approximated with frontal conical surfaces ( developable in
the plane) tangent to the spheres (Tredgold approximation).

- The bevel gear, being an approximate involute gear, can only be undisplaced or
zero-displaced with radial and/or tangential displacements.

- The geometric parameters for representation in the execution drawings (with
technological implications) are defined at the level of the outer front cone (index e,
which may be missing in the technical documentation), and the geometric
parameters for calculating forces and strength are defined at the level of the middle
front cone (index m, fig. AEV-T.2.3.1.2).

wheel),
Apy = des (1 -y, 5“151) _ 41 (10,5 v, j, (AEV-T.2.3.1.2)
dml,? == 2 Rm Sinﬁlg

Yr = b/R. — the width factor related to the generator length, d <1 — the
diameter of the outer pitch circle of the pinion, R m — the length of the
generator of the middle pitch cone, R ¢ — the length of the generator of the
outer pitch cone, & 12 - the semi-angles of the pitch cones, b — the width of
the teeth.

- The average module, considering in (AEV-T.2.3.1.2)dmi=mmz1and d e1
=MeZ,

m,, = M, (1 — VY, Sinﬁl) _ Mg (1 _{]15 WR)

(AEV-T.2.3.1.3)

the width factor related to the pinion diameter,

(AEV-T.2.3.1.3)

- Gear ratio,
g n, de z;  sind,
U==—=—= — = — = "
W ns del Zq sinb; '

(AEV-T.2.3.1.1)
for the orthogonal bevel gear with £ =0 1+ & 2 =90 °,
u =1/tand 1 = tand 2

Note.

of much reduced productivity and, therefore, are rarely used in practice.

[Velicu, 2004].

a. Spur-toothed bevel gears, for reasons of vibration- and noise-free operation, are used for low peripheral speeds (v = 2...3 m/s).
b. Bevel gears with inclined teeth operate at peripheral speeds of up to 12 m/s, are made on the same machines on which spur gears are made, under conditions

c. Bevel gears with curved teeth operate under conditions of increased silence and durability at high peripheral speeds (up to 12 m/s), are manufactured on
specialized high-productivity machines and have geometric parameters dependent on the technological toothing processes, the type of machine and toothing tool
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on the parameters of the toothing tools.

- the curved arc toothing (Gleason) is performed with a knife-holder head (fig. AEV-T.2.3.1.3,a) equipped with cutting blades with rectilinear edges, arranged in a
circle; the contact between the flanks of the wheel teeth is theoretically point-like; the median inclination angle of the arc toothing, B m (usually, 35 °), is dependent

- the eloid curved toothing, usually based on the Oerlikon-Spiromatic process, has a plane-wheel tooth flank line shaped as an elongated epicycloid, obtained by

using a knife holder head that has the knives fixed on different spirals to obtain the median inclination angle of the tooth, § m = 35 ° (fig. AEV-T.2.3.1.3,b).
d. Crossed-axis (hypoid) bevel gears have hyperboloidal pitch surfaces (rolling surfaces) of rotation and have a constant transmission ratio. The teeth of hypoid
wheels are curved (fig. AEV-T.2.3.1.4) and are machined on the same gearing machines as for the wheels of intersecting-axis (concurrent) gears.

Angrenaj cilindric inlocuitor
(evolventic)

Sferd exterioara
Con de divizare

Cerc diametral

ool 1
O
i — .‘\
h'.'.n.\.
l-‘:? 1 e \':*
ey O
-.1C _"‘.‘qk.h__...ﬂ
,'{
! s
S\ ] K
] . l_r

e

- - !

Cremalierd plana 02 con &Gmm T
_ 2

de referinta exterior
Fig. AEV-T.2.3.1.1 Main geometric characteristics of the octoidal bevel gear

Roata plani \%

de referinta

Con frontal med

Con frontal exterior

Fig. AEV-T.2.3.1.2 Main geometric
parameters of a bevel gear
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Roata plana \ N
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Cap
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Roata plana
generatoare
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Fig. AEV-T.2.3.1.4 Hypoid gear

Fig. AEV-T.2.3.1.3 Curved conical teeth: a — in an arc of a circle, b — eloid [Velicu, 2004]

AEV-T.2.3.2 MODELING OF BEVEL GEAR LOADS [Radulescu, 1985]

Simplifying assumptions:

- normal forces are considered applied to the gear pole C associated with the middle front cone,

- friction is neglected,

- forces are considered to be applied statically.
Tab. AEV-T.2.3.2.1 Determination of forces

Parameter and calculation relationship

Direction and
meaning
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Fig. AEV-T.2.3.2.1 Schematic of the forces of the bevel
gear ( a-a, axial section; n-n, normal section; g-g,
tangential section after the generator)

© OO O
OIOXE

abcd

Tangential forces,

2T
Fi1 =Fp = l:t:_l

dmi  (AEV-T.2.3.2.1)

Direction tangent to the
pitch circle; opposite
direction to speed
(resisting force), for the
driving wheel, and
same direction as
speed (driving force),
for the driven wheel

Radial forces, .
F1 = Rysiny; = Fpycosd; + Fgy sind; =

=F; tgay, cos 8; FFyy sin §;= mzt; tg o, cos §,;F Fy; tgP,, sin&;=
2T o |
= oo (tgaycossy F siny, sind;)  (AEV-T2322)

Fr, = Rysiny, = Fpyco88;, + Fgp sind; =

Radial direction;
direction towards the
wheel axis

=F,tga, cosd, 1 F,; sind,= c::;m tga, cos §,+F,, tgh,, sind,=

= ﬁ (tg o, cosd, +sinf,, sind,) (AEV-T.2.3.2.3)
Axial forces,

Fay = Ricosy; = Fpysind; + Fgy cosdy =

= Ftgaysin§; FFyy sin ;= c-::t;m tga, cos §;+ F,, tgp,, cos§,=

_ ﬁ[tg a,sin 8, + sinf,, cosd,) (AEV-T.2.3.2.4) | ayial direction: outward

Fio = Rycosy; = Fy,sind; + Fgy cosé, =

' - F. _
=F;tga, sin8;FF,, sin 62=—m;;m tg o, cos &, F Fyy tgPy, cos&,=
2T _
= Icoep. (180 sin 8, F sinBy, coss,) (AEV-T2.3.2.5)

direction
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Fig. AEV-T.2.3.2.2 The directions of rotation of the Direction according to
wheels (pinion) and the directions of inclination of its the common normal of
teeth: a — clockwise rotation, the direction of inclination Normal force the profiles in contact;
of the tooth to the right; b — counterclockwise rotation, ' E 2T opposite direction to
the direction of inclination of the tooth to the left; ¢ — Fn = £ = L the speed, for the
clockwise rotation, the direction of inclination of the cnsEmcus %n dt’-”lm:'SBm oS Ky driving wheel, and the
tooth to the left; b — counterclockwise rotation, the (AEV-T.2.3.2.6) same direction as the
direction of inclination of the tooth to the right speed, for the driven
wheel

Note.

a. Meanings of geometric parameters in fig. AEV-T.2.3.2.1: & 12— semi-angles of the dividing cones (rolling); d m1,2 - diameters of the average dividing circles; B m —
angle of inclination of the teeth on the average dividing circle; an - angle of engagement in the median normal plane; w 12 - angular velocities; M (T 1) — torque of
the bevel pinion; M, - torque of the bevel wheel

b. In the relations (AEV-T.2.3.2.2)...(AEV-T.2.3.2.5):the upper sign is for the situation in which_the direction of rotation of the pinion is the same as the direction of
inclination of its teeth (viewed from the top of the cone, fig. AEV-T.2.3.2.2, a,d); the lower sign is for the case in which_the direction of rotation of the pinion is
opposite to the direction of inclination of its teeth (viewed from the top of the cone), fig. AEV-T.2.3.2.2, b,c. In fig.AEV-T.2.3.2.1 the force diagram for the first
situation (same directions) is represented,the direction of rotation of the pinion is clockwise and the direction of inclination of its tooth is to the right;

c. Particular cases:
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on=0) F, =2t
F. = 2Ty dnu,
dms 2Ty
2T, F., = R,cos8;, = F; tga cosd; = — tga cosd,
Fri, = d—mtg acosdq, A1 .
S | 2T
Fii2 =——tgasind,, F.; = Rysind; = Futga sing; = I tga sino,
dmi , ml
F,= 2Ty p o —_2T
dmy cosa. ' dp4 cosa.
Fu=Fe=F¢Fni=Fn=Fn Fu=Fi2=F(F1=Fa;Fa1=FFn1=Fn=F,
T| (131
LFL
A Uf

Fai

7
\?

ab

Fig. AEV-T.2.3.2.3 Forces of the orthogonal bevel gear with straight teeth: a — pinion loading diagram, b — gear force diagram

AEV-T.2.3.3 CALCULATION MODEL OF CONTACT STRESS IN BEVEL GEARS [Jula, 1989; Radulescu, 1985; Moldovean, 2001]

Tab. AEV-T.2.3.3.1 Definition and parameters of the virtual equivalent cylindrical gear

Definition of virtual equivalent cylindrical gear and equivalent wheel (fig. AEV-T.2.3.3.1):
The strength calculation of the bevel gear with curved (inclined) teeth, considering that the interaction force F , acts in the median normal plane, is performed in the median <
of an equivalent cylindrical gear (virtual, hence the index v) with inclined teeth.
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The equivalent wheel of the equivalent helical gear has teeth with the same shape and dimensions as the teeth of the real bevel gear in the median normal plane; for mather
equalities will be considered:

- the normal module of the equivalent wheels is equal to the median normal module of conical wheels;

- the angle of inclination of the teeth of the equivalent wheels is equal to the median division angle of inclination of the teeth of the bevel wheels;

- the radii of the division circles of the equivalent wheels are equal to the lengths of the generators of the median front cones of the conical wheels;
- the height of the teeth of the replacement wheels is equal to the height of the teeth of the bevel wheels in the median section

Equivalent cylindrical gear parameters:

Diameters of the division circles,

_ _9miy

d =
BV cosbia (ApyT2.33.1)
The numbers of teeth,
Substituting in the relation (AEV-T.2.3.3.1), d 120 =M m Z 12y, d m1,2 = M m Z 1.2 (the normal
module of the equivalent wheel is equal to the average normal module), it results,
Z1,2

cosdiz  (AEV-T.2.3.3.2)
Gear ratio,
Considering rel. (AEV-T.2.3.3.2),
u, = Zav _ u cos by
Z1y cosd; (AEV-T.2.3.3.3)
The distance between the axles,
Taking into account the relation (AEV-T.2.3.3.2) and, it results,

d1v+d2v E( dml + dmz )
d,, = . 2 “cosd, cos 857 = Rm(tg 61 +1g 62 ) (AEV-T.2.3.34)

Zi2v =

' ' . ' The torque,
Fig. AEV-T.2.3.3.1 Equivalence model of a bevel gear with helical or | Taking into account the relation (AEV-T.2.3.3.2) it results,
curved teeth with a cylindrical gear with helical teeth dyy dm1 1
Tiw=F 2 =Fi2cos8, = Ty cosd; (Apv.T2335)

Tooth width (fig. AEV-T.2.3.3.1),
b=b, (AEV-T.2.3.3.6)

The contact calculation of the bevel gear with curved teeth is done through the equivalent helical gear.

The contact calculation relations (tab. AEV-T.2.3.3.2) are obtained by replacing the parameters of the equivalent gear (tab. AEV-2.3.3.1) in the contact calculation
relations of the cylindrical gear with helical teeth from chap. AEV-T.2.2, tab. AEV-T.2.2.3.2.

Tab. AEV-T.2.3.3.2 Calculation relations for contact of bevel gears
| Contact stress | sizing | Verification
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General case. Non-orthogonal bevel gear with curved (inclined) teeth (X # 90, B m # 0) Oy < Ogpia (AEV

- (AEV- (AEV-
2T, KaKyKggKma sit 2 [2T; KaKyKppKia (ZeZ: ZaZa 2o\ 2
oy = ZEZEZHZBJ}J dzl '[1—11: ;Ea }uzusi T.2.3.37 d—el — J 1 Baly -HES Hzc:( E£2 CHER E) T2338 | 1-2.3.3.15) o
21 d 1 ) Pg(1—g sindy) JHP ) Oupiz = H lim “N1,2 ZLZRZVE
Particular case 1. Orthogonal bevel gear with curved (inclined) teeth ( £ =90, B m # 0) SH min
AEV- (AEV- : - issible contact
2T, KaKyKpgKHe (1+ ¢ 3 12Ty KaKyKypKHo (ZEZ:ZH O Hp 12— permissi
UH = ZEZEZHZBJh d2 EIF—E 2— T.2.3.3.9 dEl = 1 -|- 1.1_;2 — E = - T.2.3.3.1 stresses for pinion and Whee|;
81 (Vi+u—tg) ) Wa(Vitus-v,) U HF 0) O Him — limit contact stress (fer.

AEV-M.1);

Particular case 2. Non-orthogonal bevel gear with straight teeth (Z # 90,  m = 0) S minimum safety factor for
H min —

2T; KaKyKyp sink (AEV- 3 2T KaKyKypKHa (ZrZy 2 sinz (AEV- contact (fer. AEV-F.1);
Oy = ZgZly > , , T.2.3.3.1 d_el = = T.2.3.3.1 7 _ fact fth ber of
bdg; (1-Yg sind;)? usind, 1) W (1-w; sindy) OHp U sind, 2) N 1,2 — factors of the number o
_ _ _ - - load cycles of the pinion and the
Particular case 3. Orthogonal bevel gear with straight teeth ( ~ =90,  m = 0) wheel (fer. AEV-F.13);
Z r — flank roughness factor (fer.
AEV-F.11);
Z | — lubricant factor (fer. AEV-
2T, KAK‘.’KHEKHCE {1+u2}3,l"1 (AEV- 5 3] 2T, KAK‘.’KHE Zriyg 2 (AEV- F 12).
Oy = ZgZy —— T.2331 |day = V1+u — T.233.1 [ 2)
bdgy (Vi+ui-yg)? w3 Wg(Visl-w;) u \ OHP 4) Z , - speed factor (fer. AEV-F.10);
Z v — hardness factor (fer. AEV-
E.9);
Z x — size factor (fer. AEV-F.8)
Note
2
a. z1is the number of teeth of the pinion(fer. AEV-P.1.1); ZH =y cosasinga, contact area factor (fer. AEV-F.7); ZE =y COS Bm - tooth inclination

factor for contact stress.
b. The contact stresses, mentioned in column 1, as well as the dimensioning relations, in column 2, can be determined as a function of the external module,

me, or of the external generator length, Re, as a result of using the relation del = MgZy or, respectively, del =2 Re Sin 61. In addition, they can also

VR

be expressed as dependent on the generator-dependent width factor by replacing the diametrical width factor lle with the relation, ll"d = 25ind,,

AEV-T.2.3.4 MODEL FOR CALCULATING BENDING STRESSES IN BEVEL GEARS

The bending calculation of the bevel gear with curved teeth is also done through the equivalent helical gear.

The bending calculation relations (tab. AEV-T.2.3.4.1) are obtained by replacing the equivalent gear parameters (tab. AEV-2.3.3.1) in the contact calculation relations
of the helical gear from chap. AEV-T.2.2 tab. AEV-T.2.2.4.1.
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Tab. AEV-T.2.3.4.1 Calculation relations for bending for bevel gear

Maximum bending stresses (1 — pinion, 2- wheel) | sizing Verification
General case. Non-orthogonal bevel gear with curved (inclined) teeth (Z # 90, B m # 0) = = _
(AE (AE O F1 O FpP1, O F2 OYFPz, v
2Tz Ky K Epp K YV _ OFlimi1,z*N1iz ¥ST
2 Tl Z4 KAKVKFEKFEYEYE Y V- del _ 2 1Z1 PLK"v FI?; Falelp SaYFa) V- UFPLE = Se mi YELEW
Op12 = ) : Sa1,2 IF T. Wy (21—, sindy)" cos B OFP /' max| |- min
by pdgq (1—rg sind )% cosfy, 23 " 2.3. | 0 rp1,2 — permissible bending
4.1) 4.2) | stresses for pinion and wheel; o
Particular case 1. Orthogonal bevel gear with curved (inclined) teeth (X =90, B m # 0) Fim1,2 — limit bending stress for pinion
(AE (AE and wheel (fer. AEV-M.1);
2T, 2y KaKyKppKpg YeY N V- 4. ="¢ 2Tz, Ky Ky KppKpalelp  is? (j V- S Fmin — minimum safety factor for
Op1s = v T8 fa e B > YT el Uiz cos B (VTmZ—u )2 \| T. | bending (fer. AEV-F.1)
' by,2dg; cosPmy (Visul-u,) 23 ) 2.3 | Y n12—factor of the number of load
4.3) 4.4) | cycles of the pinion and the wheel

(fer. AEV-F.13),

Particular case 2. Non-orthogonal bevel gear with straight teeth (= # 90, B m = 0) v . bending st
st — reference bending stress

(AE (AE factor (Y st =2);
V- ) V- ST =2);
OF12 — 2T124 KAKvKFB Sa1 2 YF 12 T dﬂ: 3|22k KFE (YSEYFE*) T Y 512 — stress concentrator factors of
: biodZ (1-Wgsing,)? WS TEERS | Wy (1-wsing)” \ OFp /o 5’3 | the pinion and wheel (fer. AEV-F 1
4.5) 4.6) \Q(); roughness factors of the
. . . — — R1,2 —
Particular case 3. Orthogonal bevel gear with straight teeth (£ =90, B m = 0) pinion and wheel fillets (fer. AEV-
(AE (AE [ F.11),
o . 2T, 24 KﬂK?KFE 4 141 Y. Y ¥' d .= z |2 T:inKﬂK’v'KFE S (YSQYFE) ¥' Y x — size factor for bending (fer.
F1,2 — — 2 Isa1,2 1R T. 1~ — 3 . i
blsz d%l '[\'J1+u2—¢i} 23 © "I'Id {(+1+u —Yg } OFP Yy 2.3. ARV-E.S)
4.7) 4.8)
Note.
(YSaYFa) — max (Y531YF31 ’ YSEEYFaE)
OFP1 OFFP2 ; Y g — the contact line inclination factor(fer. AEV-F.9).

a. z1is the number of teeth of the pinion(fer. AEV-P.1.1); OFF /max
b. The contact stresses, mentioned in column 1, as well as the dimensioning relations in column 2, can be expressed as a function of the external module, m, or
of the external generator length, R ¢, as a result of using the relationd ¢1 = me z 1 or, respectively,de1 =2 Re sin 8 1.
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AEV-T.2.3.5 CALCULATION SPECIFICATIONS OF HYPOID GEARS

a
Fig. AEV-T.2.3.5.5 Hypoid gear: a — general diagram, b — pinion force diagram [Moldovean, 2001]; ¢ — speed diagram [Moldovean, 2001]

Geometric, kineto-static, constructive and technological particularities:

- hypoid gears are gears with crossed axes, only with curved teeth;

- the flanks of the teeth of the wheels of a hypoid gear can be generated by
meshing these wheels with an imaginary flat wheel described by the cutting
edges of the gearing tools, analogous to the gearing of bevel gears with
concurrent axes (they are processed on the same_gearing machines for bevel
gears);

- the number of teeth of the pinion z 1 = 5...15, depending on the value of the
gear ratio (for small values of the gear ratio, large values are adopted and vice
versa);

- the angle of the dividing cone & 2 of the driven wheel has the value 6 2= 67 °
...70 °, usually, 70 ©;

- the angle of inclination of the wheel teeth B mz= 35 o usually values close to 350 grg

used, and for the pinion, B m1= 50 ©: usually values dose to 500 gre ysed:

- the main geometric elements have values conditioned both by the toothing
process and by the tool parameters for cutting the teeth;

- these gears are used, mainly, in the central transmissions of automobiles
where, as a consequence of the distance between the axles, they lead to an
increase in their passage capacity (when the wheel axis is located below the
pinion axis) or to an increase in the interior space (when the pinion axis is
located below the wheel axis).

- due to the relatively large slippage of the flanks of the teeth in engagement,
along them, an additional friction force pF » appears, acting along the common
tangent to the flank lines;

- as a result of the sliding friction along the teeth (fig. AEV-T.2.3.5.5,b), taking
into account the relationship (AEV-T.2.3.5.1), the torque at the wheel,

P P4

dme c05Bme
g iy

dmi ©0SPms
where, T 1 is the pinion torque, n - the efficiency of the hypoid gear; the ratio

COSPB m2 /COSP m1 = 1.2...1.3 highlights the increase in the dimensions (rigidity) of

the pinion;

- in practice, the hypoid gear is frequently used in which the pinion axis is moved

in the same direction as the inclination of the wheel teeth, a solution that ensures

a more rigid pinion construction than that of the intersecting-axis bevel gear

because the frontal module and the pitch diameter increase;

- the strength calculation (contact and bending) is based on the cylindrical gear

with helical teeth equivalent to the hypoid gear, similar to the intersecting-axis

bevel gear with curved teeth;

- splash lubrication of the hypoid gear involves a smaller volume of oil and

reduced friction between the wheels and the lubricant (fig. AEV-T.2.3.5.6).

M, = un= Tun=T, n, (AEV-T.2.3
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- the gear ratio, taking into account that v 1 cosp m1 = v 2 cosP m2 (fig. AEV-
T.2.3.5.5,c) is determined by the relationship,

u= wy _ 2vyfdmy _ dmz c0SPmz _ Mmrz 2z €0SPmp
o 2vy/dmz dm1 €05 Bma Mme1 2y €05 By
_ Mmpz/C05Pmz ©05Pmz __ 2z
_ =2 (AEV-T.
Mmpn1/CO5Bmy €08 Bmay 21

where, w 12 [rad/s] is the angular velocity of the pinion, respectively the wheel;
Vv 12 [mm/s] - the peripheral velocity of the contact point for the pinion,
respectively the wheel; d m12 [mm] - the diameters of the median pitch circles; 8
m1.2 [ ©] - the median inclination angle of

the pinion tooth, respectively, of the wheel; m mt12 [mm] - the median frontal
module; m mn1,2 [Mm] - the median normal module (M mn1 = M mn2 = M mn,
meshing condition); z 1,2 . the number of teeth of the pinion, respectively, of the
wheel.

Fig. AEV-T.2.3.5.6 Lubrication of gears with curved teeth: a — orthogonal bevel,
b — hypoid

I AEV-T.2.4 MODELING OF CYLINDRICAL WORM GEARS

AEV-T.2.4.1 GEOMETRIC, FUNCTIONAL AND CONSTRUCTIVE PARTICULARITIES OF WORM GEARS [Radulescu, 1985; Moldovean,

2001]

Geometric and constructive features

Main kinematic and geometric parameters

OM2 - AEV-EN - Chapter 1

Page 1-37



AEV - INVOLUTE GEARS

AEV-T - Structure, construction and modeling of involute gears

- From the point of view of the spatial position of the axes, the worm
gear is a helical gear (fig. AEV-T.2.4.1.1, fig. AEV-T.2.4.1.3,a), which
has the distance between the axes a and the angle between them =
B1+B2=90°.

- The cylindrical worm gear has wheel 1 (fig. AEV-T.2.4.1.2,3a; fig.
AEV-T.2.4.1.3,b) called, worm, with a small number of teeth (starts, z
1=1...4) and a large angle of inclination of the teeth § 1 =90 ° -y,
and the conjugate wheel, called worm wheel, is a toroidal gear that
wraps around the worm with the angle of inclination B 2 = y.

- The globoidal worm gear, in addition to the cylindrical worm gear,
has the worm with a globoidal shape (it covers the worm wheel, fig.
AEV-T.2.4.1.3, a; fig. AEV-T.2.4.1.3, ¢)

- Due to the toroidal shape of the worm wheel, the teeth of the worm
gear wheels can no longer be determined by a reference rack but by
a standardized reference worm; six types of reference worms are
standardized, depending on the processing process, of which the
most used is the Archimedean worm which, in axial section, has a
rectilinear tooth flank (fig. AEV-T.2.4.1.2,a).

- The defining parameters of the standardized reference worms are
established with respect to the reference cylinder on which the tooth
thicknesses are equal to the widths of the spaces between the teeth
(fig. AEV-T.2.4.1.2,a).

- The standardized module is the axial module of the worm (the front
module of the wheel)m x = m x1 = m p; the normal module, m , = m
cosy; the front module, m 1 = m x ctgy (fig. AEV-T.2.4.1.2,a).

- The profile displacements of the wheel teeth are made for the same
reasons as for cylindrical gears, with the difference that they are
made only for the worm.

- Gear ratio (transmission),

Gy ny Zz

dp
e

g Ng 2

, (AEV-T.2.4.1.1)

where, d 12 are the diameters of the division circles of the worm, respectively, the worm
wheel; y - the lead angle of the worm; w 12=Vv 12/ (d 1,2 /2) - the angular velocities of the
worm, respectively, the wheel; v 12 - the peripheral velocities of the worm, respectively, the
worm wheel in the gearing pole (from Fig. AEV-T.2.4.2.1,v2=v 1ctgy); n 12 - the
revolutions of the worm, respectively, the worm wheel; z 12 - the numbers of teeth (starts)
of the worm, respectively, the worm wheel.

- The lead angle of the worm (helix angle),

Pr1 TC Mgy dy q
21 (AEV-

T.2.4.1.2)

where, d 1 is the pitch diameter equal to the diameter of the worm's reference cylinder for
the gear with unshifted teeth (d 1 =d o1 =mx1Q); p x1 =TT M x1 - axial pitch of the worm; m
x1= M x - axial module of the worm (standard values); q = z 1 /tg y - diametrical factor of the
worm with standard values depending on the axial module my (e.g., 9 =9, 10, 11 or 12 for
m x= 3...8 mm).

- Diameters of the pitch circles (worm and worm wheel),

d; = m,(q+ 2x), d, = mz,. (AEV-T.2.4.1.3)

where x is the coefficient of the worm profile displacement.

Note: The globoidal worm gear, compared to the cylindrical worm gear, is characterized by
quieter operation and increased bearing capacity, but has a lower efficiency and presents
technological difficulties in the manufacture of the worm and assembly; it is used in the
construction of small-sized transmissions (e.g. in steering boxes of motor vehicles)

Fig. AEV-T.2.4.1.2 Main geometric parameters of the cylindrical worm gear
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Fig. AEV-T.2.4.1.1 Cylindrical helical gear: a — spatial view; b — axial
view
OM2 - AEV-EN - Chapter 1 Page 1-39



AEV - INVOLUTE GEARS AEV-T - Structure, construction and modeling of involute gears

a bc
Fig. AEV-T.2.4.1.3 Gears with orthogonal crossed axes: a — cylindrical helical; b — cylindrical worm; b — globoidal worm

AEV-T.2.4.2 LOAD MODELING [Radulescu, 1985 ]

Simplifying assumptions:
- normal forces are considered applied to the gear pole,
- forces are considered to be applied statically.
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Frl

1\

\@

Tab. AEV-T.2.4.2.1 Force calculation relationships

Parameter and calculation relationship

Direction
and
meaning

Tangential and axial forces,
2T,

d;
2T,
Fo=Fi = d2 | (AEV-T24.12)

Fy =Fotg(y + @) (AEV-T.2.4.1.3)

Fy, =F, = (AEV-T.2.4.2.1)

Direction,
tangent to
the pitch
circle; F
t1,2, Same
direction
as the
speed of
the worm,
respectivel
y, the
worm
wheel; F 5
1,2,
opposite
direction to
the wheel
speed,
respectivel
y, opposite
direction to
the speed
of the
worm

Normal force, Fn = Fn1 = Fn2,
Fiq cos '

2 cos ¢

l:n'l=

gin oo, tl sin(y+g@ Jcos oty -1 dq sin(y+o )cos

(AEV-T.2.4.1.4)

coso’ 2 coso'

Fo= —2 = F

sin g 2 cos (v+p Jcos g 2 d, cos (v+0 Jcos o0y

(AEV-T.2.4.1.5)

Direction
along the
common
normal of
the profiles
in contact
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Fig. AEV-T.2.4.2.1 Worm gear force diagram ( a-a axial section; n-n normal Radial force, F 1 =F ;1=F ;2 Radial
section; t-t tangential section) cos ¢’ tg oy direction;
Frl = Fltg 0n = RICDS p'tga, = 1:‘tl sin (V"“Pr} f[jlrectlon
(AEV-T.2.4.1.6) owards
cos @' tg oy the axis of
. ——— | the worm,
F, =Ftga, =Rycos@'tga, = Fi; cos (y+¢) respectivel
The friction
force has
Friction force, the same
Fr=uFy  (AEV-T24.18) direction
Reduced friction angle, as the
relative
uFp uFy u .
, velocity, v
(p° = arctg Fy 5 _ Fpqzcosay - arctg cosay, (AEV- a, and the
T.2.4.1.9) opposite
direction to
it.
Note. _ Py Mpwy; Frpdywy  Frpve  tgy
a. Gear efficiency, Py Myw; Fudiwy, Fuve  t28(v+9') 11=065...0.8, for z1= 1; n=0.8...0.92, for 1= 2).
b. In the simplified case, considering the friction negligible ( p = 0, ¢' =0), the above force calculation relations become:
_fp. W E _—F E%op 2
Fi, = Futgy : Frs = Fu sin v . w2 © cosy : " d siny cos op (tangential and axial forces are determined with rel. (AEV-
T.2.4.1.1) and (AEV-T.2.4.1.2).
c. Meanings of the geometric parameters in fig. AEV-T.2.4.2.1: y — lead angle of the worm; d 12 - diameters of the dividing circles of the worm and
the worm wheel;a, - angle of engagement in the normal plane; ¢'- angle of friction; w 1,2 - angular velocity of the worm and the worm wheel; M1 2
or T 12 — torque of the worm and the worm wheel;v 1,2 - peripheral speeds of the worm and the worm wheel (in the gearing pole)
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AEV-T.2.4.3 CONTACT STRESS CALCULATION MODEL
Tab. AEV-T.2.4.3.1 Definition and parameters of the contact calculation model [Jula, 1989; Radulescu, 1985; Moldovean, 2001 ]]

P R R The calculation of the contact stress is done by analogy with that of cylindrical gears under
5 ; the same calculation assumptions using the Hertz model, according to rel. (AEV-T.2.1.2.1)
_f - in subchapter. AEV-T.2.1.2 in which, the normal calculation force (considering the force F
from tab. AEV-T.2.4.2.1, without friction),
Fiz
C . . Foe =F, KAKvKHﬁKa = cos ycos oy KAK‘.’KHﬁKHU_
(AEV-T.2.4.3.1)
(Kna=1; Y= vy b; unshifted gear),
E the length of the contact line of a worm wheel tooth (fig. AEV-T.2.4.1.2),
], — ab K — mdy; 28 dj_
P (0 k cosy °©  cosy360° D,T5 £= 1,2 cos Y (AEV-T.2.4.3.2)
d / (26= 100 © (fig. AEV-T.2.4.1.2), € = 1.8...2.1, contact ratio) and
2 reduced curvature (fig. AEV-T.2.4.3.1),
/ 1 1  cosy  cosY
< P Pon  Par  925iNCapyT2433)
Fig. AEV-T.8.4.3.1 Geometric model for calculating contact stress

The contact calculation is done by means of the spur gear. The contact calculation relations are obtained by replacing the gear calculation parameters (tab. AEV-
2.4.3.1) in the Hertz calculation relation of the contact stress (AEV-T.2.1.2). After performing the calculations, taking into account also the calculation relations of the
geometric parameters (subchapter AEV-T.2.4.1), the maximum contact stress relations of the worm wheel are obtained from the following table.

Tab. AEV-T.2.4.3.2 Calculation relations for contact of cylindrical worm gear

Contact stress sizing Verification
- - =2
2T, z, (AEV sl - zezon2  (AEV- | Oy = Oypa, )
o= 1,24 ZEZHJd—%EKAKvKHE, 7243 |d, = 1,16 TszAKvKHB (: H) T243. . Z(/;Ev T.2.4.3.10)
HP _ OHlim#Nz -
4) : ) Onpz = 5—_ZLZRZVZW‘
2T, 1 (AEV- a1 s 7.2 (AEV- H min
oyr= 1,24 ZEZHJ_:Z_HAHVKHB T243. [m, =1,16 Jz_z KAKvKHB( E H) T.2.4.3. | 0 vp2 — permissible contact stresses
My 2z 4 6) 2z 1 OHPz 7) for pinion and wheel;
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S Hmin — Minimum safety factor for
contact (fer. AEV-M.1);

Z n2 — factors of the number of load
cycles of the pinion and the wheel
(fer. AEV-F.13);

144 3 . (AEV- ay 2 z 77 (AEV- Z r — flank roughness factor (fer.
Guo= 045 ZeZy [T, (2] ZK,K,1T245 |a=06(1+2) J T, 2 KK Kpyp (22 T:243. | AEV-E11)
a q 8) Zz q OHE 9) Z | — lubricant factor (fer. AEV-

F.12);

Z \ — speed factor (fer. AEV-F.10);
Z w — hardness factor (fer. AEV-
F.9);

Z x — size factor (fer. AEV-F.8)

Zcosy
ZH — —
Obs. cosasin a, contact area factor (fer. AEV-F.7)

AEV-T.2.4.4 BENDING STRESS CALCULATION MODEL

The bending calculation is also done by means of the helical gear. The worm wheel is considered a helical cylindrical gear. The bending calculation relations are
obtained by replacing the worm gear parameters in the calculation relations of the maximum bending stress of the wheel of a helical cylindrical gear from tab. AEV-
T.2.2.4.2. After performing the calculations, considering Y sa2 =1, K rqa = 1 and also taking into account the calculation relations of the geometric parameters
(subchapter AEV-T.2.4.1), the calculation relation of the maximum contact stress of the worm wheel is obtained from the following table.

Tab. AEV-T.2.4.4.1 Calculation relations for bending of the cylindrical worm gear

Maximum bending stress (2- worm wheel) | Verification

Op2 = Oppz, (AEV-T.2.4.4.2)

_ OrlimzYNz2 YsT
Ofpz = o Y52Yr2Yx:
F min

o rr2 — allowable bending stresses for pinion and wheel;

e =17 Tz 2, 2: KKy Kpg¥p Y (AEV- O riim2 — limit bending stress for pinion and wheel (fer. AEV-M.1);
F2 ’ q d2 cosy Faz T.2.4.4.1) | S fmin — minimum safety factor for bending (fer. AEV-F.1):

Y n2 — factors of the number of load cycles of the pinion and the wheel (fer. AEV-F.13),
Y st — reference bending stress factor (Y st =2);

Y 52 — stress concentrator factors of the pinion and wheel (fer. AEV-F.1 5);

Y r2 — roughness factors of the pinion and wheel fillets (fer. AEV-F.11),

Y x — the size factor for bending (fer. AEV-F.8).
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AEV-T.2.4.5 THERMAL CALCULATION MODEL

The thermal equilibrium equation, Verification sizing
(1—=m)P 10° =k S (L + ) (ty — to)
(AEV-T.2.4.5.1)

where, P 1 [kW] is the transmitted power; k { [W/m 2

Required housing surface area,

degree] — heat transfer factor (8...10, for weak air Qil temperature, = (1-n)P, 10
circulation; 14...16, for intense air circulation; 20...26, (1-n)P, 103 t ke (1+47) (tumax —to) (AEV-T.2.4.5.3)
for fag coollng;.93...21.0, for oil cooling usu;mg a coil); U S (144 0 — ‘umax (AEV-T.2.45.2) The required transfer factor,
S [m 2] - housing cooling surface (plus 50% of the o . 3
where, t ymax =60 °...70 ° C, permissible oil temperature . (1—m)P4 10

surface of the ribs, if any); y — heat transfer —
coefficient through the housing bearing surfaces t S (1+y) (tumax —to) (AEV-T.2.4.5.4)

(usually, g < 0.3); t y [ ° C] — oil temperature; to[° C]
— ambient temperature.
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ARD-T.1 DEFINITION

Straight shafts are machine elements with rotational movement intended to support other machine elements (gears, belt wheels, semi-couplings, flywheels, etc.) and
transmit torques, which, in turn, are supported by bearings (sliding or rolling) on structures, usually fixed (chassis, frames, housings, etc.).

Axles are rotating or fixed machine parts, designed to support other rotating machine parts (they do not transmit torsional moments).

ARD-T.2 CONSTRUCTION STRUCTURE

e

=g

a c d e f g
Fig. ARD-T.3.1 Types of shafts and axles: a — straight shafts; b - crankshafts; c, d, e — flexible shafts; f - rotating axle (for railway wagon); g - fixed axle (for pulley)
Note.
a. Crankshafts have two or more bearing journals, arranged along the length of the shaft, to ensure high structural rigidity, and one or more crankpin journals, for
the connection with the connecting rods (of the engine mechanism); crankshafts can be provided with counterweights, for static and dynamic balancing.
b. Flexible shafts have a geometric axis with shapes that vary over time; they are made of layers of wire, tightly wound and in different directions, the winding
direction of the last layer being opposite to the direction of rotation of the shaft, in order to achieve, during the transmission of movement, the tightening of the inner
layers by the outer layer (fig. ARD-T.3.1, c); to protect the shaft against damage and dirt and to retain the grease between the turns, the flexible shaft is inserted
into a metal sheath (fig. ARD-T.3.1, d) or made of rubberized fabric (fig. ARD-T.3.1, e); the flexible shaft is connected to the elements between which the
movement is transmitted using end fittings.
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| T — 4
! l d l \

?haft Section Bearing Mounting r Mounting Bearing

ype (Journal) | (Seating) ree (Seating) (Journal)
Possible Rolling Rigid - Mobile connection Rolling
Adjacent element connection (spline) element
Connections bearingor | (parallel bearing or
Type plain bearing| key) plain bearing

Fig. ARD-T.2.1 General construction structure of straight shafts

ARD-T.3 AREAS OF USE

Shafts are used in the transmissions of automobiles, tractors, agricultural machinery, technological equipment, machine tools, all gear transmissions, speed reducers,
etc.

Crankshafts are used in the construction of connecting rod-crank mechanisms, to transform translational motion into rotational motion (in internal combustion
engines) or vice versa (in compressors, presses, forging machines).

Flexible shafts are used to transmit torques between subassemblies that change their relative position during operation.

ARD-T.4 CLASSIFICATION

Tab. ARD-T.4.1 Classification of straight shafts [Moldovean, 1998]

Criterion Shaft type

With constant section (smooth) (fig.

ARD-T 4.1, a) With variable section, in steps (fig. ARD-T.4.1,b)

Variation of shaft cross-section along length
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Cross-sectional shape th')thc)so"d section (fig. ARD-T.4.1, Tubular (fig. ARD-T.4.1,d)
Rigidity (operating mode) Rigid Elastic

With two supports . . . .
Number of supports (statically determinate) With three or more supports (statically indeterminate)
Position of the geometric axis Horizontal Inclined | Vertical

= = it =F
= = ——

C

Fig. ARD-T.4.1 Main shapes of straight shafts: a - solid section; b - stepped; ¢ - splined; d - tubular

ARD-T.5 MATERIALS AND HEAT TREATMENTS

For the manufacture of straight shafts, the following steels are frequently used:

- general-purpose structural steels (E295, E335, E360), which do not require heat treatment, for low loads;

- carbon steels for quenching and tempering (C 45, C55, etc.) and alloy steels for quenching and tempering (40 Cr 10, 41 CrNi 12, etc.), for medium loads and
operating times;

- carbon case-hardening steels (C 15, C 20, etc.) and alloy case-hardening steels (13 CrNi 30), for heavy loads and high speeds.
Cast irons are used for the manufacture of large shafts because they are less sensitive to the effect of stress concentrators and dampen vibrations better.

The thermal or thermochemical treatments applied depend on the material from which the shafts are made, and can be: quenching and tempering, or guenching and
tempering followed by surface hardening of the journals, splines, clamping portions, etc.; carburizing followed by hardening of the journals, clamping portions and

splines; nitriding, etc.
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ARD-T.6 FORMS AND CAUSES OF REMOVAL FROM SERVICE OR IMPROPER

BEHAVIOR

Tab. ARD-T.6.1 Forms and causes of removal from service or improper behavior [Moldovean, 1998]

Failure / Forms Appearance Cause Manifestation Avoidance
damage type
Permanent modification of the
Plastic Shafts' made of soft Exceeding the yield strength of the shape of the geometric axis Verification calculatlgn _
. materials under heavy : followed by damage to for flexural deformations;
deformation material . . .
stress adjacent elements (bearings, overload protection
gears; fig. ARD-T.6.1, a)
Failure mode Overload Hard material shafts Exceeding the material's breaking Shaft breakage (fig. ARD-T.6.1, | Resistance calculation,
failure under heavy stress limit b) overload protection

Fatigue fracture

Shafts loaded with
periodically varying
loads

Exceeding the fatigue strength

Shaft breakage (fig. ARD-T.6.1,
c)

Fatigue calculation;
constructive solutions to
increase fatigue
resistance

Flexural and/or
torsional elastic

Highly stressed shafts

High elasticity and heavy loads

Increased bending and
torsional deflections leading to
improper operation of gears

Verification calculation
for flexural/torsional
deformations;

deformations . constructive stiffening
and bearings .
solutions
Vibrations with increased Vibration calculation
Improper Vibrations High-speed shafts Mar_wuf_acturlng and a_ssembly amplltudes (resongnce) leading | (critical speed)_; _
behavior deviations under variable loads to improper operation of gears | constructive stiffening
and bearings solutions
. . Thermal calculation,
L L Elongation of shaft sections, .
ong shafts working in g . solutions for
Thermal . . which leads to improper .
. high temperature Temperature increase L . compensating (not
deformations . functioning, especially of the .
environments beari preventing) thermal
earings .
deformations
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Zona gruntoasa
Zona lucioasa
Fisura initiald

Zona grauntoasa

/ Axa initiala

AN N

Axa dupa deformarea plastica

a b c
Fig. ARD-T.6.1 Forms of shaft removal from service: a — plastic deformation; b - overload failure; ¢ - fatigue failure

ARD-T.7 FUNCTIONAL AND CONSTRUCTIVE PARAMETERS

Tab. ARD-T.7.1 Main functional and constructive parameters

® (n) M ¢ [Nmm] — transmitted torque;
/\ F w [rad/s] (n [rot/min]) — angular velocity (speed), w = 1 n/30, n=30 W/;

. M —] M ; [Nmm] — bending moment;
Y |® il (0] F [N]- raqial force;
D, P ;= =N e M T . G F o [N] — axial force;
uel F. ot f [mm] — bending deflection;
| 1i A — ¢ [degrees] — bending rotation;
2 o O [degrees] — torsional rotation (twisting);
Fig. ARD-T.7.1 Scheme of main parameters d i 1i [mm] — diameter, length of section i

ARD-T.8 CALCULATION MODELS OF STRAIGHT SHAFTS

I ARD-T.8.1 CALCULATION MODELS OF SECTIONAL FORCES AND STRESSES

Straight shafts have 3D spatial structures that are externally loaded with distributed and time-varying loads.
Simplifying assumptions:

- shafts are considered to have one-dimensional structures;
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- the distributed forces from the interaction areas of the shaft with the adjacent elements (supported and supporting) are considered equivalent to a system of

concentrated forces according to equivalence schemes dependent on: the type of assembly, the rigidity of the mounted parts, etc. (fer. ARD-P.1 - gears; fer. ARD-P.2
- belts, chains);

- the schematization of shaft supports, by replacing them with conventional supports (with one or more degrees of freedom), takes into account the type of bearing
(sliding, rolling), the rigidity of the shaft in the support area (fer. ARD-P.3 - rolling bearings, fer. ARD-P.4 - sliding bearings).
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ARD-T.8.1.1 Calculation model of sectional forces and stresses of an intermediate shaft of a cylindrical speed reducer

Fn

Fig. ARD-T.8.1 Calculation model of the forces and sectional stresses of the intermediate shaft
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Tab. ARD-T.8.1.1 Calculation parameters and stress diagrams [Manea, 1970]

Geometric modeling
The shaft is considered, based on the simplifying assumptions above, to be a straight bar, AB, with a stepped section (fig. ARD-T.8.1)
External loading

Pinion 1 (driver): normal force in the 2nd stage gear (see subchapter AEV-T.7.2.2, forces in the helical gear) with the components: tangential force, F ; radial force, F
r1; axial force, F a1.

Wheel 2 (driven): normal force in the gear of stage | with the components: tangential force, F 1; radial force, F 12; axial force, F a2.
Supports A and B

The bar associated with the shaft is supported in the radial bearing mounting area at points A and B where, according to the simplified support schemes in ARD-P .4,
the reactions R a and, respectively, R g — in the transverse plane — and F a and, respectively, F g — in the axial direction are considered.

Shaft loading scheme with concentrated forces (at the axis level)

Section 1: tangential force, F ; radial force, F 1; axial force, F a1; torsional and bending moments:

d d
M, = F, = M, =F,2
t Y3 (ARDT8.1) 1 32
Section 2: tangential force, F 1; radial force, F r2; axial force, F a2; torsional and bending moments:
d d
M, = F,, = =F,=
£ %2 (ARDTB2) © * 2

Sectional stress variation diagrams

The torsional moment, M 1, is constant on the section 1-2.

The bending moment, M 4, is spatially variable along the bar and, for the classical calculation, in correlation with the right-handed orthogonal coordinate system
associated with the forces, is represented by the projections in the perpendicular planes, | and Il. The calculation relation of the bending moment in section X is

M= (ML) + (ME)?

, (ARD-T.8.3)
I II
MTx

where, is the bending moment in plane | and, - the bending moment in plane Il. fo

The axial sectional forces, N, resulting from the action of the axial forces in the gears, are constant along each shaft section, with values dependent on the direction of
rotation (tab. ARD-T.8.1.2)
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Tab. ARD-T.8.1.2 Axial sectional forces

Section A-1 1-2 2-B ) )

— - - - Axial reactions, F ap
Direction of rotation Axial sectional force, N
Counterclockwise F a1 - F a2 Fa=Fa;Fe=Fa
Clockwise Fa2-F a1 F a2 - FA=Fa-Fa;;Fg=0
The shear forces have low values and are neglected.

I ARD-T.8.2 STRESS CALCULATION MODELS

ARD-T.8.2.1 Model for calculating stresses in the intermediate shaft of a cylindrical speed reducer

Under the action of the forces presented above, torsional, bending, compressive and shear (negligible) stresses appear in the shaft structure; they are unevenly
distributed and, since the loads vary in time, they are also variable in time [Moldovean, 1998; Catrina, 2002].

Tab. ARD-T.8.1.3 Calculation relations for stresses in cross-section X (fig. ARD-T.8.1)

Stress fvpe Simple stress Equivalent stress (according to the
P Torsion Bending Compression / tension maximum shear stress theory)
Ttx =

Calculation _ Mg Mg _ Nx _ Nx (ARD-

ARD-T.8.4 Ox =, = ; (ARD-T.8.5) Ocx = = —3z — - 21, 2 (ARD-
relationships Mex _  Mex ( ) W (e’ KT AT % T.8.6) Oex = V(O + 0cx)” + 4 (A Tex) T.8.7)

Wp n(aX) 32 +
4

Note.

a. The meanings of the parameters in the calculation relations: M «, M and N x are the torsional moment, the bending moment and, respectively, the axial force in
section X (see rel. ARD-T.8.1, ARD-T.8.2, ARD-T.8.3 and tab. ARD-T.8.1.2); W, W, and A — the polar section modulus, the axial section modulus and,

X
respectively, the cross-sectional area in section X; — the diameter of the circular section X; — the stress cycle factor. dA a
b. The bending and torsional stresses are not constant in time. Since the shaft is a rotating element (fig. ARD-T.8.2), the bending stress varies according to a
symmetrical alternating cycle (fig. ARD-T.8.3,a). For the case of shaft rotation in one direction, the variation of the torsional stress, depending on the types of drive
and the load to be overcome, can be equivalent to a pulsating cycle (fig. ARD-T.8.3,b) or a constant one (fig. ARD-T.8.3,c).
c. The cycles of variable loads are highlighted using the asymmetry factor R (fer. ARD-F.1), but, for design calculations, they are also marked with the symbols: I,
for the constant cycle (R = 1); Il, for the pulsating cycle (R = 0); lll, for the symmetric alternating cycle (R = -1).
d. The factor from relation (ARD-T.8.7), which makes the component stresses equivalent in terms of their variation cycles (stresses varying according to cycles |

o

and Il with stresses varying according to cycle lll), is determined with the relations:

@ = Og III/UET I, for the case of constant torque;
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0 = Og IIIr‘{GaT IT, for the case of pulsating torque.

presented in fer. ARD-M.1.

considered that o ¢x = 0.

The indicative values of the stresses o ai, O aiil, O ann corresponding to the three characteristic variation cycles, associated with common shaft materials, are

e. In practical cases, for design calculations, the effect of axial forces is neglected (being much smaller than the other forces) and in relation (ARD-T.8.7) it is

_ v (Mig) %+ (M)

Ocx -

Wz Wz (ARD-T.8.8)
where M (e4x is called the equivalent moment in section X.

Tab. ARD-T.8.1.4 Calculation parameters and relations

The equivalent stress relation (ARD-T.8.7), neglecting the compressive stress (0 « =0) and considering W , =2W ,, becomes:
_ Mredax

g/a;)lte:ulatlon Verification Allowable stress
M 4% max min
( J.:; ) = O (ARD-T.8.9) (ARD-T.8.10) M::g =2 (ARD-T.8.11)
Calculation ¢ XeaB O 45111
relationships max 3
: E M:eax =0 ARD-T.8.12 ARD-T.8.13 =P T dnin ARD-T.8.14
X3 = Oz (ARD-T.8.12) (ARD-T.8.13) M =— (ARD-T.8.14)
T\ (d3) red = 3945,
A XeAB ailll

in several cross-sections.

Note: Since the composite stress relation (ARD-T.8.8) depends nonlinearly on M ;, M ¢ and d x, the verification of the shaft under composite stresses is performed

q P Gi Tik Ted
A ‘ }S: J B oi,ma.". Ttmax [
T == " .
/N 7\ : - g tv —
7 .S gx rt_max_ rt_mm -
-5 =) oi,mzo Ttm
X -
&Y/ &
T+ S+ Oimin Ttmin =0 f
a c
F'g.' A.RD-T'&Z Sphemat:c .Of the Fig. ARD-T.8.3 Stress variation cycles: a — symmetrical alternating (frequent for bending); b - pulsating (torsion); ¢ —
variation of bending stress in the ]
constant (torsion)
transverse plane
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I ARD-T.8.3 DEFORMATION (STIFFNESS) CALCULATION MODELS

Under the action of external loads, shafts are subjected to bending (flexural) and torsional deformations.

ARD-T.8.3.1 Bending deformation calculation model

Purpose, calculation features and limits

The calculation of flexural deformations, in general, is carried out in order to prevent improper operation (with
transverse vibrations and noise) of supported elements (in particular, gears) and bearings (fig. ARD-T.8.4).
The calculation of bending deformations (for verification) consists of determining the values of deflections
under the supported elements (gears) and angular deformations (rotations) in the bearings and limiting them
to permissible values (3 < 3 4, @ < @ a). The permissible values of bending deformations, recommended in the
specialized literature, are: for deflections under the gears mounted on the shaft & 5 < (0.01... 0.03)m, m being
the gear module, in mm; for angular deformations, in radians: ¢ » < 8.10 -3 — for radial ball bearings; @ 5 <
2.5.10 -3 — for radial cylindrical roller bearings; @ a < 1.7.10 -* — for angular contact ball bearings or tapered
roller bearings; @ a < 5.10 2 — for self-aligning ball bearings or double-row cylindrical roller bearings; ¢ a < 10 -3
— for sliding bearings.

The methods for calculating flexural deformations can be analytical, mainly studied in Strength of Materials, or
numerically implemented in current high-performance packages. For simple cases, in the specialized
literature, the equations of the elastic line and the expressions of the maximum deflections are given.
Currently, the calculation of deformations is performed with high-performance software packages (e.g.
MDESIGN) that take into account shafts with real shapes and dimensions. The classical (manual) calculation
of bending deformations is based on the schemes used in the calculation of compound stresses (tab. ARD-
T.8.1.3), the resulting deformation being obtained by the vector summation of the deformations in the two
perpendicular loading planes of the shaft.

If the actual deformations exceed those recommended in the specialized literature (the verification conditions
are not met), the bending rigidity of the shaft is increased by increasing its diameter.

Fig. ARD-T.8.4 Real gear with elastic
deformations: a — deformation scheme (deflections
0 and slopes @); b — contact spot in the case of
rigid shafts (ideal); ¢ — contact spot in the case of
elastic shafts

ARD-T.8.3.2 Torsional deformation calculation model (twisting)

| | Purpose, calculation model and limits
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Purpose. The calculation of torsional (twisting) deformations, in general, is carried out in
order to prevent improper operation (with torsional vibrations and noise) of the elements
located along the motion and torque transmission path (fig. ARD-T.8.5).

Iy I s Iy Simplifying assumptions:

Mt/- | e I - the real model (fig. ARD-T.8.5,a) with the stepped shaft (with sections of diameter d;
and length I, i = 1...n) is replaced by an_equivalent model (fig. ARD-T.8.5,b) with constant
section (with diameter de) and length lg;

e - the diameter d. of the equivalent shaft is considered equal to one of the diameters of the
B )\( sections of the real shaft (e.g. de = d; withj =1, 2 or n);
———’%" : . dy - the length le s the equivalent shaft is determined from the conditions of equality of the
Z '5‘ + e M, stiffnesses of each section of the real shaft with that of the equivalent one,
& \‘ vf_ ¥ . G Ipi — %
— N I e (ARD-T.832.1)
\ from which, taking into account that the polar moments of inertia of the sections i and of
M, the section corresponding to the equivalent shaft | pi = 1 d;l /32 and, respectively, | ¢ = 11
\“m d‘é /32, the length of the equivalent section results,
a &)
e = 1|5
M, di/ (ARD-T.8.3.2.2)
d. The length of the equivalent shaft is determined as the sum of the lengths of the
( equivalent sections,
X n n d i
=D L= )1, (—)
6 = — - \dq
1=1 1=1 (ARD-T.8.3.2.3)
1« The twist angle (axial rotation) of the equivalent shaft and therefore of the real shaft in the
b o area subjected to torsion is determined by the relationship,
n
Fig. ARD-T.8.5 Calculation schemes for torsional deformations: a — g — M, _ 32 M, Z _ (% :
stepped shaft; b - shaft with constant section (equivalent) GI G ds '\ d.
& ®i=1 Y [rad], (ARD-T.8.3.2.4)
where, d ¢ = d j[mm] with j = 1, 2 or n; M { [Nmm] - torsional moment; G [MPa] - transverse
modulus of elasticity of the material; | ; (i = 1...n) [mm] - lengths of the real shaft sections
The verification calculation for torsional (twisting) deformations consists of determining the values of the torsion angles (axial rotations) of the shaft and limiting
them to admissible values (6 < 6 3).
The permissible values for the torsion angle (twisting), determined by the purpose of the shaft, recommended in the specialized literature, are: 6 5 < (15... 25) 10 -2
rad/m, for motor vehicle differential shafts (planetary shafts); 8 » < (40... 55) 10 - rad/m, for shafts of the travel mechanisms of overhead cranes. In the case of
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short shafts (general-purpose reducers, gearboxes, etc.), in general, torsional rigidity does not play an essential role and, as a result, calculation for torsional
deformations is not necessary.
If the effective torsion (twisting) angles exceed the values recommended in the specialized literature, the torsional rigidity of the shaft is increased by increasing the

diameters and/or decreasing the lengths of its sections.

I ARD-T.8.4 CALCULATION MODELS FOR VARIABLE LOADS (FATIGUE)
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Purpose, calculation features and limits

Purpose. The calculation for variable stresses (fatigue), in general, is performed in order to
prevent shaft breakage, especially in the area of stress concentrators (fig. ARD-T.6.1).

The usual calculation of shafts under variable loads consists of a verification under stationary
(simple or compound) loads, as a rule, for unlimited durability (fig. ARD-T.8.6,b). This
calculation is made starting from the durability diagram (of the material's limit cycles, fig. ARD-
T.8.6,c) for which a simplified, schematic diagram is developed (Soderberg, Goodman,
Serensen; fig. ARD-T.8.6,c), on the basis of which calculation relations are established for the
safety factor, as the ratio between the fatigue resistance of the material (maximum stress of the
limit cycle, fig. ARD-T.8.6,c; see Note, c) and the maximum stress of the variable load cycle
(fig. ARD-T.8.6,a).

The fatigue resistance condition of straight shafts in areas where there are stress concentrators
(keyways, grooves, diameter jumps, cross holes, threads, press fits, etc.; fig. ARD-T.8.7),
especially when subjected to compound stresses (torsion and bending) is given by the
relationship,

C2Ca, (ARD-T.8.4.1)

which requires the calculation of the global safety factor in areas with stress concentrators (fig.
ARD-T.8.7),

Culs

Ve t¢o (ARD-T.8.4.2)

which is determined based on the partial safety coefficients (according to the simplified
schematization, Serensen),

o=

d_l L' — 'r-l
C =— .= .
e > Y —_
JBHJ o &f}: + M T,
v
¥, e Ty

(ARD-T.8.4.3)

where, 0 .1, T .1 are the fatigue resistance for bending and torsional stress, respectively, for the
symmetric alternating cycle; 1 o — fatigue resistance for torsional stress, for the pulsating cycle;
™m — average stress of the torsional stress cycle; o v, T v— amplitudes of the bending and
torsional stress cycles, respectively; B ko, B « - effective stress concentration coefficients in the
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Fig. ARD-T.8.6 Fatigue calculation schemes for shafts: a — considered section, corresponding to bending and torsional stress, respectively; € 5, € -
deterministic (stationary) load cycle scheme; b — durability curve, | dimensional coefficients, corresponding to bending and torsional stress, respectively; y o, y -
o-N (Wéhler), in logarithmic coordinates; ¢ — fatigue strength surface quality coefficients, corresponding to bending and torsional stress, respectively.
diagrams (limit cycles, for R = [-1, 1]) For the admissible safety coefficient, the following values are recommended: ca=1.3... 1.5 —

for shafts made of homogeneous material, with correct execution technology and for which the
stresses are precisely established; c 5 = 1.5... 2.5 — for shafts made of inhomogeneous material
and for which the stresses are approximately established.

Note.

a. Deterministic (stationary) stress cycles described by periodic functions (frequently sinusoidal) are characterized by the following characteristic parameters (fig.
ARD-T.8.6,a): maximum stress, 0 max; minimum stress, 0 min; average stress, 0 m = (0 max + O min )/2; cycle amplitude, 0 a = (O max- O min )/2; asymmetry coefficient, R
= O min /O max.

b. The functional states of a shaft from the point of view of fatigue resistance are (fig. ARD-T.8.6,b ): with low durability (reduced service life, N <102 ...10 3 ); with
limited (high) durability (102 ...103 <N <106 ...10 7 ); with unlimited (high) durability (N >10°6...10 7).

c. The stress cycle with the asymmetry coefficient R and the maximum stress o max €equal to the fatigue strength of the material (o -1 ) is called the limit cycle. The
effect of the average stress is quantified with the fatigue strength diagram or the limit cycle curve (the locus of the points corresponding to the limit cycles) which
highlights the variation of the fatigue strength with the asymmetry coefficient, -1 < R < 1 (Haigh schematization, fig. ARD-T.8.6,c). In practice, these diagrams allow
the determination of the fatigue strengths as a function of the asymmetry coefficients R (or of 0 mand o a). Fig. ARD-T.8.6,c presents the Haigh diagram for tensile
stress, highlighting points corresponding to the stress cycles: A — symmetrical alternating, B — pulsating, C — static, E — alternating/oscillating (-1 <R < 1).

d. The coefficients B ks, B «1» Y o, Y 1, € 6, € 1 @re correction coefficients, which take into account the fact that the fatigue tests of the materials are performed on
standard specimens that are performed without stress concentrators and whose dimensions and processing differ from those of the designed shafts (fer. ARD-P.1).
The coefficients B ks, B «r, are defined as the ratio between the fatigue resistance of the polished specimen, without a concentrator, and the fatigue resistance of the
specimen with the same dimensions as the smooth one but provided with a concentrator, for the same stress cycle; their values are chosen from the diagrams,
depending on the type and characteristics of the concentrator (fer. ARD-P.1). The coefficients € ; and ¢ ; take into account the fact that the actual dimensions of the
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shaft differ from those of the specimen, their values being given in the diagrams and are in the range 1.4... 19 (fer. ARD-P.1). The coefficients ys and y ; are
defined as the ratio between the fatigue resistance of the specimen with a rough surface and the fatigue resistance of the specimen with a polished surface (fer.
ARD-P.1).

e. If in a certain section the condition imposed by the relation (ARD-T.8.4.1) is not met, constructive measures are taken to meet it by adopting concentrator shapes
that induce much lower local stresses (fig. ARD-T.8.7): section transitions (diameter jumps, fig. ARD-T.8.7,a...1); keyways or splines (fig. ARD-T.8.7,m,n,0);
reduction of edge pressures in the shaft — supported part contact areas (fig. ARD-T.8.7,p...t); threads — it is recommended to place threads at the shaft ends, where
bending moments are reduced and/or use fine pitch threads.

r>01d

45 Ls° r r r

< T e

.b

- —

Disc

113 Lo P LIS _

p q r s t
Fig. ARD-T.8.7 Construction measures to increase fatigue resistance: a — connection radius (in case the difference between the steps is small); b - two different

connection radii (in case of highly stressed shafts); ¢ - chamfering of the end of the large diameter step (for small diameter jumps); d - chamfering of the end of the
large diameter step, combined with connection to the small diameter step (for large diameter jumps); e - connection radius, combined with a discharge channel on
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the large diameter step; f - connection radius, combined with the execution of a hole on the large diameter step; g - short passage channel, executed at the end of
the small diameter step (for small shafts); h - long passage channel, executed at the end of the small diameter step (for large shafts); i - internal clearance, made in
the large diameter step (in case of reduced deviations from perpendicularity); j - passage channel combined with internal clearance (the solution ensures increased
fatigue resistance, access of the grinding stone along the entire length of the small diameter section and correct axial support of the components mounted on the
shaft); k - large connection radius requiring chamfering of the conjugate part; I - use of intermediate parts (rings); m - grooves (higher fatigue resistance than in the
case of keyways); n - keyways with rounded ends (since they do not provide increased fatigue resistance, they are recommended to be positioned towards the
ends of the shafts); o - keyways with straight ends (increased fatigue resistance, they are positioned in the central areas of the shafts); p - thickening of the seating
portion; q - chamfering or rounding of the edges of the hub; r - disk wheel configuration (for large diameter wheels); s - execution of discharge channels in the

shaft; t - execution of discharge channels in the hub

I ARD-T.8.5 VIBRATION CALCULATION MODELS

The purpose of the vibration calculation is to prevent shaft breakage due to the greatly increased stresses that occur when the subassembly enters resonance. The
calculation consists of determining the critical speed of the shaft and comparing it with the operating speed.

The critical speed is the speed at which the shaft enters resonance as a result of the situation in which the natural frequency (pulsation) coincides with or is a multiple
of the frequency of the disturbing forces.

The natural frequency (pulsation) is a characteristic of an oscillating system independent of the initial conditions of the motion.

Depending on the type of disturbing forces, flexural (transverse, bending), torsional and/or longitudinal vibrations are encountered (in vertical shafts where variable
axial loads occur).

ARD-T.8.5.1 Calculation model for transverse (flexural) vibrations

Flexural (transverse) vibrations are caused by errors in the execution and assembly of the shaft and the elements mounted on it, by the inhomogeneities of the
material and by its elastic deformation under the action of external forces.
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Fig. ARD-T.8.8 Calculation model for flexural vibrations:
a — general case with n discs; b - particular case with a
symmetrical disc; ¢ - operating modes

Flexural vibration calculation model

Simplifying assumptions:

- the shaft subassembly is considered to be composed of a shaft with negligible mass and n discs (gear
wheels, belt wheels, flywheels, etc.) mounted on the shaft that have masses mi,i = 1...n;

- due to execution and assembly errors and material inhomogeneities, the centers of mass of the discs
are eccentric (fig. ARD-T.8.8, b) and during shaft rotation (n > 0) centrifugal (excitation) forces appear
that lead to transverse oscillations;

- the elastic line (fig. ARD-T.8.8, a), at rest (n = 0), represents the extreme limit of the deformations that
occur during rotation and is determined by the deflections & produced by the weights, Gi=m g (g,
gravitational acceleration);

- considering harmonic vibrations, the transverse deflections vary in time according to the relationship,
O =0;sin wt;

- the velocities of the disc centers,

Vi (t) =

have the maximum values, vi=w 0.

Calculation relations:

From the condition of equalizing the maximum potential energy (corresponding to the extreme position
of the elastic line where the kinetic energy is zero) with the maximum kinetic energy (corresponding to
the mean position of the elastic line, line AB, where the potential energy is zero) of the shaft
subassembly

GEE mv

ddy(t)
dt

= w d;cos wt

i=1 (ARD-T.8.5.1)

considering the simplifying assumptions, the critical angular velocity [rad/s] (speed [rot/min]) results (at
which resonance occurs),

gE L, m;§; 30 |g XL, m;5;

w W = -,J E . m; 62 Sa0 n= N,

, (ARD-T.8.5.2)
where, m  [kg] are the masses of the discs, g [mm/s 2] - gravitational acceleration, & i [mm] - shaft
deflections in the disc areas.

For the particular case of a shaft with a single disc (fig. ARD-T.8.8, b) mounted symmetrically on the

shaft, these relations become,

w= w.. = F A0 n= n.. = E E
- cr - cr
6 T N6 ARD-T.8.53)
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Considering, for this case, in the above relationship,

G1®
0= S =g g1
z (ARD-T.8.5.4)
the critical speed relation results,
30 |48 EIL,
n,= —
R | Jy m 13
, (ARD-T.8.5.5)

where, E [MPa] is the longitudinal modulus of elasticity of the shaft material; | . [mm 4] - axial moment
of inertia of the shaft section; m [kg] - mass of the disc mounted on the shaft; | [nm] - shaft length

Operating modes:

a.n/ng <1 (n<ng ), the_subcritical regime (fig. ARD-T.8.8,c), corresponding to_rigid shafts;

b. n/ns>1 (n>n¢ ), the supercritical regime (fig. ARD-T.8.8,¢) corresponding to_elastic shafts (there is a tendency to self-centering); it is recommended to pass
over the critical speed quickly and/or to adopt constructive measures to limit the amplitudes of vibrations at resonance.

Note: It is recommended to avoid the domain d in the resonance zone, n/n - = 0.85...1.25 in which the increase in deformations (deflections) is very high.

ARD-T.8.5.2 Calculation model for torsional vibrations

ARD-T.9 AXLE CALCULATION MODELS

| | Axle calculation features
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1
e _H
Fig. ARD-T.8.9 Calculation scheme of an axle

Under the action of external loads, axles, in most situations, are subjected to bending stresses.
From the condition of bending strength,

M;
0 = = = 0y
W, , (ARD-T.8.9.1)
the dimensioning relationship is determined,
M;
W, = —
Oai | (ARD-T.8.9.2)

from which the axle diameter in the median area is determined,

0 41
(ARD-T.8.9.3)
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RUL-T.1 DEFINITIONS

Rotational bearings are subassemblies whose main function is to support (carry) shafts, axles or other machine elements and subassemblies with rotational motion,
being able to take up the loads (forces and/or moments) acting on them. Rolling-contact bearings include one or more independent specialized assemblies of the
rolling bearing type.

The rolling bearing arrangement is the system consisting of two or more rolling-bearing supports whose purpose is the radial and axial location in both directions of the
supported element (usually a shaft carrying gears or other elements), without inducing additional forces in the bearings under thermal effects and external and internal
forces (elastic deformations).

RUL-T.2 CONSTRUCTION STRUCTURE

1 2 3 4 35 6 7 8 9
Fig. RUL-T.2.1 Construction structure of a bearing support with one
rolling bearing

Fig. RUL-T.2.2 General structure of rolling bearings: a — deep groove (radial) ball bearing; b —
tapered roller bearing (radial-axial); ¢ — single-direction thrust ball bearing

Note.
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housing, 7 — slotted nut with lock washer, 8 — cover, 9 — oil level indicator.

4 — cage (independent element or subassembly)

a. Meaning of the elements of the bearing support in fig. RUL-T.2.1: 1 — shaft, 2 —

b. Meaning of the bearing elements in fig. RUL-T.2.2: 1 — outer ring, or housing washer for the single-direction thrust ball bearing, 2 — inner ring, 3 — rolling element;

cover, 3 — rotary lip seal, 4 — breather plug, 5 — deep groove ball bearing, 6 —

RUL-T.3 AREAS OF USE, ADVANTAGES AND DISADVANTAGES

etc.

Transmissions of automobiles, tractors, agricultural machinery, technological equipment and machine tools, all gear transmissions, speed reducers,

Tab. RUL-T.3.1 Advantages and disadvantages, especially compared with sliding bearings [Pop, 2006]

Advantages

Disadvantages

ph efficiency (n = 0.95...0.98); much lower friction losses, low friction coefficients
(0.0015...0.005, the lower values corresponding to ball bearings);

hall axial overall size (high load capacity per unit length);

v costs (mass production in specialized companies, easy maintenance, low
lubricant consumption);

e over a wide temperature range (-273 ©C...600 °C);

- interchangeability and international standardization

ge radial overall dimensions;

juced service life at high speeds;

led for high manufacturing accuracy and strict mounting conditions;
or behavior under shocks and vibrations;

proper operation in contaminated environments
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RUL-T.4 CLASSIFICATION AND DESIGNATION OF ROLLING BEARINGS. TYPES OF

BEARING ARRANGEMENTS

I RUL-T.4.1 CLASSIFICATION OF ROLLING BEARINGS

Tab. RUL-T.4.1.1 Classification of rolling bearings [Jula, 1978]

Criterion Bearing type

Ball bearings

Shape of the rolling elements Roller bearings (cylindrical, needle, 1)
tapered, barrel) SN —*-— =)
Single row

Number of rows of rolling elements Double row a b c
Multi-row
Normal clearance p ]‘

Internal clearance (see fig. RUL-T.7.3) |Reduced clearance | ESSS ? g '
Increased clearance L ,)

. Normal accuracy d
Manufacturing accuracy High accuracy e ¥
: Fig. RUL-T.4.1.1 Rolling elements of bearings: a — ball; b — cylindrical roller; ¢ —

Rad!al . needle; d — tapered roller; e — symmetrical barrel roller; f— asymmetrical barrel

Direction of the load carried Ra.dlal-a>.(|al (angular contact) roller
Axial-radial
Axial (thrust)

Tab. RUL-T.4.1.2 Representative groups of rolling bearings

RADIAL bearings

Deep groove ball bearings
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RUL - ROLLING BEARINGS

Main characteristics: carry medium radial and small axial loads; zero axial
displacement in both directions; maximum misalignment 8 minutes

~Z -RS N

72 Yy

NN\ NN SN P\
- _r__.—__;
N\ N N\
s ,,II&

NORMAL -2Z
a b c d e f

Fig. RUL-T.4.1.2 Single-row deep groove ball bearings: a — open; b — shielded
on one side/both sides; ¢ — sealed on one side/both sides; d — with snap ring

groove/with a shield on one side and snap ring groove; e — magneto type (carry

higher axial loads in one direction); f— Y type (allow free rotation of the outer
ring in the housing and accommodate large misalignments)

Self-aligning radial bearings Needle roller bearings
Main characteristics: carry high radial and small-to-medium axial loads in Main characteristics: carry high radial loads; small misalignment; operation at
both directions; zero axial displacement in both directions; increased low speeds; small radial overall size

misalignment, max. 3...5 degrees

Page 3-6
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Y
NormaQ

Fig. RUL-T.4.1.4 Double-row self-aligning bearings: a — ball, cylindrical/tapered
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Fig. RUL-T.4.1.5 Needle roller bearings: a —

cwe,

7‘ %

9&/F

c d

single row (with two rings/without

bore; b — ball, with adapter sleeve; ¢ —

sphetrical roller, cylindrical bore/tapered

inner ring); b — double row (with two rings/without inner ring); ¢ — drawn cup type;
d — needle roller and cage assembly

bore; d —

Spherical roller, with adapter sleeve

Cylindrical roller bearings

Main characteristics: carry high radial and zero or small axial loads; small
misalignment, max. 4 minutes; increased radial stiffness

NJ NN
] LK
\\( NN \_\\\ AR

RN
= 5
CZZ/ Yrrit 7
NU NU+HJ NNU
a b c d
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Fig. RUL-T.4.1.3 Cylindrical roller bearings: a — single row, with separable
outer ring/separable inner ring (do not carry axial forces and allow axial
displacements); b — single row, with one rib/flange on the inner ring (carry axial
forces in one direction and prevent axial displacement in that direction); ¢ —
single row, with two ribs/flanges on the inner ring (carry axial forces in both
directions and prevent axial displacements); d — double row, with separable
inner/outer ring (do not carry axial forces and allow axial displacements)

RADIAL-AXIAL bearings

Angular contact ball bearings Tapered roller bearings

Main characteristics: carry medium-to-high radial and medium axial loads

Main characteristics: carry high radial and high axial loads

/7 '/ u
/ ,

\‘\ ANND
;37

AL 1 22 B [

[\.,_. — K ——

Y=}
X

L i G\J. /
a b c
a b
Fig. RUL-T.4.1.6 Angul. tact ball bearings: a — singl jal f
.’g L ng_u arcon ac': a' earings. a - single row (carry a_XIa orCes Fig. RUL-T.4.1.7 Tapered roller bearings: a — single row (carry axial forces in
in one direction only; mounted in pairs, X, O or tandem arrangement); b — four- L ) )
. , . ) - one direction only; mounted in pairs, X, O or tandem arrangement); b —
point contact (carry small radial and medium axial loads); ¢ — double row double row

AXIAL-RADIAL bearings

AXIAL (thrust) bearings
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Main characteristics: carry small radial and high axial loads Main characteristics: carry high axial forces and do not carry radial forces
7 \ PN 7/
N\ A
5 N et 2
N \ AN\

\; P~
- \ i
- \ 7 NN 7
:/ \ W\
Z a b c

Fig. RUL-T.4.1.9 Thrust bearings: a — single-row ball (single direction, carry|
a b axial forces in one direction only); b — double-row ball (double direction, carry
axial forces in both directions); ¢ — needle roller and cage thrust assembly (for|
low speeds)

Fig. RUL-T.4.1.8 Axial-radial bearings: a — ball;, b — asymmetrical barrel
(spherical) roller

I RUL-T.4.2 DESIGNATION OF ROLLING BEARINGS

Tab. RUL-T.4.2.1 Designation of rolling bearings

Generation of the dimension code (dimension series) General structure of the designation
Codul latimii: o 1 5 3 Prgﬁxgs: a.Iphabeti.c codes
5 indicating information about
03 ( 13) i 23) 33) materials (other than the usual
oz R 22) 32 ones).
g 00 —10) 20 W Suffixes: alphabetic codes
= ¢ J I ) indicating information about
= modifications compared with the
:3 E standard design.
S = L] 1. i 1 || I | I Basic designation: type code
O= (alphanumeric code of the bearing
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« Basic designation — type: e.g. 6 — deep groove ball
bearing, NU — cylindrical roller
bearing with separable inner ring);
dimension series code (one- or two-
digit numerical code according to the
ladjacent figure); bore code (one digit
from 1 to 9 — bearing with a bore of
1,2, 3...9 mm; 01, 02, 03 — bearing
with a bore of 12, 15 and 17 mm,
respectively; 04, 05...99 — bearing
with a bore diameter of 04x5,
05x5...99x5 mm)

Prefixes Type code Dimension series code Bore code Suffixes

Note. Examples of basic designations: 6206 — single-row deep groove ball bearing (6), dimension series (2), bore diameter (30 mm); 32309 — single-row tapered roller
bearing (3), dimension series (23), bore diameter (45 mm).

I RUL-T.4.3 TYPES OF BEARING ARRANGEMENTS

Rolling bearing arrangements of shaft supports have the following functions:
Main function: radial (centering) and axial location and support of the shaft, taking up the radial and axial forces.

Secondary functions: to allow free thermal expansion of the shaft as the operating temperature varies; to provide lubrication, sealing and, where necessary, cooling of
the bearing.

Tab. RUL-T.4.3.1 Possible combinations (arrangements) of rolling bearings in supports [xxxx, 2010]

Within the same support In two different supports
Type ,
X Combined (e.g.
Tandem arrangement O arrangement tandem and X) X arrangement O arrangement
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Tab. RUL-T.4.3.2 Types of rolling bearing arrangements
Type Diagram Main characteristics
With |Axial location in both -] Allows thermal expansion of the shaft in the non-locating
two [directions in a single \ bearing (the axial displacement can even take place inside
supp [ocating bearing (the | ~% | | the bearing of this support if it is separable).
orts [other bearing is axially q::: e RS : ! Recommended for long shafts and/or shafts operating
free (non-locating), see | T b ——- under large temperature variations (significant thermal
fer. RUL-S.1) deformations).
\When single-row angular contact bearings are used,
locating supports with X or O arrangements can be
obtained.
Axial location in the two [direction g Thermal expansion of the shaft reduces/increases the
supports, cross-located |inner-outer \ rbearing clearances as the operating temperature
each for one direction, 1 —eaf | increases/decreases.
see fer. RUL-S.1) == ——-————11_ Recommended for short shafts with insignificant thermal
| deformations.
hen single-row angular contact bearings are used, an X
arrangement is obtained (the distance between the
effective load centers is smaller than the distance between

OM2 - RUL-EN - Chapter 3
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the bearings, H < L (Tab. RUL-T.4.3.1); the arrangement
increases the bending stiffness).

direction
outer-inner

hermal expansion of the shaft, caused by the

increase/decrease of the operating temperature, affects the

earing clearances depending on the distance between the

outer cones: it reduces/increases them for the case in fig.
RUL-T.4.3.2,a; it does not affect them for the case in fig.

RUL-T.4.3.2,b; itincreases/reduces them for the case in fig.
RUL-T.4.3.2,c.

Recommended for short and rigid shafts (insignificant
bending deformations).

When single-row angular contact bearings are used (fig.
RUL-T.4.1.6,a; RUL-T.4.1.7,a), an O arrangement is
obtained (the distance between the effective load centers
is greater than the distance between the bearings, H > L
(Tab. RUL-T.4.3.1); the arrangement reduces the bending
stiffness)

OM2 - RUL-EN - Chapter 3
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Fig. RUL-T.4.3.1: Design solutions of rolling bearing arrangements: a — locating bearing with a deep groove ball bearing and non-locating bearing with a cylindrical
roller bearing; b — cross-located inner-outer supports with tapered roller bearings in X arrangement; ¢ — cross-located outer-inner supports with angular contact ball
bearings in O arrangement
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Fig. RUL-T.4.3.2: Variants of cross-located outer-inner arrangements with angular contact bearings in O arrangement: a — the apexes of the outer cones overlap; b
— the apexes of the outer cones coincide; ¢ — the apexes of the outer cones do not overlap (variants b and ¢ are used mainly for bearings mounted in different
supports)

RUL-T.5 MATERIALS AND TECHNOLOGIES

The main elements (rings and rolling elements) are made mainly of carbon steels (1% C) alloyed with chromium (1.3...1.65%), manganese and silicon, known as
RUL1 or RUL2. After hardening to 62...65 HRC they achieve high toughness and increased resistance to contact stresses and wear. For bearings operating at high
temperatures and in very humid environments, special high-alloy or corrosion-resistant steels are used, usually alloyed with chromium.

Bearing cages are made of anti-friction materials with high vibration damping capacity: mild carbon steels, for cages stamped from sheet metal; brass, bronze,
textolite, plastics — for the solid (machined) cages of high-speed bearings.

Rolling bearings are produced in specialized companies based on the complex manufacturing technologies associated with the various bearing groups.
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RUL-T.6 FORMS AND CAUSES OF REMOVAL FROM SERVICE OR IMPROPER

BEHAVIOR

Tab. RUL-T.6.1 Forms and causes of improper behavior or removal from service [Danape, 2012]

Consequences Forms

Occurrence

Causes

Manifestation

Avoidance

Damage to the
raceways and/or
rolling elements by
contact fatigue

(pitting, spalling)

Improper

Mainly in rotating
bearings with speeds n >
10 rpm, well lubricated
and sealed

Fatigue of the surface
ayers of the raceways
and/or rolling elements
caused by time-varying
contact stresses

Initial microcracks on the active surfaces, which
grow as a result of the hydrostatic pressure of the
oil generated during the contacts between the
rolling elements and the raceways, followed by the
detachment of small particles of material, resulting
in small pits (pitting, fig. RUL-T.6.1); the growth of]
the pits over time leads to increased clearance and
improper operation with vibrations and noise

Limiting the operating
time by life
calculation based on
the dynamic load
rating

behavior (with
irregular motion,

vibrations and [Local plastic
noise) deformation of the
raceways

Heavily loaded bearings
at very low speeds (n <
10 rpm), stationary or
with slow oscillating
Imotions, lubricated with
unsuitable lubricants

Exceeding the yield
strength of the material

Permanent indentations on the raceways; irregular
motion

Limiting the loads by
static calculation

based on the static
load rating

Abrasive wear of the
raceways and/or
rolling elements

Bearings operating in

environments with dust
and abrasive impurities,
with inadequate sealing

Exceeding the wear limit of
the material

Scratches on the active surfaces; increased
bearing clearance and, therefore, improper
operation with vibrations and noise

Increasing the
effectiveness of the
sealing and
lubrication systems

Removal from

. Seizure
service

Heavily loaded bearings
operating at high
temperatures and/or with
nsufficient lubrication

Local decrease of the
contact strength of the
material

ocal micro-welds between the raceways and the
rolling elements and/or between the cage and the
rolling elements; loss of running accuracy, high
noise, increase of the rotational resistance up to
locking

Increasing the
effectiveness of the
lubrication system
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Bearings operating at

. Increased centrifugal ear of the cage in the contact areas with the .
. igh speeds under . . . . Proper mounting and
age failure . orces, self-excited rolling elements; reduction of the cross-sectional .
ombined loads and/or o . . peration
ibrations reas, cracking and breaking of the cage

mproperly mounted

Fig. RUL-T.6.1 Damage by pitting (sources: Collins, J.A., Mechanical Design of Machine Elements and Machines; Cornet, 1998)
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RUL-T.7 FUNCTIONAL AND CONSTRUCTIVE PARAMETERS
Main functional parameters:
F,

The life of a rolling bearing is the
number of revolutions performed
by the rotating ring until the first
signs of material fatigue appear (at
constant speed it can be expressed
in hours and is also called the
operating life).

The reliability (life) of a batch of]
rolling bearings, L, is the number of
revolutions reached or exceeded
by a percentage of the bearings of
a test batch without signs of
material  fatigue  (pitting); by
convention, the basic rating life Lb <~ L Fia. RUL-T.7.2 Load vl

is defined as one million L b 9- /-« Load equivaience

revolutions, reached by 90% of the 50 90

bearings of a batch without pitting Rulmenti nedeteriorati [%]
damage (fig. RUL-T.7.1). ’ )
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Fig. RUL-T.7.1 Life (fatigue) curve
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The basic dynamic load rating, C,
is the radial load for radial and
radial-axial bearings, or the axial
load for axial and axial-radial
bearings, of constant magnitude
and direction, which, acting on a
batch of apparently identical
bearings, provides the basic rating
life, Lb (one million revolutions).
The equivalent dynamic load, P, is
the purely radial load for radial or
radial-axial bearings (or purely
axial, for axial or axial-radial
bearings), of constant magnitude
and direction, under which a
bearing reaches the same life as
under the actual loading conditions
with combined radial and axial
forces (fig. RUL-T.7.2).

The basic static load rating, CO0, is
the purely radial load for radial or
radial-axial bearings (or purely
axial, for axial and axial-radial
bearings) that produces in the
contact area a plastic (permanent)
deformation with a depth of 0.0001
of the rolling element diameter.
The equivalent static load, PO, is
the radial load for radial and radial-
axial bearings (or the axial load, for
axial bearings) that produces the
same plastic (permanent)
deformation as the loading with
combined (radial and axial) loads.
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Other functional parameters:

The internal clearance (fig. RUL-T.7.3) is the radial displacement (radial clearance), axial
displacement (axial clearance) or angular displacement (tilting) possible without deformation
of the bearing parts; with respect to radial clearance, bearings are manufactured in the
classes: C1 and C2 (small clearances); CO (or CN, normal clearances); C3, C4, C5 (large
clearances).

The limiting speed is the speed a bearing can reach under design and operating conditions
rigorously defined in the manufacturers' catalogues.

The manufacturing accuracy is expressed by tolerance classes: PO — normal tolerance class;
P6, P5, P4 and P2 — higher tolerance classes for bearings with very precise applications and
for use at high speeds.

The frictional moment is a functional parameter quantifying the energy required for rotation
under load and at start-up (starting moment). Manufacturers give the relations and
parameters for calculating these moments.

The operating temperature is specified by the manufacturer depending on the bearing type
and the lubricant.

The stiffness is a global parameter that is rarely given in the catalogues of common bearings.

Fig. RUL-T.7.3 Bearing internal clearances

Main constructive parameters (fig. RUL-T.7.4): d — bore diameter; D — outside diameter; B, T — width; a — contact angle (a = 0° for radial bearings; 0° < a < 45° for

radial-axial bearings; 450 < a < 90° for axial-radial bearings; a = 90° for axial bearings); a — position of the pressure cone apex; C — ring width.
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Fig. RUL-T.7.4 Main constructive parameters (examples): a — deep groove ball bearing; b — angular contact ball bearing; ¢ — tapered roller bearing; d — thrust ball
bearing

RUL-T.8 CALCULATION MODELS

I RUL-T.8.1 CALCULATION MODELS OF BEARING LOADS

RUL-T.8.1.1 Calculation models of the equivalent dynamic/static loads of bearings with constant speeds and external loads

The equivalent dynamic load P, obtained by approximating the experimental
curve in fig. RUL-T.8.1.1,b with two straight lines (in zones | and Il), is determined

with the relations:

’ I '
Zonel,3<PB _3=th.£ th
(small, negligible axial [Fr — P =Fr (RUL-T.8.1)
forces) =e
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Zonell, B> B .
ianifi i a _ ‘ P=XFr+Y
(significant axial forces, = th = th R r (RUL-T.8.2)
quantified in the calculation| T Fa
relation)

where e, X, Y are influence factors, constants of the bearing type and size given
»~in the manufacturers' catalogues.

7|The equivalent static load, P0, is determined with the relation,

¥ PO = X0 Fr + YO Fa, (RUL-T.8.3)

i where X0, YO are constants of the bearing type and size given in the

. manufacturers' catalogues.

Fig. RUL-T.8.1.1 Modeling of the equivalent dynamic load: a — actual loading;
b — equivalence diagram; ¢ — equivalent (virtual) loading

RUL-T.8.1.2 Calculation models of the loads of angular contact bearings in X or O arrangement

For angular contact bearings (ball or roller), in which the force is transmitted obliquely at the contact angle 8 (fig. RUL-T.8.1.1,a), the radial force generates an internal

(induced) axial force, F; = 0,5 Frf‘f’ which is evaluated for each support (A and B) and affects the axial loading of the supports. Fig. RUL-T.8.1.2.1,a,b and tab.
RUL-T.8.1.2.1 present the diagrams and, respectively, the relations of the loading forces of shafts and angular contact bearings in X and O arrangements.

Note. If only the internal (induced) force acts in the angular contact bearing, since the ratio Fa'/Fr is always smaller than the factor e, the equivalent dynamic load is P
= Fr.
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Fig. RUL-T.8.1.2.1 Calculation diagrams of the axial forces in paired angular contact bearings: a — X arrangement; b — O arrangement

Tab. RUL-T.8.1.2.1 Calculation relations of the loading forces of angular contact bearings

Direction X arrangement (fig. RUL-T.8.1.2.1,a) O arrangement (fig. RUL-T.8.1.2.1,b)
of the axial
force Fa Shaft loading condition Axial force loading the bearing Shaft loading condition Axial force loading the bearing
A B A B
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B — A Fa+Flg -Fl,>0 Faa= Fa+Fls| Fa=Fig Fa+Fl, -Flg>0 Faa=F,, |Fa=F.+tF,

F.+Fug -Fia <0 Fau=F.,, |Fs=F,-Fa F.+Fl, -Flig <0 Fas =Fl5- F. Fas =Flg

AP Fa+Fia-Fip>0 Fu=F,, |[F8=FaTFy Fa+Fip -Fiy =0 Fap = Fa+ Fyy F.s=Flp
FaetFaa-Fip<0 Fas =Fig-Fa F =Fip Fa+Fog -Faa <0 Fasa=Fap

Fag =F,4 - Fa

RUL-T.8.1.3 Calculation models of the equivalent dynamic loads of bearings with variable (stepped) speeds and external loads

P P; Mean equivalent dynamic load at constant speed
P- Considering that a bearing operating Nj revolutions under the load Pj reaches the life Li and that Ni/Li is the fraction
w n — n —
Pl - ‘P;= 7 7T T~ T [of life consumed under the load Pj, it follows that E5=1 Ni/L; = 1 and Ei=1Ni =L (L being the life — the total
Py number of revolutions — of the bearing under variable load) and, denoting by gi = Ni/L = ti/T the ratio between ti, the
, , : N Yot =T, .
duration of action of the load Pj, and the total operating time T (&~i=1 *1 ), it follows that,
n Gi_1
=1p L
I 1 , (RUL-T.8.4)
Tl Q@ g | gl | pP L = pPL
nA I I | | | | [Taking into account the life equation, "1 ™1 m ~ (fig. RUL-T.7.1), and relation (RUL-T.8.4), the relation of the
n; ! | | ' | mean equivalent dynamic load at constant speed is obtained,
| | n; | |
1 | [ P
- n; | | |Pm = L, q:P’
N e . 1
m + , (RUL-T.8.5)
which, considering qi in percent, becomes,
_ Plyn G pP
Pm - =1 100 Pj_
. (RUL-T.8.6)
100 The mean equivalent speed, when the bearing operates at the speeds n1, n2, n3 ... nj ... nn, is determined with the

elation,

Fig. RUL-T.8.1.3.1 Equivalence diagram of
dynamic loads and speeds

_ wn _9i

Mn. = *2 — 1.
™ =1100 ' (RUL-T.8.7).
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The mean equivalent dynamic load, when the bearing is loaded with the dynamic loads P1, P2, P3 ... Pj ... Pn at the
speeds n1, n2, n3 .. . Nn, respectively, is determined with the relation,

P = le llﬂ-i_'inm i

I RUL-T.8.2 LIFE AND STATIC CALCULATION MODELS OF ROLLING BEARINGS

. (RUL-T.8.8)

Life calculation

The basic life equation of a rolling bearing, associated with the experimental curve in fig. RUL-[Sizing calculation,

T.7.1 (see subchapter RUL-T.7), is C _ P%‘T
nec . (RUL-T.8.8)

p — p
PPL c Lb * (RUL-T.8.7) Verification calculation,
where p is the exponent of the fatigue curve (p = 3 for ball bearings; p = 10/3 for roller bearings), c\ P
L — the life in millions of revolutions, P — the equivalent dynamic load (see subchapter RUL-T.7), C|Lef = ( ) =

P  (RUL-T.8.9
— the dynamic load rating and Lb = 1 million revolutions — the basic rating life ( -1.8.9)
Calculation of the allowable load,
C
Pcap P

VL (RUL-T.8.10)

Static calculation

Usually, a verification calculation is performed with the relation C0Q > PO (RUL-T.8.11)

RUL-T.9 MOUNTING AND OPERATION [JULA, 1978; XXXX, 2010]

Lubrication of rolling bearing supports

Purpose: reduction of friction; corrosion protection; heat removal; noise reduction.
Lubricants used: mineral oils or greases (fer. RUL-P.5).
Qil lubrication systems (fer. RUL-S.2): own oil bath, oil circulation, oil injection, splash lubrication, drip lubrication, oil mist; grease lubrication.

Fits, manufacturing tolerances and surface roughness of the shaft journal and of the housing bore

Purpose: secure fixing of the rings, easy mounting and dismounting.
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Types of fits: shaft — inner ring: hole-basis system; outer ring — housing: shaft-basis system; the tolerance zones are determined mainly by the loads and by the
equipment in which the support is integrated (fer. RUL-P.3).

Form and position deviations are specified for the shaft and the housing bore (fer. RUL-P.4).

Surface roughness is specified for the shaft and the housing bore (fer. RUL-P.4).

Axial fixing, mounting and dismounting of rolling bearings

The axial fixing of the inner ring on the shaft and of the outer ring in the housing aims to transmit the axial forces and/or prevent axial displacement (fer. RUL-S.3).
Mounting is done by pressing at room temperature with suitable tools and devices, or by hot mounting for bearings with d > 50 mm (fer. RUL-S.4); mounting
sequence: first the rings with the tighter fit, then the one with the looser fit or with clearance.

Dismounting is done with suitable tools and devices in the reverse order of mounting (first the rings with the looser fit, then those with the tighter fit) (fer. RUL-S.4).

Clearance adjustment and preloading of rolling bearings

Purpose: ensuring an optimal clearance in the mounted state, for proper operation (low friction, no vibrations, increased guiding accuracy).
Clearance adjustment schemes (fer. RUL-S.1): by displacing the inner ring; by displacing the outer ring.

Sealing of rolling bearing supports

Purpose: protecting the bearing against the ingress of external impurities (dust, metal particles, water, etc.) and, on the other hand, preventing the lubricant from
leaking out of the bearing housing.

Sealing systems (fer. RUL-S.5): bearing integral seals, non-contact or contact; seals at the support level, contact or non-contact.

Fer. RUL-S.0 presents design solutions of rolling bearing arrangements specific to motor vehicle transmissions.
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LGA-T.1 DEFINITION

Sliding bearings are subassemblies that materialize the kinematic pairs which ensure the support and/or guidance of the moving elements of machines (shafts, axles)
by means of contact surfaces between which sliding friction occurs.

LGA-T.2 CONSTRUCTIVE STRUCTURE

Lubricant

g\\\\\\‘-\\\\\\.

.

Fig. LGA-T.2.1 Main structure of sliding bearings [Jula, 1989]: a — radial bearing in cross-section; b — radial bearings in axial section

LGA-T.3 AREAS OF USE, ADVANTAGES AND DISADVANTAGES

Areas of use

Compared to rolling bearings, sliding bearings are used less frequently, in specific fields and conditions:
- high specific loads (e.g. over 2 MN) with significant shocks and vibrations;

- very high speeds (e.g. n > 10000 rpm), at which the durability of rolling bearings is reduced;
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very precise guidance is required;

very large radial overall dimensions are required, for which rolling bearings are not manufactured in series;

the cost of a sliding bearing is lower than that of a rolling bearing;

in humid conditions and aggressive environments, in which rolling bearings cannot be used;

in slow-running (e.g. n < 10 rpm) and lightly loaded mechanisms.

Tab. LGA-T.3.1 Advantages and disadvantages of sliding bearings [Radulescu, 1985]

Advantages’ Disadvantages’

- operation at very low relative speeds, at which the use of rolling bearings can - higher friction losses, especially at start-up

lead to permanent local deformations of the raceways; - larger overall size in the axial direction

- high wear resistance; - sometimes insufficient centering of the elements forming the kinematic pair

- they can operate at high and very high speeds, at which rolling bearings would | - relatively imprecise guidance due to the relatively large clearance between

have very low durability; journal and bearing bush

- operation with low vibration and noise; - lower degree of standardization

- small radial overall dimensions; they can be made in very small sizes; - high lubricant consumption

- they allow kinematic pairs whose elements cannot be mounted axially - relatively complicated constructions

(crankshafts) - wear of the contact surfaces of the kinematic pair can lead to the
replacement or repair of complex parts (shafts)

" Compared to rolling bearings

LGA-T.4 CLASSIFICATION

Tab. LGA-T.4.1 Classification of bearings

Criterion Type Scheme
Type of relative motion in the pair Rotational Fig. LGA-T.4.1
Translational (guideway) Fig. LGA-T.4.2
| Type of relative motion With sliding Fig. LGA-T.4.1,a...d; Fig. LGA-T.4.2,a,b,c
With rolling Fig. LGA-T.4.1,f,g,h; Fig. LGA-T.4.2,d,e
Hybrid (with sliding and rolling) Fig. LGA-T.4.1,ij
| Type of lubricant Lubricated with oil or grease Fig. LGA-T.4.1; Fig. LGA-T.4.2
Gas lubricated
| Friction regime With boundary or mixed friction Fig. LGA-T.4.1,a...h; Fig. LGA-T.4.2,a,b,c
With fluid friction Fig. LGA-T.4.1; Fig. LGA-T.4.2
| Way of achieving fluid friction Hydrodynamic (HD) or gas-dynamic (GD) Fig. LGA-T.4.1,a
Hydrostatic (HS) or gas-static (GS) Fig. LGA-T.4.1,ij
Elastohydrodynamic (EHD) Fig. LGA-T.4.1,f...i; Fig. LGA-T.4.2,d,e
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Hybrid Fig. LGA-T.4.1,ij

| Shape of the friction surface Cylindrical Fig. LGA-T.4.1,a
Conical Fig. LGA-T.4.1,c
Spherical Fig. LGA-T.4.1,d
Plane Fig. LGA-T.4.2,a,b,d,e

| Direction of the force Radial Fig. LGA-T.4.1,a,c...j
Axial (thrust) Fig. LGA-T.4.1,b,e
Radial-axial Fig. LGA-T.4.1,c,d,f,i
Axial-radial

| Position on the shaft or axle End (journal) bearings Fig. LGA-T.4.1,a,c,e
Intermediate Fig. LGA-T.4.1

| Type of support Rigid Fig. LGA-T.4.1
Elastic
Self-aligning (oscillating) Fig. LGA-T.4.1,h
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Fig. LGA-T.4.1 Rotational bearings: a — sliding, radial; b — sliding, axial (thrust); ¢ — sliding, conical; d — sliding, spherical; e — rolling, axial; f— rolling, radial-axial; g
— rolling, radial self-aligning; h — combined, rolling and mixed friction; i, j — combined, rolling and hydrostatic sliding
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Fig. LGA-T.4.2 Translational bearings (quideways): a — sliding, with rectangular profile; b — sliding, with triangular (dovetail) profile; ¢ — sliding, with circular profile;
d — rolling, with non-recirculating rolling elements (balls or rollers); e — rolling, with recirculating rolling elements (balls or rollers)

LGA-T.5 MATERIALS AND TECHNOLOGIES

Antifriction materials for bearing bushes

Characteristics: high wear resistance; low coefficient of friction, to reduce friction losses; capacity to accept local plastic deformations; high contact fatigue strength;
scuffing (seizure) resistance; high thermal conductivity; low coefficient of thermal expansion; adherence of the lubricant; corrosion resistance.

Ferrous metallic materials for bearing bushes: cast irons — grey Fc, with nodular graphite Fgn, malleable Fma or manganese Fmn; they are obtained by casting;
they are used for solid bushes with abundant lubrication; they are not suitable for high speeds and behave poorly under shock loads.

Non-ferrous metallic materials for bearing bushes: bronzes — CuSn, CuPbSn, CuPb; Cu alloys with Sn and Pb are used for multilayer bushes obtained by casting,
and Al alloys — AISn, AlPb, AICuPb — for multilayer bushes obtained by cladding; they are used in the construction of solid bushes for high loads and speeds.

Non-metallic materials for bearing bushes: textolite — as solid bushes it is corrosion resistant (water lubrication) and damps shocks; wood — oak — pressed and
impregnated; plastics — bakelites (thermosetting), for solid bushes, and Teflon or polyamides — with self-lubricating properties; rubber — vulcanized multilayer bush
(water lubrication); graphite; ceramics — solid bushes made of fine ceramics; precious stones — in precision mechanics;

Sintered materials can be: soft, based on FeC, FeCu, CuPb, AICuPb, used for solid, porous and self-lubricating bushes made as thin multilayers; hard, based on
metal carbides, used for gas bearings.

Composite materials: metal backing of steel strip, a sintered layer (bronze) and a solid lubricant.

Antifriction materials for journals (pads)

In most cases, the journals (pads) are made of the same material as the axle or shaft they belong to, mainly case-hardening or quenched and tempered carbon
steels. To the requirements imposed on shaft and axle materials are added: high wear resistance; appropriate surface finishing.
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It is recommended that the hardness of the journal be 3...5 times greater than that of the bush; this ratio ensures proper operation even when lubrication is deficient.
For bush materials with hardness < 300 HB, hardening of the journal is no longer necessary. The more important unhardened journals are vibro-burnished, while
journals hardened by quenching or by case hardening and quenching must be ground.

LGA-T.6 FORMS AND CAUSES OF REMOVAL FROM SERVICE OR IMPROPER

BEHAVIOR

Tab. LGA-T.6.1 Forms and causes of improper behavior or removal from service

Forms Consequences Occurrence Causes Manifestation Avoidance
Damage of the Improper behavior Mainly in bearings with semi- | Wear Non-uniform motion with | Limiting wear
active surfaces dry lubrication vibration and noise
Scuffing (seizure) Removal from service | Mainly in bearings with Catastrophic wear Interruption of the relative | Limiting the temperatures and
improper lubrication at high motion (locking) the maximum static or fatigue
loads and speeds stresses to permissible values;
Ensuring proper lubrication

LGA-T.7 FUNCTIONAL AND CONSTRUCTIVE PARAMETERS

Tab. LGA-T.7.1 Shapes and functional parameters of bearing bushes

Shape Type Parameters Description, uses
Bush Solid, thick-walled Used in the construction of non-dismountable radial bearings,
usually at the shaft end;
Solid, thick-walled, with collar d,l,d, b Simple manufacturing technologies — machining of a cast or

rolled blank; low deformability

Wrapped, thin-walled

| Half-bush (half shell)
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Fig. LGA-T.7.1 Shapes of bearing bushes: a — bush; b — bush with collar; ¢ — thin wrapped bush; d — half-bush; e — half-bushes
[http://ro.wikipedia.org/wiki/cuzinet]; f— bush with lubrication pocket; g — half-bushes with lubrication pockets; h — bush with annular lubrication groove
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LGA-T.8 CALCULATION MODELS

LGA-T.8.1 CALCULATION MODELS (SIMPLIFIED) OF BEARINGS WITH DRY, BOUNDARY OR MIXED FRICTION

LGA-T.8.1.1 Simplified calculation model of radial bearings

n
*
. —
N : h
'\'I// 4
A
g - ——- I_B/z g T
F,
| F’U
TP o
Pm [ 3 I '1,1’,.1’,;, 3
\‘\J \
\{| P==
a b

Fig. LGA-T.8.1.1.1 Simplified calculation model of the radial bearing: a —
calculation scheme; b — axial section with coaxiality deviations

Assumptions:

- the journal is considered a straight beam fixed in the adjacent section of the
shaft;

- the contact surfaces are considered smooth and non-deformable;

- the contact pressure, pm, is considered uniformly distributed (clearances,
machining and assembly errors and wear are not taken into account);

- the coefficient of friction is considered constant;

- chamfers and fillets are neglected;

- the journal and the bush are considered coaxial.

Calculation of the mean contact pressure

From the equilibrium equation of the forces in the direction of the radial force,

F.= E:jz dF cosa = f:riz P Bg da cosa = g Pm d B f:riz cosa dat _

P, dB
the verification relation for the contact pressure results,

OM2 - LGA-EN - Chapter 4

For an accepted volume of worn material V, and an imposed durability L,

taking into account relation (LGA-T.8.1.2), the verification relation is

determined,

PVm < (PV)au (LGA-T.8.1.3)

where (pv)au [MPa-m/s] is the permissible pressure-velocity product from the

point of view of the wear imposed over a period of time Ly; its values depend

on the materials in contact (annex LGA-P.1.1).

Thermal calculation

Model 1 (summary verification)

The heating of the bearing is determined by the specific power (per unit of

contact area) lost by friction,

P Fiw Frwv 7

Py=-L="f _wFrv _upmdBw — 1 puV.
dB dB  dB dB (LGA-T.8.1.4)

Considering the coefficient of friction y constant, the product pmv in the

relation above is an indicator of the heating level, and for verification,

PmV < (pV)aT,

where (pv)ai, the permissible pressure-velocity product from the point of view

of the admitted heating, has values obtained experimentally for different

materials and fields of use.

Model 2 (determination of the mean temperature of the bearing (oil))

The heat balance equation,

P: = Qc,

where Ps is the power lost by friction and Q¢ the heat dissipated through the

bearing housing to the environment, becomes in explicit form,

d
F.pw 5= & A(T-T,) (LGA-T.8.1.5)

where p is the coefficient of friction, T — the mean temperature of the
bearing, including the lubricant; To — the ambient temperature; ac — the
overall heat transfer factor through the bearing housing; A — the area of the
outer surface of the housing; w = 1mn/30, the angular velocity of the journal
(speed n [rpm]). From this relation the mean temperature is determined,

Page 4-10



LGA - SLIDING BEARINGS

LGA-T - Construction and modeling of sliding bearings

Fy

Pm = 4p = Pa , (LGA-T.8.1.1)

where the permissible pressure Pa, is adopted depending on the materials in
contact (annex LGA-P.1.1) or from the condition that the lubricant is not squeezed
out; for the design of non-standard bushes B/D < 1.2 is adopted (for larger values
the non-uniformity of the contact pressure distribution in the axial direction
increases, fig. LGA-T.8.1.1.1,b)

Wear (durability) calculation

The volume of material removed by wear,

Vu=kE l=kdBp,VLy1cAT812)
where | = v L, is the length travelled by a point on the outer surface of the journal, k

— proportionality factor depending on the pair of materials and on the lubrication
conditions; L, — operating life, v — peripheral speed.

LGA-T.8.1.2 Simplified calculation model of axial (thrust) bearings

p mdF

60acA . (LGA-T.8.1.6)
where T, is the permissible temperature.
Bending calculation of the journal
In the case B/D > 1, maximum bending stresses can occur in the area of the
stress concentrator created by the step in diameters,
E

M: Fpl Fro 16 F. B
0= =~ = gai = S O

W, W -2 d

32 . (LGA-T.8.1.7)

Note. For shafts with increased flexibility, in relation (LGA-T.8.1.7) the force
arm | is considered equal to the journal length, B.

T:T{)‘l‘

—_— a

ng ® Assumptions:
pma.\ = °°
(theoretically

const. (p r = const.);

Pmin

| \\\\k&s\l

- the hyperbolic dependence of the contact pressure on the radius leads to increased pressures

t:'c’) in the centre of pivots with circular cross-section (fig. LGA-T.8.1.2.1,a); to avoid this
disadvantage, pivots with annular cross-section are used in practice (fig. LGA-T.8.1.2.1,b);
- for the operating period, non-uniform wear of the surfaces in contact can be considered, pv=p wr =

- for the initial operating period (running-in), a constant pressure distribution p = const. can be
considered (fig. LGA-T.8.1.2.1,c).
Calculation of pressures under the assumption of non-uniform pressure (fig. LGA-T.8.1.2.1,b)
From the equilibrium of the forces in the axial direction,

OM2 - LGA-EN - Chapter 4
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() De/2 Da/2
Q% F.=J, pdA = fDia’E p 2nrdr = 27op fDiFE dr= mrp (D.— D))
UFa the pressure relation results
Fy
e p=—"—
| mr (De—Di) A T817)
= i from which, for r = De/2 and r = Di/2, one obtains,
1 L INPLE,| 4 2F 2F
iy Py Ci Pmin = = Pmax = —— = Pa
' ¥ T Dg (Dg—Dy) and, respectively, 7 Dj (De—Dy)
b\\\' T !V‘ 4 Calculation of pressures under the assumption of uniform pressure (fig. LGA-T.8.1.2.1,c)
d
P=m 5,70 = Pa
—{Dz -
[ \\ 4( e~Di) (LGA-T.8.1.8)
) Thermal calculation
] ? PmV < (PV)ai,
Q’” d L4 The mean temperature of the bearing is determined as in the case of the radial bearing (LGA-T.8.1.6),
u mndF
3 dr T=T, + —
0 — La
| _ 60ac A (LGA-T.8.1.9)
¥ where d = D, = (De + Di)/2 is the mean diameter.
b Wear (durability) calculation
gD /Pad PV < (PV)au (LGA-T.8.1.10)
m
Q il
S . : HHAN), o
\J d % \\ \, ‘ \
H 1. 7.5.,_‘).
L — T T i
D;
De BOdy
L
Thrust bush
c
Fig. LGA-T.8.1.2.1 Simplified calculation models of
axial bearings: a — bearing with circular contact surface
and non-uniform pressure; b — bearing with annular
contact surface and non-uniform pressure; ¢ — bearing
with annular contact surface and uniform pressure
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Lubrication

Recesses or

TS
s
Aleterts

Lubrication
- grooves

a b
Fig. LGA-T.8.1.2.2 Constructive solutions of axial bearings: a — with transverse lubrication grooves; b — with radial lubrication grooves; ¢ — with pockets
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LGA-T.8.1.3 Simplified calculation models of spherical bearings

Dn

Assembly slots

Fig. LGA-T.8.1.3.1 Simplified calculation models of spherical bearings (joints): a —
with non-standard structure; b — with standard structure

OM2 - LGA-EN - Chapter 4

Pressure calculation for standard joints (fig. LGA-T.8.1.3.1)
Assumptions:
- the spherical journal is considered cylindrical, with the mean diameter

Dm="0.9d;
- itis considered loaded only by the radial force.
Mean pressure

FJ" FJ"
Pm=——=— <D
™ Dml  @Dh ? (LGA-T.8.1.11)
¢=1Dn 07

Durability calculation for standard joints
The verification relation,

P=C, (LGA-T.8.1.12)

where P is the equivalent dynamic load, P = F; + YF,, with Y equal to 6 for
static loads and 12 for dynamic loads, and C is the dynamic load rating
(from the catalogue), defined as the radial load that the spherical journal

can carry without being damaged by scuffing when it oscillates through +
30°, for 5000 cycles at a contact pressure of 250 MPa (Csoo0) or for 10000
cycles at a contact pressure of 20 MPa (Csooo).
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4 6 3

Construction and operation:

The force is transmitted from arm 8, by friction in the conical press-fit
assembly, to the spherical journal 1 and then, by shape, to the spherical
bearing made of two hemispheres machined in body 2 and in half-bush 3,
to the other arm, which is integral with body 2. The conical press-fit
assembly is tightened with the castellated nut 9, which is secured with a
split pin (cotter pin). Permanent contact in the spherical joint is ensured by
the conical helical spring 6, supported on the support washer 5. The
spherical joint is lubricated with grease through the ball lubricator 4. The

F

vehicles

Fig. LGA-T.8.1.3.2 Spherical joint of the steering-suspension mechanisms of motor

joint is sealed with the boot (bellows) 7.

I LGA-T.8.2 CALCULATION MODELS OF BEARINGS WITH FLUID FRICTION

LGA-T.8.2.1 Calculation models of hydrodynamically lubricated bearings

LGA-T.8.2.1.1 Calculation model of hydrodynamic radial bearings

a b c d

Fig. LGA-T.8.2.1 Formation of the lubricant film: a — rest; b — start-up and
low speed; ¢ — development of the lubricant film; d — very high speeds
(theoretical case)

OM2 - LGA-EN - Chapter 4

Formation of the load-carrying lubricant film:

a. the journal is at rest; direct metal-to-metal contact occurs between the surfaces in
the lower zone (fig. LGA-T.8.2.1,a);

b. start-up of the journal; direct contact and dry or semi-dry friction at low speed (fig.
LGA-T.8.2.1,b);

c. the speed increases and, starting from a limit value, the lubricant film develops; as a
result of the wedge effect conditions, the lubricant is entrained in the direction of
motion (fig. LGA-T.8.2.1,c) and there is a gradual transition from dry friction to mixed
friction and finally to fluid friction (fig. LGA-T.8.2.2,b);

d. at extremely high speeds the relative position of the surfaces in contact continues to

change (the thickness of the lubricant film increases); theoretically, for n — ':'O, the
journal and the bush become concentric.
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Calculation assumptions:

- the conditions of hydrodynamic lubrication exist: the wedge geometry due to
the journal-bush clearance; lubricant is present in the contact zone and there is
a relative rotational speed between journal and bush;

- the journal is considered very long (unidirectional fluid flow);

- the effects of centrifugal forces are neglected

Calculation parameters: d — journal diameter; D — bush diameter; B — bush
width; h — lubricant film thickness in an arbitrary section; e — eccentricity; j = (D-
d)/2, diametral clearance; W = (D-d)/d = j/d, relative clearance; € = e/(j/2),
relative eccentricity; & = ho/(j/2), relative minimum thickness (& + € = 1); ho, h, hm
— lubricant film thicknesses (minimum, current and, respectively, corresponding
to the maximum pressure, pm); a, a1, 02, 0m — current, inlet, outlet angle and,
respectively, angle corresponding to the maximum pressure; F, — radial force

N

u
|
Boundary or
mixed friction

Fluid friction

Fig. LGA-T.8.2.2 Calculation model of hydrodynamic radial bearings: a — calculation scheme, b — associated Stribeck curve

Calculation model of the hydrodynamic lubrication parameters
Particularization of the Reynolds equation (see rel. ETB-T.4.3.1.1) for
hydrodynamic radial bearings, considering x = d/2 a, dx = d/2 da, v = w d/2 and
the variation of the lubricant film thickness (fig. LGA-T.8.2.2,a),
D d D—d
h ¥o— S —ecosa = e (E——c?r_)scx)= e (¢ — cosa)
=3
becomes,

1 9 ( 3 3 5"?5’) _
d/2 da (E CDS{I) da
(LGA-T.8.2.1)

By integrating this equation twice with respect to the angular variable a, the
pressure variation inside the lubricant film is obtained, p = p(a, d/2, w, €, n).
The load-carrying capacity of the lubricant film is obtained by integration, as the
sum of the pressures distributed over the contact surface,

d
—67nw o (e(e — cosa))

Friction torque

d d d

Ms=Fso = peFro =ce ¥ Fro,
(LGA-T.8.2.6)

where c; = Yo/¥Y = 2 2 S is the friction loss coefficient [Olaru, 2002]; the sliding
friction coefficient, yr=ctW=2mSW¥Y =21 nnpm V.
Thermal calculation model of the hydrodynamically lubricated bearing
The heat balance equation,
P: =W, + W2 (LGA-T.8.2.7)
expresses the equality between the power lost by friction, Ps, and the sum of the
heats W1 and W2 removed and transferred to the lubricant (in circulation) and,
respectively, to the environment (atmosphere).
After explicitation, relation (LGA-T.8.2.7) becomes,

OM2 - LGA-EN - Chapter 4
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F,= faipsin(afl—rx][—i Bda=..=1-dBS
@y 2 2 (LGA-T.8.2.2)
where Sg is the Sommerfeld number or the load-carrying number, a
dimensionless quantity. In design, the load-carrying coefficient, Cp, = 1/So, is
frequently used.
Taking into account relation (LGA-T.8.2.2), the conventional mean pressure
results,
Fr nn

dB W2  (LGA-T.8.2.3)
When the mean pressure is known (from experimental determinations), from
relation (LGA-T.8.2.3) one determines,
g =Pm¥

nn  (LGA-T.8.24)
where n is the dynamic viscosity and n — the speed in rpm.
Fig. LGA-T.8.2.3 shows the dependence of the Sommerfeld number on the
relative minimum thickness, & = ho/(j/2), on the relative eccentricity, € = e/(j/2),
and on the ratio B/d. In design, knowing the value of the Sommerfeld number,
the minimum thickness of the lubricant film, ho, can be determined; it must be
greater than the sum of the roughnesses of the journal and the bush.
Fig. LGA-T.8.2.3 Variation of the relative minimum thickness, 6 = ho/(j/2), as a
function of the Sommerfeld number, S = n n/pm¥?, and of the ratio B/d [Olaru,
2002]

d

F.lfw 3= cq(T—-T)+ a. A(T—T,).
(LGA-T.8.2.8)

where c is the specific heat of the lubricant, q — the lubricant flow rate, T — the
mean temperature of the bearing, including the lubricant, T; — the oil inlet
temperature (T = T; + 5...8 °C), To — the ambient temperature, a. — the overall
heat transfer factor through the bearing housing, A — the area of the outer
surface of the housing; w = 1Tn/30, the angular velocity of the journal (speed n
[rpm]). In design, relation (LGA-T.8.2.8) is used to determine the operating
temperature T, which must be lower than the permissible operating temperature
of the oil, Ta = 60...80 °C
Note.
a. The radial clearance influences the operation, friction and heating of the
bearing; the clearance changes with the difference between the operating and
assembly temperatures; its value changes during operation, especially rapidly
during running-in; large clearances can lead to increased angular deformations
of the journals; relative clearance, W = (0.3...3) %/, for bearings with metallic
bushes; recommended fits for the journal-bush subassembly can be: H7/g6 or
H7/f7, for journals loaded at high pressures and operating at low speeds; H7/d8
or H7/e8 for journals operating at high speeds
b. The minimum thickness of the lubricant film, ho, must be greater than the
lower permissible limit determined by the manufacturing conditions (roughness)
of the surfaces and by the elastic deformation of the journal; for normal, carefully
machined bearings the condition for the existence of fluid friction can be
expressed as hg > 10 ym; the minimum permissible thickness of the lubricant
film, especially in the case of lubrication through an external circuit, must be
greater by the filtration level, 10...15 pm.
c. From the point of view of lubrication and cooling, hydrodynamic bearings can
have their own lubrication system and cooling through the bearing body, or
lubrication through an external circuit and cooling by the lubricant.
Fig. LGA-T.8.2.4 Hydrodynamic radial bearing with a solid bush fed through a
pocket

OM2 - LGA-EN - Chapter 4
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LGA-T.8.2.1.2 Calculation model of hydrodynamic axial bearings

Constructive forms

To obtain the self-supporting lubricant film (to obtain the hydrodynamic
wedge effect), the annular surface of the bush is divided into sectors: fixed
sectors (for a single direction of rotation), pivoted (tilting) sectors or
elastically supported sectors.

Calculation elements

The calculation is made by replacing the real sector with an equivalent
rectangular one of width B and length L = (1TDw/z - 1), considering, instead of
the rotational motion, a translational motion with the speed v = 1 Dm n/30,
where n [rpm] is the speed and D, = (De + Di)/2 is the mean diameter.

amtt::::h\\

a c

Fig. LGA-T.8.2.5 Shapes of the active zones of hydrodynamic axial bearings: a —
with fixed sectors; b — with pivoted movable sectors; ¢ — with elastically supported
movable sectors
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LGA-T.8.2.2 Calculation models of hydrostatically lubricated bearings

LGA-T.8.2.2.1 Calculation model of hydrostatic radial bearings

| Pressure distribution, F, =0

| —Pocket
Hydraulic unit

Fig. LGA-T.8.2.6 Functional scheme of hydrostatic radial bearings

Functional and constructive particularities:

- They are used for high loads and low speeds (when the self-supporting hydrodynamic
film cannot be achieved) and/or when increased precision is required (when hydrodynamic
bearings with imposed clearance are unsuitable); they have low friction, even at start-up.
- As aresult of the lubricant (oil) being introduced under pressure by the hydraulic unit
(supply installation), through the hydraulic restrictors R, into the pockets (recesses)
machined in the bush, a load-carrying lubricant film develops even in the absence of
rotational motion.

- To carry radial loads, partial (open) radial bearings can be used, which can operate
stably with a single pocket (unidirectional radial force), or complete radial bearings, which
can operate stably only with at least three pockets (usually 4 or 6 pockets, fig. LGA-
T.8.2.6).

Calculation particularities:

They are calculated similarly to hydrodynamic bearings:

- the load-carrying force,

- the lubricant flow rate,

- the power consumed by friction and pumping

LGA-T.8.2.2.2 Calculation model of hydrostatic axial bearings

OM2 - LGA-EN - Chapter 4
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TCR-T.1 DEFINITION

Belt drives are mechanical transmissions whose role is to transmit energy from a driving shaft to one or more driven shafts by means of an endless flexible traction
element, called a belt.

The transmission belt is an endless flexible element, made of non-metallic materials, which transmits the rotational motion and the load from a driving pulley to one or
more driven pulleys.

The belt pulley is the metallic element which transmits the load (by shape or by friction) from the input element to the belt (driving pulley) or, respectively, from the belt
to the output element (driven pulley).

TCR-T.2 CONSTRUCTIVE STRUCTURE

Input shaft Ourput shaft e f

. . ) g
Fig. TCR-T.2.1 Structure of a belt drive [Gafitanu, 2002] Fig. TCR-T.2.2 Types and structures of belts: a — \V/-belt with fabric tension member; b — V-belt with

textile cord tension member; ¢ — V-belt with cable-type tension member; d — toothed (synchronous)
belt; e — double V-belt (hexagonal); f— wide toothed V-belt; g — multiple (banded) V-belt; h — multi-
ribbed belt (poly-V)

Note. Meanings of the components in fig. TCR-T.2.1: 1 — driving pulley; 2 — belt tensioning system (mechanism actuated by the weight G); 3 — belt; 4 — driven
pulley.

Meanings of the parts in fig. TCR-T.2.2: 1 — tension member (made of textile, metallic or plastic materials); 2 — supporting structure (usually made of rubber); 3 —
protective cover in one or more layers (usually made of rubberized fabric).
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TCR-T.3 AREAS OF USE, ADVANTAGES AND DISADVANTAGES

Main areas of use: transmissions of motor vehicles, agricultural machines, tractors, technological equipment, machine tools, etc. In general, they are used in almost
all transmissions in which the overall-dimension conditions require large distances between the pulleys.

Tab. TCR-T.3.1 Advantages and disadvantages of belt drives [Radulescu, 1985]

Advantages’ Disadvantages’
- rotational motion and power can be transmitted over a distance; - large overall dimensions compared to gear transmissions;
- smooth, noiseless operation; - limited load-carrying capacity;
- damping of shocks and vibrations; - elastic slip (in the case of friction drives);
- protection of some components against overloads; - they induce high loads in shafts and bearings, because a relatively high initial
- low manufacturing and assembly accuracy is required, so they are relatively tensioning force is required;
inexpensive; - limited durability (ageing of the rubber of the supporting structure and wear of
- several shafts can be driven simultaneously the protective cover); increased sensitivity to heat and humidity;
- they produce electrostatic charges
" Compared to other types of transmissions (gear drives, chain drives, etc.)

TCR-T.4 CLASSIFICATION

Tab. TCR-T.4.1 Classification of belt drives [Jula, 1986; Butnariu, 2009]

Criterion Type Scheme
Way of transmitting the load from the pulley to the By friction (asynchronous) — the case of V-belts, flat, round and ribbed belts | Fig. TCR-T.4.1,a,c
belt (or from the belt to the pulley) By shape (synchronous) — the case of toothed belts Fig. TCR-T.4.1,b
| Number of driven shafts With one driven shaft Fig. TCR-T.4.1,a,c
With several driven shafts Fig. TCR-T.4.1,b
| Type of belt tensioning system With permanent tensioning, without tensioning pulley Fig. TCR-T.9.1.1,a
With permanent tensioning, with (adjustable) tensioning pulley Fig. TCR-T.9.1.1,b,c
With automatic tensioning Fig. TCR-T.9.2.1
| Shape of the belt cross-section With flat belts Fig. TCR-T.4.1,c
With V-belts Fig. TCR-T.2.2,a,b,c,e,f,g
With multi-ribbed (poly-V) belts Fig. TCR-T.2.2,h
| Position of the pulley axes With parallel axes Fig. TCR-T.4.1,a,b
With crossed axes Fig. TCR-T.4.1,c
| Belt material Single material (leather, textile strips) -
Composite (with compound structures: tension member, supporting Fig. TCR-T.2.2
material, cover)
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| Number of belts With one belt Fig. TCR-T.4.1;4.2,e
With two or more belts Fig. TCR-T.4.2,a,b,c

| Shape of the belt pulley With one-piece pulleys (forged, cast) Fig. TCR-T.4.2,a
With multi-component pulleys (welded, mechanically assembled) Fig. TCR-T.4.2,b,c,d

a

Fig. TCR-T.4.1 Types of belt drives in relation to the positions of the pulley axes: a — with parallel axes and one driven pulley; b — with parallel axes and three
driven pulleys (toothed belt); ¢ — with crossed axes and one driven pulle

7,7
v : . ‘ b ‘ .c d -

Fig. TCR-T.4.2 Types of belt pulleys: a — forged or cast; b — welded; ¢ — assembled, non-dismountable; d — assembled, dismountable (adjustable); e — toothed

TCR-T.5 MATERIALS AND TECHNOLOGIES

Belts are elements with a complex structure, manufactured by specialized companies according to technologies that involve dedicated equipment.
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Belt pulleys are usually metallic structures: one-piece (fig. TCR-T.4.2,a), made of non-alloy carbon structural steels (S235, S275, S355) or non-alloy cast steels; multi-
component welded (fig. TCR-T.4.2,b), made of weldable steels (5235, S275, S355); multi-component assembled (fig. TCR-T.4.2,c,d), with components made of non-
alloy carbon structural steels or non-alloy quenched and tempered steels (C35, C45, C55). Toothed belt pulleys can also be made of aluminium alloys or sintered
materials.

TCR-T.6 FORMS AND CAUSES OF REMOVAL FROM SERVICE OR IMPROPER

BEHAVIOR

Tab. TCR-T.6.1 Forms and causes of improper behavior or removal from service

Forms Consequences Occurrence Causes Manifestation Avoidance
Damage of the Improper behavior Mainly in friction drives Wear of the cover Non-uniform motion Proper selection and
active surfaces of | (with irregularities, with vibrations; mounting; optimal tensioning
the belts vibrations and increased slip of the belt
noise)
Belt breakage Removal from Drives overloaded by static Exceeding the static or Interruption of the Limiting the maximum static or
service loads fatigue strength of the motion transmission fatigue stresses to permissible
Too large centre distances material of the supporting values, limiting the operating
lead to vibrations of the belt structure (rubber) overloads and/or the bending
spans frequency of the belt

TCR-T.7 FUNCTIONAL AND CONSTRUCTIVE PARAMETERS

I TCR-T.7.1 NARROW V-BELTS

Main geometric parameters of the V-belt (fig. TCR-T.7.1.1):
Lp R - Belt width, I, — the pitch width of the belt at the level of the tension fibres (which are neither
P compressed nor stretched during the operation of the belt).
o - Belt height, h.
1p ; - Belt angle (e.g. a = 400, for the classical V-belt).
J A - Beltlength, L, (pitch length, at the level of the tension fibres).
5 Ty - Number of grooves/belts, z.
= . Main geometric parameters of the V-belt drive (fig. TCR-T.7.1.2):

- Pitch diameter of the pulley (driving/driven), Dp1 2 — the virtual diameter of the pulley

14 corresponding to the tension fibre of the belt wrapped on the pulley.

o - Centre distance, A.
- Wrap angle of the belt on the pulley (driving/driven), B1.2.
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Fig. TCR-T.7.1.1 Geometric parameters of the V-belt

- Angle between the belt spans, y.

- Centre distance adjustment travel, X, for tensioning the belt.

v/2

- Centre distance adjustment travel, Y, required for mounting the belt.

Main kineto-static parameters of the V-belt drive (fig. TCR-T.7.1.2):
- Pulley speed (driving/driven), n1 .
- Nominal transmitted power, P.

- Nominal power transmitted by one belt, Po.

- Peripheral speed of the belt, v.

- Belt tensioning force, S..

- Transmission ratio, i = Dp2/Dp1 = n1/n2.

- Torque at the driving pulley (for one belt), M.

- Bending frequency of the belt, f.

—

Fig. TCR-T.7.1.2 Geometric parameters of the Vv-belt drive
without tensioning pulley [STAS 1163]

I TCR-T.7.2 TOOTHED BELTS

Fig. TCR-T.7.2.1 Geometric parameters of wide toothed belts with
trapezoidal profile: a — with teeth on one side; b — with teeth on both sides

Main geometric parameters of wide toothed belts (fig. TCR-T.7.2.1):
- Belt width, b.
- Belt height, h.
- Tooth profile angle, ac = 40° ... 50°.
- Belt length, L, (pitch length, at the level of the tension fibres).
- Belt pitch, p.
- Number of belt teeth, z; = Ly/p.
- Tooth thickness, s;.
- Tooth height, hs.
ain geometric parameters of a wide toothed belt drive (fig. TCR-T.7.2.2):
- Pitch diameter of the pulley (driving/driven), Dp1 2 — the virtual diameter of the pulley
corresponding to the tension fibre of the belt wrapped on the pulley.
- Outside diameter of the pulley (driving/driven), De1 2.
- Centre distance, A.
- Wrap angle of the belt on the pulley (driving/driven), B1,2.
- Angle between the belt spans, v.
Main kineto-static parameters of a wide toothed belt drive (fig. TCR-T.7.2.2):
- Pulley speed (driving/driven), n1,2
- Nominal transmitted power, P
- Peripheral speed of the belt, v

OM2 - TCR-EN - Chapter 5
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Fig. TCR-T.7.2.2 Geometric parameters of the wide toothed belt drive

- Transmission ratio, i = Dp2/Dp1 = na/n2
- Torque at the driving pulley, Mio

To be continued...
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TLA-T.1 DEFINITION

Chain drives transmit the torque from a driving shaft to one or more driven shafts by means of an articulated metallic traction subassembly, called a chain, which

meshes with sprockets mounted on the shafts.

The chain is a flexible (articulated) subassembly made of metallic materials, which transmits the rotational motion and the torque, by shape, from a driving sprocket to

one or more driven sprockets.

The sprocket (driving or driven) is the toothed metallic element which transmits the load, by shape, from an input element to the chain or, respectively, from the chain

to the output element.

TLA-T.2 CONSTRUCTIVE STRUCTURES

a b

Fig. TLA-T.2.1 Chain drives for the timing (valve-train) mechanisms of internal
combustion engines: a — with one driven sprocket; b — with two driven sprockets

OM2 - TLA-EN - Chapter 6

Operation and construction:

Variant in fig. TLA-T.2.1,a

The torque is transmitted from the crankshaft to the driving sprocket 1
and, by shape, to the chain 2 and to the driven sprocket 3, mounted on
the camshaft. The chain is tensioned by sprocket 5, pressed with a
constant force by a helical spring system. The oscillations (vibrations) of
the driving span are reduced by means of the guide shoe 4.

Variant in fig. TLA-T.2.1,b

The torque is transmitted from the crankshaft to the driving sprocket 1
and, by shape, to the chain 2 and to the driven sprockets 3 and 4. The
chain is tensioned by shoe 6. The oscillations (vibrations) of the driving
span are damped by means of the damping shoe 5.
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TLA-T.3 AREAS OF USE, ADVANTAGES AND DISADVANTAGES

Main areas of use: agricultural machines, tractors, technological equipment, transport vehicles (mopeds, motorcycles, bicycles, etc.), internal combustion engines.

Tab. TLA-T.3.1 Advantages and disadvantages of chain drives

Advantages”

Disadvantages’

- they can be used over a wide range of centre distances;

- high torques can be transmitted;

- constant mean transmission ratios (no relative slip);

- high efficiency (n = 0.95...0.98);

- lower shaft loads than in the case of belt drives;

- operation under various operating conditions (humidity, high temperatures)

- non-uniform motion of the driven sprocket(s), due to the polygonal wrapping
of the chain on the sprocket, which produces additional dynamic loads,
vibrations and noise in operation;

- tensioning systems are needed to ensure the meshing of the chain with the
sprocket, to reduce vibrations and to compensate for the wear of the joints;

- higher manufacturing and assembly accuracy and more demanding
maintenance than in the case of belt drives

" Compared to other types of transmissions (gear drives, belt drives, etc.)

TLA-T.4 CLASSIFICATION

Tab. TLA-T.4.1 Classification of chain drives

Criterion Type Scheme Notes
Purpose of use Hoisting Fig. TLA-T.4.2,a The chain has welded links; it operates at low speeds (v <
0.25 m/s); low manufacturing and assembly accuracy
Conveying Fig. TLA-T.4.2,b The chains (with link plates, scrapers, hooks, etc.) are parts of
mechanical conveyors with speeds v <4 m/s
Power transmission with constant Fig. TLA-T.4.2,c The torque is transmitted by shape from the driving sprocket
transmission ratio to the chain and from the chain, also by shape, to the driven
sprocket
Power transmission with variable Fig. TLA-T.4.2,d The torque is transmitted by shape or by friction from the
transmission ratio driving wheel to the chain and from the chain, also by shape
or by friction, to the driven wheel
| Number of driven shafts With one driven shaft Fig. TLA-T.2.1,a
With two or more driven shafts Fig. TLA-T.2.1,b
| Type of chain tensioning With tensioning sprocket Fig. TLA-T.2.1,a With mechanical (manual, adjustable spring) or hydraulic |
system With tensioning shoe Fig. TLA-T.2.1,b actuation
Type of chain Pin chains with single or multiple link Fig. TLA-T.4.3,a,b Transmission chains with pin — inner link plate joints; the
plates sprocket-chain meshing takes place by sliding; used for small
loads and low speeds (v < 0.3 m/s)

OM2 - TLA-EN - Chapter 6
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Bush chains Fig. TLA-T.4.3,c Chains with pin-bush joints; the sprocket-chain meshing takes
place by sliding; low speeds (v < 3 m/s)
Roller chains Fig. TLA-T.4.3,d The sprocket-chain meshing takes place by rolling
Toothed (silent) chains Fig. TLA-T.4.3,e The torque is transmitted by the conformal contact between
the toothed link plate and the sprocket flank
| Number of strands With one strand (simplex) Fig. TLA-T.4.3,d Transmission of small torques
With two or more strands Fig. TLA-T.4.4 Transmission of higher torques
Su'ppon_and Driving
guide rail sprocket
Direction-changing
Driven sprocket
Lifted Actuatng
load force
a b c d
Fig. TLA-T.4.2 Types of chain drives: a — hoisting; b — conveying; ¢ — for torque transmission with constant transmission ratio; d — for torque transmission by shape
with variable transmission ratio
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a b c d e
Fig. TLA-T.4.3 Types and structures of chains (1 — outer link plate, 2 — inner link plate, 3 — pin, 4 — bush, 5 — roller): a — with pins (Gall type) and single link plates;

b — with pins (Gall type) and multiple link plates; ¢ — with pins, link plates and bushes; d — with pins, link plates, bushes and rollers; e — with toothed link plates, pins
and segmented bushes

a b c d

Fig. TLA-T.4.4 Structures of chain drives with several strands: a — chain with two strands (duplex); b — sprocket with two rows of teeth; ¢ — chain with three strands
(triplex); d — sprocket with three rows of teeth

TLA-T.5 MATERIALS AND TECHNOLOGIES

Chains are subassemblies with a complex structure, manufactured by specialized companies according to technologies that involve dedicated equipment; the link
plates are made of cold-rolled flat strip of non-alloy (C45, C50) or alloy (40Cr10, 35CrNi15) quenched and tempered steels, hardened and tempered to 270...350 HB;

the joint elements (pins, bushes and rollers) are recommended to be made of case-hardening steels (C15, C20, 13CrNi35, etc.), carburized and hardened to 45...60
HRC.

Sprockets are usually metallic structures which, for lightly loaded drives, are made of non-alloy quenched and tempered carbon steels (C35, C45, C50) or, for high
loads and speeds, of case-hardening steels (C15, C20, 13CrNi35, 15Cr07, 17MoCr10, etc.) with a hardness after treatment of 48...58 HRC.
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TLA-T.6 FORMS AND CAUSES OF REMOVAL FROM SERVICE OR IMPROPER

BEHAVIOR

Tab. TLA-T.6.1 Forms and causes of improper behavior or removal from service

Forms

Consequences

Occurrence

Causes

Manifestation

Avoidance

Damage of the active
surfaces of the chain
and sprockets

Improper behavior
(with irregularities,
vibrations and
noise)

In all properly calculated
and manufactured chain
drives

Wear of the joint elements
(pins, bushes or rollers) and/or
of the active surfaces of the
sprocket teeth; in limit
conditions, scuffing (seizure)
may occur

Elongation of the
chain and incorrect
meshing of the
sprocket with the
chain

Limiting by calculation the
pressure in the joints to
values accepted by the
lubricant film; improving the
lubrication conditions

Breakage of the chain
elements or of the
sprocket teeth;
cracking of the rollers

Removal from
service

At the holes, in the case
of heavily loaded chains
operating at high speeds

Exceeding the tensile strength
of the link plate material or the
shear strength of the pin
material; exceeding the
bending strength of the pin,
sprocket or bush materials

Interruption of the
motion transmission

Limiting by calculation the
tensile, shear and/or
bending stresses to
permissible values; limiting
by calculation the operating
speed to permissible values

TLA-T.7 FUNCTIONAL AND CONSTRUCTIVE PARAMETERS

C

Fig. TLA-T.7.1 Geometric parameters of the sprocket: a — wrapping scheme on the
sprocket; b — front view; ¢ — axial section

OM2 - TLA-EN - Chapter 6
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Fig. TLA-T.7.2 Geometric and kineto-static parameters of a chain drive

TLA-T.8 CALCULATION MODELS

Main geometric parameters of the chain:

- pitch, p — the distance between the centres of two consecutive joints;
- number of joints (links), z;

- chain length, L =z p;

Main geometric parameters of the sprockets (fig. TLA-T.7.1):

- chordal pitch, p (the same as the chain pitch);

- angular pitch, a12 — the central angle corresponding to the chordal
pitch (a12 = 211/z12);

- numbers of teeth of the sprockets (driving/driven), z1,2;

- pitch circle diameters of the sprockets (driving/driven), Dg1,2 — the
diameters of the circles on which the centres of the joints lie;

- outside diameters of the sprockets (driving/driven), De1,2;

- root diameters of the sprockets (driving/driven), D 2;

- sprocket width, b.

Main geometric parameters of the chain drive (fig. TLA-T.7.2):

- centre distance, A;

- wrap angles of the chain on the sprockets (driving/driven), B1,2;

- angle between the chain spans, y.

Main kineto-static parameters of the chain drive (fig. TLA-T.7.2):

- sprocket speeds (driving/driven), n12;

- torques (powers) at the sprockets (driving/driven), M1 2 (P1,2);

- mean chain speed, Vm;

- transmission ratio, i = n1/n2 = Dg2/Dd1 = z2/z4

I TLA-T.8.1 CALCULATION MODELS OF CHAIN DRIVES WITHOUT TENSIONING SPROCKET

TLA-T.8.1.1 Calculation model of the geometric parameters

Tab. TLA-T.8.1 Calculation relations of the geometric and functional parameters

Calculation relations of the geometric parameters (fig. TLA-T.7.2)
Pitch diameters of the D - _P (TLA-T.8.1.1)
di.z s M PV
sprockets sin_— Dgy 5 ™ - Zy 4
Angle between the spans of _ .o Daz~Day - DaeDas o P o (TLA-T.8.1.2)
the drive Y = 2 arcsin 24 ;' 24 27mA (z2 —21)
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4 2

i _ _ , Dgo—D — Dgo—-D - -T.8.1.
Wrap angles of the chain on [312 - F ‘1’}'2 = 1 T arcsin—g2 P o o + Dae=Dar _ DZp— % (TLA-T.8.1.3)
the sprockets . ZA A T & (the upper sign
corresponds to the first index)
- D D
Chain Iength L = le + Lﬁl + LEE = 2A CGSE + Bl% + BZ % _ (TLA-T814)
y P 1 (p z
2 cos> +- (z, +24) + 2 (; (25 — zlj)
Considering cos(y/2) ™~ 1 - (y/2)2/2, it results (TLA-T.8.1.5)
2
~ p p(z2—2
L =28+2 G +2) +5(2 %)
Number of links L (TLA-T.8.1.6)
z=F
Centre distance r 5 (TLA-T.8.1.7)
p Z; + 24 Zy + 24 Z; — Z932
el SE D RLC =

TLA-T.8.1.2 Kinematic calculation model

“Vhmaxp—— i

Fig. TLA-T.8.1 Meshing (wrapping) of the chain on the sprocket during one angular pitch (¢ = 2m/z): a— @ =-1m/z; b— ¢ € (-1/2,0);,c—@— 0;d—¢@ — n/z

OM2 - TLA-EN - Chapter 6
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Fig. TLA-T.8.2 Variation of the velocity components of
the joint

OM2 - TLA-EN - Chapter 6

Assumptions:
- as a consequence of the polygonal wrapping of the chain, the meshing between the sprocket teeth
and the chain links generates an oscillating motion about their own joints;
- the angular velocity of the sprocket, w, is constant;
- the motion of the joint centre while the sprocket rotates through the angular pitch, a = 211/z, is
considered as a displacement along two directions: longitudinal (along the chain span), with the velocity
vi, and normal to the chain span, with the velocity vn;
- the resultant velocity of the joint centre is equal to the peripheral velocity of the sprocket,
D
— 2 2 _ HYd . _
Vp= Vit Vi=_w=ct
Calculation relations of the velocities in the current point 2 (fig. TLA-T.8.1,b):
Dg Dy
V1= v,cosp= 2 wcosy, ¥n = v,sing = 2 wsing, (TLA-T.8.1.8)
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drives

Fig. TLA-T.8.3 Modes of transverse
oscillation of the spans of chain

Note.
1. At the entry into mesh, point 1 (¢ = - 11/z, fig. TLA-T.8.1,a), the longitudinal velocity,

[}] T i) T R
Vi =" wcos (— —) = —% wcos (z—) = Vi min

=4
and the normal velocity,

Dg . T Dy . T v
w=— Wsin(—)=—— wsin(—) =— Vomax
Vo= (—)=—~ ()
2. At point 3, after half a pitch (¢ = 0, fig. TLA-T.8.1,c), the longitudinal velocity,
Dga .

and the normal velocity, v, = 0.
3. At point 4, after one pitch (¢ = 11/z, fig. TLA-T.8.1,d), the longitudinal velocity,

b] T R
Vi = =2 w cos (—) = Vimin
2 z

and the normal velocity

(the same as at the entry into mesh, at point 1),

. _ Dg . T .
Va= — SIn(—) =Vamax
2 z (equal to the value at the entry into mesh, at point 1).
4. The variation of the longitudinal velocity (along the chain span), v, is cyclic (fig. TLA-T.8.2), repeating at each rotation
sequence equal to the angular pitch (211/z); it produces accelerations and decelerations along the chain and, consequently,
the driven sprocket will have a non-uniform rotational motion (w2 # const.) with torsional oscillations, which introduces
periodic dynamic torsional loads in the transmission.
5. The normal velocity (perpendicular to the chain span), vn, varies with accelerations and decelerations and, therefore, with
dynamic loads which generate transverse oscillations of the chain span (fig. TLA-T.8.3); when a new link comes into
contact with the sprocket tooth, a shock occurs due to the jump of the velocity vi from -va max t0 Vi max-
6. Since the extreme values of the velocities vi and v, depend on the peripheral velocity (vp = w D4/2) and on the half-pitch
of the chain (11/z4), in order to reduce the dynamic loads (torsional and transverse) and thus to diminish vibrations (noise)
and even wear, chains with pitches as small as possible and a limited chain speed are recommended (usually v < 15 m/s;
max. 30 m/s for high-quality chains); to avoid transverse oscillations (vibrations), a chain tensioning system with a sprocket
(fig. TLA-T.2.1,a) and/or guidance with a shoe (fig. TLA-T.2.1,b) is adopted.
7. The mean speed of the chain, assuming a uniform displacement along the perimeter of the pitch polygon, is determined
with the relation
Dy TN Dg _mn p . zPn

Ym =0 = - R 1
2. 1000 20 2. 1000 30 2.1000 sin—- G0.1000

[m/s], (TLA-T.8.1.9)

where p [mm] is the pitch, w1/ns — the angular velocity/speed [rad/s / rpm] of sprocket 1 and z — the number of teeth of
sprocket 1;

Dy [mm] — the pitch diameter of the sprocket
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TLA-T.8.1.3 Kineto-static calculation model

a

Fig. TLA-T.8.4 Forces in chain drives: a — general scheme; b — detail for the
centrifugal force

Note.

The force loading the shafts of the chain drive is Fa = kg Fu, where kg = 1.05 for
horizontal drives, kg = 1.2 for drives with the axes in a vertical plane, and
intermediate values for other inclinations of the line of centres.

OM2 - TLA-EN - Chapter 6

Assumptions:
- the dynamic effects generated by the polygonal action (fig. TLA-T.8.1) are
neglected,
- friction is neglected.
Calculation relations
The maximum total force in the driving (tight) span, F+, from the equilibrium
condition of the driving sprocket,
D1 Dy

Fi—— F,— = My (

2 2 TLA-T.8.1.10)

2 Mti

F. =
is F1=F2 + Fy, where " Da1 s the useful force (to be transmitted).
The tensioning force in the slack span,

Fo=Fg+F qiats111)

where Fq is the tensioning force due to the own weight of the links of the
slack span of the chain and F. is the force due to the centrifugal forces of the
chain portions wrapped on the sprockets.

The tensioning force due to the own weight of the links of the slack spanin a
horizontal position,

Fa~®qQ A qaT81.12)
where q is the weight per unit length of the chain and A — the centre
distance.

z vE,

. m——
P _F _ "o _ "wamld_ 4 _avh
c . My T . Ty . [T - -
2 sm(—) 2 gin (—] gin (—) L g
z z z

, (TLA-
T.8.1.13)

where v, is the mean speed of the chain (TLA-T.8.1.9), p — the chain pitch
and m = p g/g, the mass of one link (g — gravitational acceleration)
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TLA-T.8.1.4 Strength calculation model

Fig. TLA-T.8.5 Strength calculation scheme

Assumptions:
- when manufacturing and assembly comply with the technical documentation, the main cause of failure is
considered to be the wear of the chain joints (it leads to chain elongation and improper operation);
- the wear resistance condition is expressed by the condition that the lubricant film between pin and bush or
between bush and roller is not crushed (squeezed out);
- the total force in the tight span is taken by the first tooth; dynamic loads are neglected.
Crushing calculation:
Mean pressure in the pin-bush contact zone (fig. TLA-T.8.5),
=

p=Ke— =p.
2% . (TLA-T.8.1.13)
Bearing (crushing) stress in the pin — outer link plate zone (fig. TLA-T.8.5),

3 |

F
= = = O
dpt 2Zdpt . (TLA-T.8.1.14)
Shear calculation of the pin,

Os

F
- 2F
= —7 = < Taf
mdy @ df
4 . (TLA-T.8.1.15)
Tensile calculation of the inner link plate in the bush zone
F
= F
Gt = i —= <0

t(Dz—dr) 2t(Dz—dr) m.(TLA-T.8.1.16)
Meanings of the parameters in relations (TLA-T.8.1.13...16): F = F4, the total force in the tight span; d, — pin
diameter; a — bush length; t — link plate thickness; D, — diameter of the inner link plate in the zone where it is
fixed on the bush; d; — outer diameter of the bush (inner diameter of the roller); pa — permissible crushing
pressure of the lubricant (10...15 MPa), established experimentally for average operating conditions (chosen
depending on the pitch and on the speed of the small sprocket); Gas = min (Casb, Tase), With Oasp the permissible
bearing stress of the pin material and 0ase the permissible bearing stress of the link plate material; Tar —
permissible shear stress of the pin material; 0.t — permissible tensile stress of the link plate material; ke —
service factor, whose purpose is to adapt the data of the drive being calculated to the data of the reference
drive for which the permissible pressure was determined experimentally.

Note. The service factor is recommended by chain manufacturers as a product, ke = kq ka ki kr ki, whose components depend on the nature of the transmitted load
(constant or with shocks), the centre distance, the inclination of the line of centres, the sprocket adjustment system (by moving one sprocket, pressure roller), the
lubrication system (drip, oil bath, etc.) and, respectively, the operating time (number of work shifts).
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TFR-T.1 FRICTION DRIVES WITH CONSTANT TRANSMISSION RATIO

I TFR-T.1.1 DEFINITION

Friction drives transmit the rotational motion and the torque from a driving element to one or more driven elements by means of the friction force, while the wheel-type
active elements, in direct contact, are pressed against each other with a normal force large enough to avoid slipping. Considering the type of the active elements,

these drives are also known as friction wheel drives.
Friction drives with constant transmission ratio are friction wheel drives in which the rotational motion and the torque are transmitted from the driving element to the
driven one, which runs at a quasi-constant speed; they have no possibility of changing the transmission ratio.

I TFR-T.1.2 CONSTRUCTIVE STRUCTURES

Friction wheel drives with constant transmission ratio can involve rotational motions only (fig. TFR-T.1.2.1,a,c) or also translational motions (fig. TFR-T.1.2.1,b). To
reduce the pressing force Q (reducing the wear and the loads of the adjacent elements), in the case of cylindrical drives, profiled wheels can be adopted (fig. TFR-
T.1.2.1,a, right-hand variant); they have conical contact surfaces and ensure a wedge effect, equivalent to a substantial increase of the coefficient of friction u (contact

between cylindrical surfaces) to the value p/sin(a/2).
Q

40+ +ETE 1IE

F/E | 1

—)— 5 -3 || L ri""*"’:* - e

% W Tz | e
" p

a b c a b c
Fig. TFR-T.1.2.1 Friction wheel drives with constant transmission ratio: a — Fig. TFR-T.1.2.2 Friction wheels: a — friction wheel with vulcanized rubber band;
cylindrical (with parallel axes), with line, point or profiled contact; b — for b — vulcanized rubber friction wheel; ¢ — assembled rubber friction wheel (for

transforming rotation into translation; ¢ — conical (with intersecting axes) profiled cylindrical drives)

I TFR-T.1.3 AREAS OF USE, ADVANTAGES AND DISADVANTAGES

Main areas of use:

- lightly loaded drives, especially with a kinematic role;
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- drives that require shock-free engagement/disengagement of the elements;

- drives loaded with relatively small loads, but which must operate at very high speeds or with very low noise and vibration levels.

Tab. TFR-T.1.3.1 Advantages and disadvantages of friction drives with constant transmission ratio

Advantages”

Disadvantages’

- operation with low vibration and noise levels;
- constructively simple solutions;
motion;

drive).

- protection of the drive against overloads occurring in operation;
- the drive can be used as a shock-free engaging/disengaging system during

- relatively low costs (for some solutions the cost is about 50% of that of a gear

assembly errors;

contact zone;

- the transmission ratio is not kept constant during operation, because of the
(geometric or elastic) slip in the contact zone and of the manufacturing and

- lower efficiency, especially compared to gear drives;
- increased and non-uniform wear of the active elements due to slip in the

- relatively low durability;
- high pressing forces are required, which load the shafts and bearings and,
therefore, lead to larger overall dimensions

" Compared to other mechanical drives (gear drives, belt drives, etc.)

I TFR-T.1.4 CLASSIFICATION

Tab. TFR-T.1.4.1 Classification of friction drives with constant transmission ratio

Criterion

Type

Scheme

Position of the friction wheel axes

Parallel

Fig. TFR-T.1.7.1.2,a,b

Intersecting

Fig. TFR-T.1.7.1.2,c

| Type of contact

Line contact

Fig. TFR-T.1.7.1.2

Point contact

Fig. TFR-T.1.2.1,a (middle variant)

| Type of pressing subsystem

With constant pressing force

Fig. TFR-T.1.7.2.1

With automatic (variable) pressing force

Fig. TFR-T.1.7.2.2, TFR-T.1.7.2.3

I TFR-T.1.5 MATERIALS AND TECHNOLOGIES

The main requirements that the materials used for the active elements of friction drives must meet are: contact strength; wear resistance; a coefficient of friction as

high as possible and constant in time.

Pairs of metallic materials characterized by high contact strength and wear resistance can be:

- hardened steel / hardened steel — for heavily loaded drives, which require high durability and operate with or without lubrication — characterized by minimum overall
size and high efficiency; they require high manufacturing and assembly accuracy, together with the reduction of the geometric slip, which could lead to scuffing;

- castiron / hardened steel — for drives operating with or without lubrication, with the advantage of increased scuffing resistance;

- castiron / cast iron — for drives operating with lubrication.

OM2 - TFR-EN - Chapter 7

Page 7-4



TFR - FRICTION DRIVES

TFR-T - Construction and modeling of friction drives

Pairs of non-metallic/metallic materials characterized by high coefficients of friction and increased elasticity — textolite, rubber, leather, etc./steel or cast iron — for

lightly loaded drives, operating without lubrication, characterized by large overall dimensions and lower efficiency; the non-metallic material is usually used as linings,

mounted (glued, vulcanized) on the driving element, to ensure uniform wear.

TFR-T.1.6 FORMS AND CAUSES OF REMOVAL FROM SERVICE OR IMPROPER BEHAVIOR

Tab. TFR-T.1.6.1 Forms and causes of improper behavior or removal from service

of the active elements by | irregularities, vibrations lubrication at high loads

Forms Consequences Occurrence Causes Manifestation Avoidance

Damage of the surfaces Improper behavior (with Lubricated drives Contact fatigue Microcracks and pits on Limiting the maximum

of the active elements by | irregularities, vibrations (pitting) the active surfaces contact stress to values

pitting and noise) accepted by the pair of
materials

Damage of the surfaces Improper behavior (with Drives with improper Scuffing Increase of friction and of | Limiting the operating

local temperatures; speed to permissible

abrasive wear and noise) and/or unsealed

scuffing and noise) and speeds microwelds and values

scratches on the active

surfaces
Damage of the surfaces Improper behavior (with Heavily loaded high-speed | Abrasive wear Scratches on the active Proper lubrication and
of the active elements by | irregularities, vibrations drives without lubrication surfaces sealing

I TFR-T.1.7 FUNCTIONAL AND CONSTRUCTIVE PARAMETERS

TFR-T.1.7.1 Functional parameters

The process of transmitting energy by friction is always accompanied by elastic slip and geometric slip.

Elastic slip is caused by the temporary change (only during contact) of the
geometry of the contact zone, which implies the transformation (elastic
deformation) of the theoretical (line or point) contact into a surface, as a result of
the normal pressing force Q and of the useful force F; transmitting the load.

The elastic slip factor can be determined with the relation,

: _Val_ Vi—Vp Wy — ol 1 Iy
g = = = L=

Vi Vi Wyl T (TFR-T1.7.1.1)
from which the transmission ratio is determined,

'z

i=
' 1 =% 1erT1.7.12)

where i = w1/wz is the transmission ratio; r1 2 — the radii of bodies 1, 2 at a point

of the contact line; v12 — the peripheral speeds of a point on the contact line.

Geometric slip occurs in friction wheel drives with line contact in which the
contact does not take place along the instantaneous axis of rotation. Thus, in
the case of bevel friction wheels whose apexes do not coincide (fig. TFR-
T.1.7.1.1), the speeds of the various contact points vary linearly (section X - X,
fig. TFR-T.1.7.1.1), and there is a single point, the pole of relative motion P, at
which the speeds are equal (the circles of the two wheels tangent at P roll
without slipping relative to each other, so at this point the relative sliding velocity
is zero). At all the other contact points the tangential speeds are different and
slip occurs, with the maximum sliding velocity at point B, Vaimax = VB1 - VB2, where
B+ € 1 and Bz € 2 (points B+ coincide with B).

The geometric slip factor is defined as the absolute value of the ratio between
the maximum sliding velocity and the peripheral velocity of the pole of motion,
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The value of the elastic slip factor depends on the characteristics of the wheel
materials:

e = 0.002, when both wheels are made of steel; & = 0.02, when one wheel is
made of steel and the other is lined with a plastic material (textolite).
The factor & depends on the magnitude of the transmitted load.

X

25 /

\\mlr‘\e
MVt

fA\B
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N
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10 &1

0

X

Fig. TFR-T.1.7.1.1 Calculation scheme of the geometric slip

Wyryg — W3Izg 1Ty — I'zp

i. [I‘lB - [e + b,"’Z)Slnﬁl ’

Valmax _ 1Tyg — Tzp

bg = v

(TFR-T.1.7.1.3)

where w12 are the angular velocities of the two cones, i = wi/w; — the
transmission ratio; rig, ros — the radii of bodies 1, 2 at point B; b — the length of
the contact line; e — the distance between the pole of relative motion P and the
centre of the contact line M; &1 — the half-angle of cone 1.

The condition for transmitting the torque from wheel 1 to wheel 2 by friction can
be expressed by the relations:

Mi > M, Myt = ¢ My, or uQ > Fi, yQ = c Fy, (TFR-T.1.7.1.4)

where My is the friction torque resulting from the forced contact of the two
wheels under the pressing force Q, normal to the contact surfaces; M; — the
torque at wheel 1; F; — the useful tangential force; ¢ — the safety coefficient
against slipping; u — the coefficient of friction of the pair of materials in contact.
As a result of the pressing force Q, along the contact line of length b, a
distributed force appears,

wyryp 1Typ

g = — = const.
b (TFR-T.1.7.1.5)
The sliding velocities, whose direction changes at pole P, imply distributed
friction forces uq, also of opposite directions (fig. TFR-T.1.7.1.1), with the
resultants:
F1=pq(0.5b + e), F2 = uq(0.5b - e). (TFR-T.1.7.1.6)
Thus, the useful tangential force,
Fi=F¢-F2=2pge =2uQe/b. (TFR-T.1.7.1.7)
Substituting this relation into the last relation of group (TFR-T.1.7.1.4), one
obtains,
bF, b

21uQ  2C (TFRT.1.7.1.8)

These relations show that when the maximum torque is transmitted (the
tangential force Ftis maximum), the safety factor against slipping is minimum, c
=1, and the distance between pole P and centre M is maximum, e = b/2; in idle
operation, Ft = 0, ¢ — «, this distance is zero, e — 0; in all other cases, c> 1, e
< b/2.

In practice, constant-ratio drives are frequently used to transmit the torque and the rotational motion between parallel axes (fig. TFR-T.1.7.1.2,a,b) or intersecting

axes (fig. TFR-T.1.7.1.2,c).
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Transmission ratio
wy 1 d,
My Qa i= —= —
oy T L. wz 1% dy 1pp147109)
(o] ~ for drives with parallel axes,
- [Tl uq 1 sind,
E-Jz [ ] | | 1= —= :
V|0 @y 1—% sind; (1rRT1.7.1.10)
B 2 for drives with intersecting axes, where w12 are the angular
— b velocities of the wheels; & — the elastic slip factor; d12 — the
diameters of the cylindrical wheels; 812 — the half-angles of the
a b bevel wheels.
Fig. TFR-T.1.7.1.2 Schemes of friction drives with constant transmission ratio: a, b — with parallel
axes (cylindrical); ¢ — with intersecting axes (bevel)

TFR-T.1.7.2 Constructive parameters. Pressing subsystems

Transmitting mechanical energy by friction requires a permanent and forced contact of the friction wheels, which is achieved by pressing subsystems. Depending on
how the pressing force varies in time, there are constant-force pressing subsystems, in which the pressing force is constant, independent of the transmitted torque,
and automatic (variable-force) pressing subsystems, in which the pressing force changes continuously (automatically) depending on the transmitted torque.

Constant-force pressing subsystems
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The schemes of the constant-force pressing subsystems (fig. TFR-T.1.7.2.1) show
relative displacements of the axis of one wheel (often the driving one), which allow direct
loading of the contact zone with the force,

a+b

a (TFR-T.1.7.2.1)
, (TFR-T.1.7.2.2)

Q=P A 1rRT1723)

generated by the weight G through the lever mechanism with arms of lengths a and b
(fig. TFR-T.1.7.2.1,a), by the elastic force of a preloaded spring of stiffness k (fig. TFR-
T.1.7.2.1,b) or, respectively, by the hydrostatic/pneumostatic force generated by the
hydraulic/pneumatic motor with cylinder area A, and fluid pressure p (fig. TFR-
T.1.7.21,c).

Q=kg,

a b

C

Fig. TFR-T.1.7.2.1 Constant-force pressing systems: a — gravitational; b

— elastic, ¢ — hydrostatic or pneumostatic

Characteristics of the constant-force pressing systems:

(especially at maximum load).
b. They also act as load limiters of the drive.

a. Since the pressing force always has the maximum value (corresponding to the maximum transmitted torque), independent of the transmitted torque, it
permanently loads the elements of the drive (shafts, bearings, housing, etc.) at the maximum level and leads, on the one hand, to larger overall dimensions of the

c. They are constructively simple and are usually recommended for low-power friction drives.

drive and, on the other hand, to reduced durability of the friction wheels and rolling bearings, also having a negative influence on the efficiency of the drive

Automatic (variable-force) pressing subsystems

Automatic pressing systems eliminate the disadvantages of constant-force pressing systems, but they do not act as load limiters of the drive.
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_F, Fy 2 M, 2 F, 1y

~sind  sind tg(B4+¢) d,sind tg(B+¢) d, sind tg(B+ @) (TFR-T.1.7.2.4)

where M [Nmm] is the transmitted torque, Fi1 [N] — the tangential force in the pressing subsystem, Fi [N] — the useful tangential force in the contact zone (point M),
da [mm] — the diameter of the contact points of the face (dog) teeth, the diameter of the ball centres, the pitch diameter of the helical gear or the mean diameter of
the thread; rm [mm] — the radius of the friction wheel at the contact point M; 3 [°] — the inclination angle of the dogs, the inclination angle of the grooves in which the
balls are mounted, the complement of the helix angle of the teeth or the lead angle of the thread; ¢ = arctgu [°] — the friction angle corresponding to sliding friction;
M — the sliding friction coefficient.

Note.

a. in steady-state operation (M: = const.), ¢ = 0 is considered in the above relation;

b. relation (TFR-T.1.7.2.4) shows that the ratio Q/F; changes with the radius of the friction wheel at the contact point, rv;

c. to avoid slipping of the drive during start-up, additional springs are introduced in the construction of the pressing subsystems, preloaded with a force that
ensures a minimum pressing force at start-up;

d. fig. TFR-T.1.7.2.3 shows a constructive solution of a pressing subsystem with a ball coupling, frequently integrated in friction drives.

|

a b c d
Fig. TFR-T.1.7.2.2 Automatic pressing subsystems for friction drives with intersecting or crossed axes: a — with face-tooth (dog) coupling; b — with ball coupling; ¢ —
with helical cylindrical gear; d — with helical (screw) pair
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Fig. TFR-T.1.7.2.3 Automatic pressing subsystem with ball coupling integrated in a friction drive with
discs and rollers

I TFR-T.1.8 CALCULATION MODELS

The torque M; from the input shaft 1 is transmitted by shape
to the balls 3, by shape to the driving friction disc 5, by
friction to the rollers 6, 6' and by friction to the driven friction
disc 7.

The axial force F4 (generated in the ball coupling) is
transmitted, on the one hand, from the input shaft 1 through
the radial ball bearing 3 to the half-housing 2 and, on the
other hand, from the driving friction disc 5 to the rollers 6, 6',
to the driven friction disc 7 and through the radial ball
bearing 3' to the half-housing 2'.

The condition for transmitting the torque by friction is,

MQ R =c My, (TFR-T.1.7.2.5)

where M; [Nmm] is the transmitted torque, Q [N] — the
pressing force, R [mm] — the radius of the contacts, u — the
sliding friction coefficient, ¢ — the safety coefficient against
slipping.

From relation (TFR-T.1.7.2.4), considering & = 90° and
taking into account relation (TFR-T.1.7.2.5), the pressure
angle results,

2R
[ = actan (u—d) — @
€da . (TFR-T.1.7.2.6)

TFR-T.1.8.1 Contact stress calculation model

For friction drives operating with lubrication, the main form of damage is contact fatigue (pitting) and, to avoid it, the contact stress calculation is necessary.
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b

Fig. TFR-T.1.8.1 Contact calculation scheme: a —
Hertz model; b — contact calculation model of the
contact between two conical rollers of a friction drive

Reference calculation model for line contact stress [Hertz, 1881] (fig. TFR-T.1.8.1,a)
In the contact zone of two cylinders with diameters D42 and lengths B, loaded with the force Fne, maximum
normal contact stresses occur, which, according to Hertz, are determined with the relation,

Oy = ZE F£ E = Oyp

e P ,(TFR-T.1.8.1.1)
where Ik = B is the length of the contact line;
1 1 1 1 1

p=ps Tps=Dy/2 T Dy/2
the reduced curvature, where p1 2 are the radii of curvature of the two cylinders (the sign (+) corresponds to
external contact (fig. AEC-T.1,a) and the sign (-) to internal contact);

1

ZE: 2 2
- 1—".?] 4 1—".?2
Eq Ez

the elasticity factor of the materials, where E42 and v12 are the moduli of elasticity and, respectively, the
transverse contraction (Poisson) coefficients of the materials of the two cylinders, and
Oup = THlim

SHmin ,
the permissible contact stress, where oniim is the limit contact stress and Symin — the minimum safety
coefficient against contact fatigue of the material.
Assumptions of the Hertz model: the materials of the bodies are homogeneous, isotropic and elastic
according to Hooke's law; the normal force is applied statically; the contact stresses are uniformly
distributed along the contact length; the surfaces of the cylinders are perfectly smooth; friction forces are
not taken into account.
Contact stress calculation of friction drives with constant transmission ratio
Fig. TFR-T.1.8.1,b shows the general case of line contact between 2 conical rollers with non-intersecting
axes. To calculate the maximum contact stress, the two surfaces are replaced by cylindrical surfaces with
radii p12 at the median point M (fig. TFR-T.1.8.1,b), in contact along the common generatrix under the load
Frc = Q.
Particularization of the Hertz model parameters for the contact along the common generatrix of the cones
(TFR-T.1.8.1.1):

k. =b,
c F, c M,
Fre=Q= ——= '
Lz WZTypm
1: i_'_ l: c0s04 +cnsﬁz N icnsﬁl—ll— cos0, ’
P P1 Pz Fim Fam 1
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where i = rau/riv is the transmission ratio when the elastic and geometric slips are neglected, with riu, row —
the mean radii of the wheels (at the middle of the contact line); 81,2 — the half-angles of the bevel friction
wheels; p — the sliding friction coefficient; ¢ — the safety coefficient against slipping; z — the number of
wheels driven by the driving wheel.

Thus, the calculation relation (TFR-T.1.8.1.1) becomes,

Zg rc M, icosd; + cosod,
IiM _\|| uzb i

(TFR-T.1.8.1.2)
and can be used to verify friction wheel drives with constant transmission ratio for contact stress. The
second part of this relation can be used for the sizing calculation.

TFR-T.2 FRICTION DRIVES WITH VARIABLE TRANSMISSION RATIO (VARIATORS)

I TFR-T.2.1 DEFINITION

Friction drives transmit the rotational motion and the torque from a driving element to one or more driven elements by means of the friction force, while the wheel-type
active elements, in direct contact, are pressed against each other with a normal force large enough to avoid slipping.

Friction drives with variable transmission ratio are mechanical drives in which the rotational motion and the torque are transmitted from the driving element to the
driven one, which runs at a speed that can be varied continuously between certain limits, since the transmission ratio can be changed continuously during motion.
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I TFR-T.2.2 CONSTRUCTIVE STRUCTURES
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Fig. TFR-T.2.1 Automatic gearbox with chain variator (http.//www.cvt.co.nz): a — sectioned view; b — view of the chain

I TFR-T.2.3 AREAS OF USE, ADVANTAGES AND DISADVANTAGES

Main areas of use: automatic gearboxes (CVT — Continuously Variable Transmission) of vehicles, agricultural machines, tractors, technological equipment.

Tab. TFR-T.2.3.1 Advantages and disadvantages of speed variators

Disadvantages’

Advantages’
- a constant torque transmission characteristic can be obtained;

- for a set transmission ratio, the ratio is not kept constant during operation
because of the (geometric or elastic) slip in the contact zone;

- operation with low vibration and noise levels;

Page 7-13

OM2 - TFR-EN - Chapter 7



TFR - FRICTION DRIVES TFR-T - Construction and modeling of friction drives

- protection of the drive against overloads occurring in operation - lower efficiency;

- non-uniform wear of the elements in contact;

- low durability;

- high pressing forces are required, which load the shafts and bearings and,
therefore, lead to larger overall dimensions

" Compared to drives with constant transmission ratio (gear drives, belt drives, etc.)

I TFR-T.2.4 CLASSIFICATION

Tab. TFR-T.2.4.1 Classification of friction variators

Criterion Type Examples
Number of contacts Mono Fig. TFR-T.2.4.1; TFR-T.2.8.1.1.1,a
Duo Fig. TFR-T.2.4.2; TFR-T.2.8.1.1.1,b
| Position/shape of the active elements Face (frontal) Fig. TFR-T.2.4.1,a; TFR-T.2.8.1.1.1
Conical Fig. TFR-T.2.4.1,b
Spherical Fig. TFR-T.2.4.2,d; TFR-T.2.8.1.2.1
Disc Fig. TFR-T.2.4.1,c
| Subsystem generating the pressing force With constant pressing force Fig. TFR-T.2.8.1.1.1
With automatic (load-dependent) pressing Fig. TFR-T.2.8.1.3.1
force

e %

a b c
Fig. TFR-T.2.4.1 Schemes of mono variators: a — face (frontal); b — conical; ¢ — with disc
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, ,
e | |

a b c d e f g h

Fig. TFR-T.2.4.2 Schemes of duo variators: a — face (frontal); b — conical; ¢ — with biconical rollers; d — spherical; e — toroidal; f— with metal ring;, g — with chain; h
— with belts

I TFR-T.2.5 MATERIALS AND TECHNOLOGIES

The main requirements that the materials used for the active elements of friction drives must meet are: contact strength; wear resistance; a coefficient of friction as
high as possible — to avoid high pressing forces — and constant in time.

Pairs of metallic materials characterized by high contact strength and wear resistance:

- hardened steel / hardened steel — for heavily loaded drives, which require high durability and operate with or without lubrication — characterized by minimum overall
size and high efficiency; they require high manufacturing and assembly accuracy, together with the reduction of the geometric slip, which could lead to scuffing;

- castiron / hardened steel — for drives operating with or without lubrication, with the advantage of increased scuffing resistance;
- castiron / cast iron — for drives operating with lubrication.

Pairs of non-metallic/metallic materials characterized by high coefficients of friction and increased elasticity: textolite, rubber, leather, etc./steel or cast iron — for lightly
loaded drives, operating without lubrication, characterized by large overall dimensions and lower efficiency; the non-metallic material is used as linings mounted on
the driving element, to ensure uniform wear.

Traction oils for friction drives with variable transmission ratio
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Fig. TFR-T.2.5.1 Scheme of the contact with traction oil
[https://en.wikipedia.org/wiki/Continuously variable transmission]

Traction oil consists of large molecules with wedge-shaped protrusions which, under
extremely high contact pressures, form a structure of orderly aligned molecules and, for
a short time, becomes very viscous, behaving almost like a solid body. Unlike
transmission oils, which always remain liquid and give low coefficients of friction
(0.05...0.06), traction oils, by solidifying in the contact zone, generate high friction forces
(coefficients of friction of approx. 0.1) and, in addition, their penetration into the
microcracks of the surfaces in contact is reduced. Traction oil must also provide the
lubrication and cooling performance of a transmission oil.

Characteristics of traction oils:

- increased coefficient of friction, ensuring increased power transfer;

- they eliminate direct contacts and ensure quiet operation;

- they ensure increased efficiency and dynamic performance;

- they reduce wear by pitting;

- stability at high temperatures;

- lubricating properties as close as possible to those of transmission oils;

hydraulic behaviour as constant as possible over a wide temperature range (-40...140

I TFR-T.2.6 FORMS AND CAUSES OF REMOVAL FROM SERVICE OR IMPROPER BEHAVIOR

Tab. TFR-T.2.6.1 Forms and causes of improper behavior or removal from service

of the active elements by
scuffing

irregularities, vibrations
and noise)

lubrication at high loads

and speeds

Forms Consequences Occurrence Causes Manifestation Avoidance

Damage of the surfaces Improper behavior (with Lubricated variators Contact fatigue Microcracks and pits on Limiting the maximum

of the active elements by | irregularities, vibrations (pitting) the active surfaces contact stress to values

pitting and noise) accepted by the pair of
materials

Damage of the surfaces Improper behavior (with Variators with improper Scuffing Increase of friction and of | Limiting the operating

local temperatures;
microwelds and
scratches on the active

speed to permissible
values

abrasive wear

and noise)

surfaces
Damage of the surfaces Improper behavior (with Variators without Abrasive wear Scratches on the active Proper lubrication and
of the active elements by | irregularities, vibrations lubrication and/or unsealed surfaces sealing

OM2 - TFR-EN - Chapter 7
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I TFR-T.2.7 FUNCTIONAL AND CONSTRUCTIVE PARAMETERS

The parameters characterizing the kineto-statics of a friction drive with variable transmission ratio (variator) are: the angular velocities or speeds, the torques and
the powers at the input and, respectively, at the output (fig. TFR-T.2.7.1,a).

Input parameters: angular velocity w1 [rad/s] (speed n1 [rpm]); torque My [Nmm]; power P4 [KW].

Output parameters: angular velocity wax € [Wamin, Wamax] [rad/s] (speed nax € [Namin, N2max] [rPM]), variable; torque My [Nmm]; power P2 [kW].

Instantaneous transmission ratio: ix = w1/wax = N1/N2y is variable, adjustable by setting certain quantities of the variator, and can take the minimum value imin =
w1/w2max = n‘l/anax or the maXimum Value imax = w1/w2min = n1/n2min.

The adjustment range is defined as the ratio of the maximum and minimum angular velocities of the driven element of the variator,

W3 max W3 max wy lmax nz max nz max 1F11 imax
G = = = ) Sau G e = = )

02 min Gy W2 min I min 13 min ny N3 min I min .(TFR-T.2.7.1)
Since the angular velocity of the driven element of variators varies within a certain interval, the parameters characterizing the motion of the driving and driven
elements depend on this angular velocity (w2x) or on the transmission ratio (ix). Thus, considering the angular velocity of the driving element w1 = const., the
following relations can be written:
M. — P B Mpuwy My
o e e oy (TFR-T.2.7.2)
and, assuming the variation law of one of the quantities (e.g. My decreasing non-linearly), the variations in fig. TFR-T.2.7.1,b can be described. In these relations
the efficiency nx was considered dependent on the variable speed and, therefore, on the transmission ratio ix.
Usually, in the operation of variators (w1 = const., wax = variable), depending on their purpose, two operating regimes can be encountered, which imply keeping
one of the kineto-static parameters of the driven element (M or P2) constant:
- Mz = const. (a situation frequently encountered in drives used in transfer and conveying systems), which leads to the relations:
My, My, wy Mz wy
My= — ., b= ———, P = Mpwy, = ——,
Mx I Tx 1x I« (TFR-T.2.7.3)
with the shapes in fig. TFR-T.2.7.1,c; in this case the power of the input (driving) motor is not fully used throughout the operation and, in steady state, the limit
(maximum and minimum) values are:

M My M My My My _ My 0y My wq
tl min — i ’ t1l max — . , Pj_ min — . r U max — . » 12min — : * Domax = \ .
max lmax min 'min max !max min lmin Imax Imin  (TFR-T.2.7.4)
- P2 = const. (a situation requiring full use of the motor power), which leads to the relations:
P P P P
— 2 2 1,
My = w » Py= —, My = = T Ly
1M M Wyx Wy (TFR-T.2.7.5)

with the shapes in fig. TFR-T.2.7.1,d; in this case the power of the input (driving) motor varies relatively little with the instantaneous transmission ratio ix; for most
drives nx(ix) = const. can be accepted, so the power of the driving motor can be considered quasi-constant and, consequently, the driving torque (first relation of
group (TFR-T.2.7.5)) is also quasi-constant.
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Fig. TFR-T.2.7.1 Functional schemes of variators: a — block diagram; b — functional characteristics for the general case; ¢ — functional characteristics for constant
resisting torque; d — functional characteristics for constant resisting power
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I TFR-T.2.8 CALCULATION MODELS

TFR-T.2.8.1 Kineto-static calculation models

TFR-T.2.8.1.1 Face variators with rollers

Operation:

Face variator with cylindrical roller, mono (fig. TFR-T.2.8.1.1.1,a): the motion and the torque from the input shaft are transmitted through a spline to the cylindrical
roller 1, then by friction to the driven disc 2. The constant pressing force Q is produced by the spring system 4. The system for changing the transmission ratio
changes the output speed by changing the contact radius Rax by means of the screw-nut mechanism 5.

Face variator with cylindrical roller, duo (fig. TFR-T.2.8.1.1.1,b): the motion and the torque from the input shaft, integral with the driving disc 3, are transmitted by
friction to the cylindrical roller 1, then, also by friction, to the driven disc 2. The constant pressing force Q is produced by the spring system 4. The system for
changing the transmission ratio changes the output speed by changing the contact radii R1x and Rox by means of the screw-nut mechanism 5.

Face variator with biconical roller, duo (fig. TFR-T.2.8.1.1.1,c): the motion and the torque from the input shaft are transmitted to the driving disc 1, by friction to the
biconical roller 3 and from it, by friction, to the driven disc 2. The constant pressing force Q is produced by the compression spring system. The system for
changing the transmission ratio changes the output speed by changing the contact radii R1x and Rax by means of the screw-nut mechanism 4. Window TFR-S.1

presents the constructive solution of a face variator with biconical roller and load-dependent pressing system based on a ball coupling.
1

P ’2%

-

Fig. TFR-T.2.8.1.1.1 Face variators with roller: a — cylindrical, mono; b — cylindrical, duo; ¢ — biconical, duo
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M; Main functional parameters:
5 - transmission ratios (instantaneous, minimum, maximum): ix = N1/N2x = Rax/R1, imin = N1/N2max =
Power, P=M;® = ct.

Mimax Ramin/R1 and, respectively, imax = N1/N2min = Ramax/R1, for mono variators; ix = n1/nax = Rax/Rix, imin =
N1/N2max = Ramin/R1max @and, respectively, imax = N1/N2min = R2max/R1min, for duo variators;
- speed adjustment range,
A . R2 max
G = Nomax _ !max _ gl min _ R2max Rimax
My N2min imin —Rz — Rimin Rz min
) 1 max ; (TFR-T.2.8.1.1.1)
Momin - for the mono variant (fig. TFR-T.2.8.1.1.1,a), R1min = R1imax = R1 is considered in the relations above.
- geometric slip (fig. TFR-T.2.8.1.1.3),
® (n) b
_ Vaimax _ Vzmax Vi _ mZK(RZK+E)_m23 Rex b
O2min(N2min ) 2max(Mmax ) Se vy vy ®ox Rox 2Rzx ; (TFR-T.2.8.1.1.2)
(01(111) - the functional characteristic in fig. TFR-T.2.8.1.1.2 is defined by the operating case P2 = const.
Fig. TFR-T.2.8.1.1.2 Functional characteristic, M - w (fig. TFR-T.2.7.1,d), which implies full use of the power of the driving motor.

Condition for transmitting the torque, in the case P> = const.,

M Fnmax Rimin = ¢ Myt (TFR-T.2.8.1.1.3)

where  is the sliding friction coefficient (corresponding to the materials of the elements in contact),
Fn max — the maximum normal force in the contact at radius Rimin (R1min = R1, for the mono variant), ¢
— the safety coefficient against slipping (c = 1.15 ... 1.25).

Pressing force (for the constant-pressure variants),

€ My

Q = Fppoy =

nmax !

HRimin (7rRT28.1.1.4)

ensures the friction force needed to drive the driven disc by friction in any position of the contacts.
Note.

The geometric slip can be reduced by using narrow rollers or even rollers with a semicircular profile,
for which the theoretical contact is a point, and/or driven discs with a minimum radius as large as
possible (although the overall size increases); the use of the biconical roller (fig. TFR-T.2.8.1.1.1,¢)
substantially reduces the geometric slip because of the short length of the contact line

Fig. TFR-T.2.8.1.1.3 Calculation scheme of the geometric
slip
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TFR-T.2.8.1.2 Spherical variators

Operation:

The torque My is transmitted from the input shaft through the pressing system 4, through the conical
disc 1, by friction to the spherical bodies 3 (evenly spaced) and from them, also by friction, to the
driven conical disc 2. The transmission ratio (the two contact radii) is changed by the synchronous
rotation of the support arms 5. The spherical bodies 3 are kept in contact by the rotating ring 5. The
pressing force needed to transmit the load by friction is produced by the pressing system 4, which

pushes disc 1 axially with a force depending on the transmitted torque. Window TFR-S.2 presents a
constructive solution of a spherical variator.
Main functional parameters:
:‘:. - transmission ratios (instantaneous, minimum, maximum):
[ ; R., Ricos(aFY) cos(a ¥ Y)
v = —_ = ¥
Rix  Ricos(aty)  coslat¥) (1pr7281.21)

imin = N1/N2min = Rimin/R2max @and, respectively, imax = N1/N2max = R1max/Ramin,
where R1yx, Rox are the radii of the contacts of the spherical element 3 with disc 1 and, respectively,
with disc 2; Rs — the radius of sphere 3; y — the inclination angle of the sphere axis (for y = 0 the
sphere axis is parallel to the disc axes and ix = 1); a — the half-angle of the cones (a = 40°... 50°); in
this relation the upper signs are used when the roller axes are inclined to the left (the variator is a
reducer) and the lower signs when they are inclined to the right (fig. TFR-T.2.8.1.2.1, the variator is
a multiplier).
- speed adjustment range,

Fig. TFR-T.2.8.1.2.1 Calculation scheme of the spherical Nopax  Momax/M lmax Bimax Bomax

variator G= = = - =

Nomin aninJ{nl Imin lein RZTﬂiﬂ (TFR-T.2.8.1.2.2)
where Rmax, Rmin are the maximum and minimum contact radii (R1x, Rox).
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TFR-T.2.8.1.3 Toroidal variators

Depending on the shapes of the toroidal surfaces, two variants can be defined: half-
toroidal variators (fig. TFR-T.2.8.1.3.1,a) and full-toroidal variators (fig. TFR-T.2.8.1.3.1,b),
which achieve larger adjustment ranges.
Operation:
The torque My is transmitted from the input shaft through the pressing system 4, through
the toroidal disc 1, by friction to the rollers 3 and from them, also by friction, to the driven
toroidal disc 2. The transmission ratio (the two contact radii) is changed by the
synchronous rotation of the support arms 5. The pressing force needed to transmit the
load by friction is produced by the pressing system 4, which pushes disc 1 axially with a
force depending on the transmitted torque. Window TFR-S.3 presents constructive
solutions of variators based on the two variants.
Main functional parameters:
- transmission ratios (instantaneous, minimum, maximum):

Ry, A—Rcos(y+ @)  A—Rcos(y £ a)

"R A-RsinG-(v ¥ a ~ A-Rcosy ¥ o)’

- -

i

(TFR-T.2.8.1.3.1)

imin = N1/N2max = Rmin/Rmax and, respectively, imax = N1/N2min = Rmax/Rmin,

where R1x, Rax are the radii of the contacts between roller 3 and disc 1 and, respectively,
disc 2; R — the radius of curvature of the active zones of discs 1 and 2; y — the half-angle
of the roller (constant); amin < a < amax — the angles of the positions of the roller axes; in
this relation the upper signs are used when the roller axes are inclined to the left (the
variator is a multiplier) and the lower signs when they are inclined to the right (fig. TFR-
T.2.8.1.3.1,c, the variator is a reducer).

- speed adjustment range,

Mamax _ n2max,"‘nl _ lmax _ (Rmax)

Namin anin."‘nl irﬂin l:".*min (TFR-T.2.8.1 _3.2)
where Rmax, Rmin are the maximum and minimum contact radii.

Iy

2

G=

Fig. TFR-T.2.8.1.3.1 Toroidal variator: a — half-toroidal variant; b —
full-toroidal variant; ¢ — functional scheme of the half-toroidal variator
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TFR-T.2.8.1.4 Planetary variators with conical rollers

¥
3
Ry
_
¥
] &
o
) —
':b Il —
n
My \
_—
1 2 H
g |
Fig. TFR-T.2.8.1.4.1 Functional scheme of the planetary
variator

Operation:
The torque My is transmitted from the conical disc 1 by friction to the rollers 3 (evenly spaced) and
from them, through the planet carrier arms H and the pressing system 4, to the output shaft. The
transmission ratio is changed by the axial displacement of ring 2. The pressing force needed to
transmit the load by friction is produced by the pressing system 4, which pushes the arms H and the
rollers 3 axially with a force depending on the transmitted torque. Window TFR-S.4 presents a
constructive solution of a planetary variator.
Main functional parameters:
- transmission ratios (instantaneous, minimum, maximum):

2 H Ry R, R; R,

i, =ijg=1—i,=1—— —=1-— -
*oo 2 Ry Rax Ry xsina (TFR.T.2.8.1.4.1)

imin = n1/n2max = 1 - (R3/R1)/(R2/R3m|n) and, reSpeCtlve|y, imax = n1/n2min = 1 = (R3/R1)/(R2/R3max),

where Rsy is the radius of roller 3 in contact with ring 2; Rz — the radius of ring 2; R3 — the radius of

roller 3 in contact with disc 1 (constant); R1 — the radius of disc 1 in contact with roller 3 (constant); a

— the inclination angle of the conical roller 3; x — the position of ring 2 relative to roller 3; 11H _ the
transmission ratio from disc 1 to the planet carrier 4 with ring 2 fixed (friction drive with moving axis);

lIl-l?. — the transmission ratio from disc 1 to ring 2 with the planet carrier 4 fixed (friction drive with
fixed axis, obtained by inverting the motion); Ramax, min — the maximum and, respectively, minimum
radius of roller 3 in contact with ring 2;

- speed adjustment range,

imax o 1 - [RB.{le.’J[RZ.{RBmax}

win 1 = (Re/R1)/(Ro/Ramin) (1rr728142)

G =
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TFR-T.2.8.1.5 Variators with movable cones and rigid element (ring)

Operation:

The torque My is transmitted from the conical discs 1, 1' by friction to the rigid ring 3 and from it,
also by friction, through the conical discs 2, 2' to the output shaft. The transmission ratio is changed
by the simultaneous axial displacement of discs 2, 2'. The pressing force needed to transmit the
load by friction is produced automatically once the self-wedging conditions of the ring in the gaps
between the driving cones and, respectively, the driven cones are met. Self-wedging of the rigid
element (ring) 3 is a consequence of the wedge effect resulting from the (small) wedging angle 3
between the radial forces (N1cos a) and the resultant forces R (fig. TFR-T.2.8.1.5.1,b); therefore, the
pressure angle (the complement of the wedging angle ) has large values and optimal conditions
are achieved for transmitting the force in the contact zones between the free ring 3 and the conical
discs 1, 1', 2, 2'. The own weight of the rigid element (ring) 3 is the initial pressing force needed to
start transmitting the load at start-up. Window TFR-S.5 presents a constructive solution of a variator
with movable cones and rigid element (ring).

Main functional parameters:

- transmission ratios (instantaneous, minimum, maximum):

ix = N1/N2x = Rax/R1x, imin = N1/N2max = Romin/R1max and, respectively, imax = N1/N2min = Romax/R1min;

- speed adjustment range,

Nomax _ nzmaxs’nl _ lmax _ leax RZmax

G= =

Namin anin!jnl Imin lein RZ!TIiTl’ (TFR-T.2.8.1.5.1)

where Rimax, R1min, R2max, Romin @are the maximum and minimum contact radii.

Condition for transmitting the load by friction:

cFt=2p Ny, (TFR-T.2.8.1.5.2)

where c is the safety coefficient against slipping; Fi = Mu1/R1min — the maximum useful tangential
force (transmitted by friction); u — the sliding friction coefficient of the materials of the rigid ring and
of the conical discs; N1 — the normal force in the active contacts.

Wedging (automatic pressing) condition:

Fi=2 N1 cosa tgB (TFR-T.2.8.1.5.3)

where Fi = Mi1/Rimax is the minimum useful tangential force (transmitted by friction); N1 — the normal
force in the contacts; a — the half-angle of the cones; 3 — the wedging angle.

Note.

From relations (TFR-T.2.8.1.5.2) and (TFR-T.2.8.1.5.3) the condition results,
Ny C 1

—= —= ——7>=¢t

Fo 2p 2cosatgP (TFR-T.2.8.1.5.4)

which shows that the safety coefficient against slipping is independent of the transmission ratio; this
relation can be used to determine the maximum wedging angle 8 which ensures wedging and the
transmission of the load.
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Nicos o

b

Fig. TFR-T.2.8.1.5.1 Variator with movable cones and rigid
element (ring): a — axial scheme; b — scheme of the self-
wedging process
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TFR-T.2.8.1.6 Variators with movable cones and flexible element of the (non-metallic) belt type or articulated element (chain)

Operation:

Variators with movable cones consist of two pairs of cones mounted on the input shaft | (fig. TFR-
T.2.8.1.6.1) and on the output shaft Il. To change the transmission ratio, the position of the two
cones can be adjusted by keeping one cone fixed and displacing the other axially, or by the
simultaneous axial displacement of both cones.

Main functional parameters:

- transmission ratios (instantaneous, minimum, maximum):

ix = N1/N2x = Rax/Ri1x, imin = N1/N2max = Ramin/R1max and, reSpeCtively, imax = N1/N2min = Ramax/R1min,
where Rix, Rax are the contact radii.

- speed adjustment range,

nzmax _ nzmaxs’nl _ lmax _ leax RZmax

G= =

Namin anin!jnl Imin lein Rzﬂﬂﬂ’ (TFR-T.2.8.1.6.1.1)

where Rimax, Rimin, Romax, Ramin are the maximum and minimum contact radii.

Condition for transmitting the load by friction in an arbitrary position of the flexible element:

2 Frx Ry = ¢ My, (TFR-T.2.8.1.6.1.2)

where c is the safety coefficient against slipping; Fnx — the normal pressing force; y — the sliding
friction coefficient of the materials of the flexible element and of the conical discs; My — the
transmitted torque; Ry — the contact radius.

From relation (TFR-T.2.8.1.6.1.2), taking into account fig. TFR-T.2.8.1.6.1, the axial pressing force
of the discs results,

e Mgy o
= COs —
*  2uR, 2
and the radial force loading the shaft,
c M G
Fo= ™ sin —
2By
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c
Fig. TFR-T.2.8.1.6.1 Functional schemes: a — multiplying; b
— reducing; ¢ — of the forces

TFR-T.2.8.1.6.1 Variators with movable cones and flexible (non-metallic belt) or articulated (chain) element working in tension

Operation:
The torque My is transmitted from the conical discs 1, 1' by friction to the flexible element (chain) 3 and from it, also by friction, through the conical discs 2, 2' to the

output shaft. The transmission ratio is changed by the simultaneous axial displacement of discs 1, 1' and 2, 2'. Window TFR-S.6 presents a constructive solution of
a variator with a flexible belt-type or articulated chain-type element working in tension. These variators are characterized by high forces (higher than the
pretensioning force, fig. TFR-T.2.8.1.6.1.1) in the tight span and low forces in the slack span (lower than the pretensioning force).

Metallic articulated elements of the chain type, frequently used in practice, can have various configurations. Fig. TFR-T.2.8.1.6.1.2 shows three constructive
solutions, which differ in the extent to which rolling friction (high efficiency) is implemented.

_lea{

Tight span (pulled)

b
Fig. TFR-T.2.8.1.6.1.1 Variator with movable cones and metallic articulated flexible element working in tension: a — functional scheme; b — scheme of the forces
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Fig. TFR-T.2.8.1.6.1.2 Metallic articulated elements (chains): a — chains with pins and cut-out link plates (1 — outer link plate, 2 — inner link plate, 3 — pin); b —
chains with rings (1 — ring, 2 — link plate, 3 — elastic ring, 4 — pin); ¢ — roller chains (1 — outer link plate, 2 — roller, 3 — inner link plate, 4 — pin)

TFR-T.2.8.1.6.2 Variators with movable cones and metallic flexible element working in compression (Van Doorne)

Operation:

The torque My is transmitted from the conical discs 1, 1' by friction to the pushing flexible
element 3 and from it, also by friction, through the conical discs 2, 2' to the output shaft.
The transmission ratio is changed by the simultaneous axial displacement of discs 1 and
2' by hydraulic motors. The force is transmitted through the flexible element 3 by the direct
contact (shape) between the segments 4 and 5 (fig. TFR-T.2.8.1.6.2.1,c,d), supported by
the two sets of metal bands 6.

Main functional parameters:

- transmission ratios (instantaneous, minimum, maximum):

ix = N1/N2x = R2x/R1x, imin = N1/N2max = Ramin/R1max and, respectively, imax = N1/N2min =
R2max/R1min,

where R1x, Rox are the contact radii;

- speed adjustment range,

Namax _ anax.Knl _ Imax _ leax RZmax

G=

Nomin anin.jnl Imin lein RZTﬂiﬂ (TFR-T.2.8.1.6.2.1)

where Rimax, R1min, R2max, R2min @re the maximum and minimum contact radii.

- static forces:

The torque at the driving shaft, transmitted through the active (compressed) span, is
determined with the relation,

M1 = (F1 - F2) Rimin (TFR-T.2.8.1.6.2.2)
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where F1 is the force in the active (compressed) span and F, — the force in the passive
span; for proper operation the active (pushed) span must remain in tension, F1 < Fg, and
F1=Ks Fo is considered, with Ks = 1.2 ...1.4 — safety factor and Fg — the initial tensioning
force of the flexible element.

From Euler's relation (see the chapter Belt drives), applied to this case,

FU_ F2

— E”‘Ei
Fo— Fy (TFR-T.2.8.1.6.2.3)
taking into account relation (TFR-T.2.8.1.6.2.2), the maximum pushing force is obtained,
. 1 My
1 p—
upy — :
e (etF: —1) (Ks — 1) Rimin (1pR-T.2.8.1.6.2.)
Fig. TFR-T.2.8.1.6.2.1 Variator with movable cones and metallic and the initial tensioning force,
flexible element working in compression: a — functional scheme; b — K, My

scheme of the system for changing the transmission ratio and of the

FU =
: ; . . upy —
pressing system; ¢ — constructive structure of the pushing flexible [E s 1} [KE

~ D Rimin (1FR.728.1.6.25)

element (4 — segment with protrusion, 5 — segment with recess, 6 — where p = pi/cos(a/2) is the reduced coefficient of friction; yr — the coefficient of friction of
circular metal bands); d — assembly of the segments; e, f— schemes | the pair of materials in contact; a — the angle of the segments of the flexible element; B1 —
of the forces the wrap angle of the flexible element on the driving discs.

Note. Ensuring a very high pressing force to maintain a firm contact between the friction elements |leads to higher power losses in the metal belt and in the
bearings. Thus, at all operating points of the variators there is a conflict between the need to ensure a contact pressure sufficient to transmit the load by friction, on
the one hand, and the need to minimize the power losses affecting the efficiency and the contact stresses affecting the durability, on the other hand.

Window TFR-S.7 presents a constructive solution using the Van Doorne variator in automotive transmissions.
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TFR-T.2.8.2 Contact stress calculation model

Rlx

Rold cilindrica

T}Q Disc P2
b

Fig. TFR-T.2.8.2.1 Contact calculation scheme: a —

Hertz model; b — contact calculation model of the face

variator with cylindrical roller

For friction variators operating with lubrication, the main form of damage is contact fatigue (pitting) and, to
avoid it, the contact stress calculation is necessary.

Reference calculation model for line contact stress [Hertz, 1881] (fig. TFR-T.2.8.2.1,a)

In the contact zone of two cylinders with diameters D42 and lengths B, loaded with the force Fnc, maximum
normal contact stresses occur, which, according to Hertz, are determined with the relation,

Oy = Zg W o = Oup.
kP (TFR-T.2.8.2.1)
where Ik = B is the length of the contact line;
1 1 1 1 1
+ +

P p1 p» Dy/2 7 Dy/27
the reduced curvature (p12 are the radii of curvature of the two cylinders; the sign (+) corresponds to
external contact (fig. AEC-T.1,a) and the sign (-) to internal contact);

1
ZE= 2 2
- 1—‘1.?] i 1—‘1.?2
Ej Ez

the elasticity factor, where E12 and v12 are the moduli of elasticity and, respectively, the transverse
contraction (Poisson) coefficients of the materials of the two cylinders, and
_ THlim

the permissible contact stress, where OHim is the limit contact stress and Shmin — the minimum safety
coefficient against contact fatigue of the material.

Assumptions of the Hertz model: the materials of the bodies are homogeneous, isotropic and elastic
according to Hooke's law; the normal force is applied statically; the contact stresses are uniformly
distributed along the contact length; the surfaces of the cylinders are perfectly smooth; friction forces are
not taken into account.

Contact stress calculation of friction drives with variable transmission ratio

Particularization of the Hertz model parameters for the contact of the face variator (fig. TFR-T.2.8.2.1,b;
TFR-T.2.8.1.1.1,a):

P1=R1, p2=, k=D,

F..=Q=cF,=c

Me2

BRImin (TFR-T.2.8.2.2)
for the case of constant resisting torque, My = const. (see fig. TFR-T.2.7.1,c), or
My P,

F,.=Q=cF,=c =C————
ne = Q n Ry W uR M0

(TFR-T.2.8.2.3)
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for the case of constant resisting power, P2 = const. (see fig. TFR-T.2.7.1,d; rel. (TFR-T.2.7.5)).
In these relations, p is the sliding friction coefficient between the surfaces in contact, ¢ — the safety
coefficient against slipping, Nmin — the minimum efficiency.
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TSP-T.1 DEFINITION

Screw-nut drives are based on mechanisms with a helical pair (fig. TSP-T.7.1) of constant lead (materialized by a sliding or a rolling thread), used to transform
rotational motion into translational motion and/or, under certain constructive conditions (when the self-locking condition is not met), translational motion into rotational
motion (fig. TSP-T.7.1,e,f,g,h).

TSP-T.2 CONSTRUCTIVE STRUCTURE

=

= ——

iy

il

i

Fig. TSP-T.2.1 General constructive structure of steering mechanisms [Fratila, 1977]: a — rolling screw-nut drive with toothed sector; b — sliding screw-nut drive
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TSP-T.3 AREAS OF USE, ADVANTAGES AND DISADVANTAGES

Main areas of use: steering actuation mechanisms of heavy trucks; lifting devices (jacks); machine tools.
Tab. TSP-T.3.1 Advantages and disadvantages’

Advantages Disadvantages

- simple constructive structures; - low kinematic accuracy, especially for constructions with sliding friction;
- the elements of sliding pairs are relatively simple to manufacture, using - clearances appearing in time, caused by the wear of the surfaces in
technologies that do not require special conditions or equipment; contact;

- quiet operation, especially for constructions with sliding friction; - low efficiency, especially for constructions with sliding friction;

- high efficiency, especially for constructions with rolling friction; - noise and vibrations in operation, especially for constructions with rolling
- easy maintenance in operation friction

" Compared to other types of drives transforming rotation into translation (rack and pinion, lever mechanisms, etc.)

TSP-T.4 CLASSIFICATION

Tab. TSP-T.4.1 Classification of screw-nut drives

Criterion Type Examples
Type of thread Trapezoidal Fig. TSP-T.8.1.2.1,c
Square Fig. TSP-T.8.1.2.1,b
| Type of friction Sliding (mixed, fluid) Fig. TSP-T.2.1,b; TSP-T.8.1.2.1,d
Rolling Fig. TSP-T.2.1,a; TSP-T.8.1.1.1,b
| Type of transmission ratio With constant transmission ratio
With variable transmission ratio

TSP-T.5 MATERIALS AND TECHNOLOGIES

Material pairs: steel-steel; steel-bronze; steel-antifriction cast iron.
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TSP-T.6 FORMS AND CAUSES OF REMOVAL FROM SERVICE OR IMPROPER

BEHAVIOR

Tab. TSP-T.6.1 Forms and causes of removal from service or improper behavior of screw-nut drives

Failure type

Forms

Occurrence

Causes

Manifestation

Avoidance

Improper behavior
(with irregularities,
vibrations and noise)
of rolling screw-nut
drives

Damage of the
raceways and/or rolling
elements by contact
fatigue (pitting)

Mainly for elements
made of steels with low
surface hardness
(below 45 HRC)

Fatigue of the surface
layers of the raceways
and/or rolling elements,
caused by contact stresses
varying in time

Initial microcracks on the
active surfaces, as a
consequence of the
hydrostatic pressure of the
oil, followed by the
detachment of small
particles of material,
resulting in small pits.
The development of the
pits in time leads to
improper operation, with
vibrations and noise

Limiting by calculation the
maximum (fatigue) contact
stresses to permissible
stresses.

Heat and thermochemical
treatments that increase
the surface contact
strength.

Reducing the roughness of
the active surfaces. Using
lubricants with additives.

Damage of the
raceways and/or rolling
elements by scuffing

In heavily loaded drives
with high speeds and
improper lubrication

Increased slip between the
active surfaces; high
roughness of the flanks

Scratches generated by
the formation and breaking
of microwelds, caused by
high local loads and high
temperatures

Improving the lubrication
conditions (lubricants with
additives); increasing the
manufacturing and
assembly accuracy;
reducing the roughness of
the active surfaces

Damage of the flanks
by abrasive wear

In open (unprotected)
drives with improper
lubrication

Increased slip between the
active surfaces; high
roughness of the flanks

Removal of fine particles of
material from the raceways
and/or rolling elements by
abrasive particles (dust
and impurities) in the
contact zone

Proper lubrication, sealing
and protection

Damage of the surfaces
of the raceways and/or
rolling elements by
plastic flow

In drives whose active
elements are made of
steels with low
hardness

Overloads, large slip and
poor lubrication

Dents on the raceways
and/or rolling elements, as
a result of exceeding the
yield stresses

Reducing the contact loads
and increasing the
hardness of the active
surfaces and/or of the
rolling elements

Improper behavior
(with irregularities,
vibrations and noise)

Crushing of the
materials of the
surfaces in contact

In drives whose active
elements are made of
steels with low
hardness

Increased contact stresses
and improper lubrication

Squeezing out of the
lubricant film; plastic
deformation of the active
surfaces

Limiting by calculation the
contact and/or crushing
pressures
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of sliding screw-nut | (including the lubricant

drives film)
Abrasive wear of the Drives operating in Exceeding the breaking Scratches on the active Increasing the
active surfaces of the environments with dust | limit of the material surfaces; increased effectiveness of the sealing
thread and impurities clearance and lubrication systems

TSP-T.7 FUNCTIONAL AND CONSTRUCTIVE PARAMETERS

Helical pairs can be used in drives which, together with transforming the motion, also transmit significant loads, frequently known as actuating screw-nut drives (fig.
TSP-T.2.1) or lifting screw-nut drives (jacks, subchapter TSP-T.8.1.3). When the drives with helical pairs serve only for the direct, precise transformation of motion
(the transmitted loads are much smaller), they are called kinematic screw-nut drives.

Tab. TSP-T.7.1 summarizes all the possible cases of using helical pairs in screw-nut drives as mechanisms for the direct (rotation into translation) and inverse
(translation into rotation) transformation of motion, with either the screw or the nut as the driving (input) element. The operation of these mechanisms depends on the
values of the parameters 2, the helix angle of the thread, and ¢', the reduced friction angle.

The input/output parameters are (tab. TSP-T.7.1): s(¢) and v(w) — the axial displacement and velocity resulting from rotating the driving element through the angle ¢
and, respectively, with the angular velocity w; @(s), w(v) — the rotation and angular velocity obtained when the driving element is displaced by the distance s and,
respectively, with the input velocity v; My(F) — the input torque depending on the resisting force F; F(M;) — the driving force as a function of the resisting torque M:.
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Tab. TSP-T.7.1 Types of mechanisms with helical pair (screw-nut)

B2 < @' — the inverse transmission of motion (from output to input) is not possible (the helical pair is irreversible, locked), as a consequence of meeting the self-
locking condition

s(¢),viw) «—— s(),w(v)+— —>s(P)v(w) $(¢),v(w) «—
==>F ==>F X =>F

”*‘FC)%’ e = —==
My(F) —NT SN\ — ‘> M/ w [ :l
35)—%%»—’\/\/@/\ |l:|| M3(F) [';;j 777“’\"5_\)@\/\’

PLw M (F Pw
a b c d
B2 > @' — the inverse transmission of motion (from output to input) is possible (the pair is reversible), as a consequence of not meeting the self-locking condition
— s,V —a —» S,V —> s,V
=>F(M,) P(s),wlv) ——FM) =>F(My) =>F(M,)

= Mf% @(s),colv) 3 Q/
— | e | L= 5

W/\/\/VW
“P(s),w(v); §M*
e f g h

Fig. TSP-T.7.1 Mechanisms with helical pair: a — with rotating, non-translating driving screw and translating nut; b — with rotating, non-translating driving nut and
translating screw; ¢ — with rotating, translating driving screw and fixed nut; d — with rotating, translating driving nut and fixed screw; e — with non-rotating, translating
driving screw and rotating, non-translating nut; f— with translating driving nut and rotating, non-translating screw; g — with translating, rotating driving screw and
fixed nut; h — with translating, rotating driving nut and fixed screw

TSP-T.8 STRUCTURAL, FUNCTIONAL AND CONSTRUCTIVE MODELS

I TSP-T.8.1.1 STRUCTURAL-FUNCTIONAL MODEL OF THE HELICAL PAIR

The transformation of motion in these drives is achieved by using power (motion) threads with square (fig. TSP-T.8.1.2.1,b), trapezoidal (fig. TSP-T.8.1.1.1,a; TSP-
T.8.1.2.1,c), buttress or round profile. Square threads ensure maximum efficiency; their use is limited by the insufficient centering of the nut relative to the screw, by
the low stiffness and strength of the thread turn and by the fact that they cannot be manufactured by milling, a high-productivity process. Trapezoidal threads ensure
good centering, have higher stiffness and strength of the thread turn than the square profile and can be machined by milling.
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Tab. TSP-T.8.1.1 Motion (load) transmission functions and efficiency

LS
NN
XN

Ea

Fig. TSP-T.8.1.1.1 Geometry of the constant-lead helical
pair: a — with sliding; b — with rolling

p p dz

s(@) = 21 @, v(@) = 2T w, M(F) = 2 tg(p' £ B2) F (TSP-T.8.1.1.1)
for the direct transformation (rotation into translation, fig. TSP-T.7.1,a,b,c,d) and
1

P p

£ £ dz ,
0(s) = 2T s, w(v) = 2T v, FMy = 2 B T B2) 1 rep 18112

for the inverse transformation (translation into rotation, fig. TSP-T.7.1,e,f,g,h). In these relations: p is
the thread lead; d2 — the mean (pitch) diameter of the thread; B2 = arctg(p/1rd2), the mean helix angle
of the thread; ¢' = arctg(u/cos(a/2)), the reduced friction angle; y — the sliding friction coefficient in
the thread (u = 0.15...0.3, for pairs with sliding friction; p = 0.02...0.05, for pairs with rolling friction);
a — the thread profile angle (a = 0°, for the square thread; a = 30°, for the trapezoidal thread). The +
sign corresponds to the case in which the direction of rotation of the driving element is the same as
the direction of the thread helix, for direct (irreversible) drives (fig. TSP-T.7.1,a,b,c,d), or the
direction of axial displacement of the driving element is the same as the inclination of the helix, for
inverse drives (fig. TSP-T.7.1,e,f,g,h). The - sign corresponds to the case in which the direction of
rotation of the driving element is opposite to the direction of the thread helix, for direct (irreversible)
drives (fig. TSP-T.7.1,a,b,c,d), or the direction of axial displacement of the driving element is
opposite to the inclination of the helix, for inverse drives (fig. TSP-T.7.1,e,f,g,h).

The efficiency of the helical pair, as the ratio between the useful work (for lifting the load Q by a
distance equal to the lead p) and the work consumed (by rotating the screw through the angle 21
with the screwing/unscrewing torque),

dt

L, Qp —QTd:tE: g,

- - & r
n=Le = 2mMy= 2T Q5 8 (0" 2B2) _ tg (' +8,) (Tsp-1.8.1.13)
where (2 is the mean helix angle of the thread and ¢' = arctg(u/cos(a/2)), the reduced friction angle.
The efficiency is maximum for a = 0 (¢' = @), the case of the square power thread (fig. TSP-
T.8.1.2.1,b); for other power threads a > 0 (e.g. a = 30°, trapezoidal thread, fig. TSP-T.8.1.2.1,c), ¢'
> ¢ and the efficiency is lower than that of the helical pair with square thread. When the helical pairs
meet the self-locking condition (B2 < @'), at the limit (B2 = @') it results,

tg’ 1-tg2e’

n=t8(2¢)= 2 <05 (TSP-T.8.1.1.4)
The maximum value of the efficiency of the helical pair, defined by relation (TSP-T.8.1.1.3), is
obtained from the condition,
dn sing’cos(e’+2B3)
dBz = cos?Bz cos?(@"+B2) = 0 (TSP-T.8.1.1.5)
which leads to the equation cos(@' + 232) = 0, from which B2 = T1/4 - ¢'/2. Substituting this parameter
into relation (TSP-T.8.1.1.3), the maximum efficiency is obtained,
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!
L
Y w(3-2)
T
I Il I g2+ <
1 Fomee——— — Mmax= A& 2 ) (TSP-T.8.1.1.6)
[ ~ In the operation of helical pairs, according to the graphs in fig. TSP-T.8.1.1.2, depending on the
! o
[ N values of the parameters 32 and @', the following regimes are identified: | — motion meeting the self-
05t \ locking condition (B2 < ¢'), Il — motion without meeting the self-locking condition and Ill — locking
| \ (continuous line for sliding helical pairs and dashed line for rolling ones).
\ Note. Usual measures for increasing the efficiency: using multi-start threads; reducing the
¢ T lI E - coefficient of friction by using antifriction materials (e.g. bronzes for nuts); replacing sliding friction by
—2--50 1 _|32 rolling friction.
I
a
nd
1 Il Il I
.'___.- _____ -'-_"\
P \._\
! \
0,5 # "
f \
Il -
e
j. ¢’ Lo 1L B
2 2 2
b
Fig. TSP-T.8.1.1.2 Efficiency of the helical pair: a — for the
direct transmission (rotation into translation); b — for the
inverse transmission (translation into rotation)
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I TSP-T.8.1.2 CALCULATION MODELS OF THE HELICAL PAIRS OF LIFTING DRIVES (JACKS)

the friction torque in the thread.

The self-locking condition, from the condition of the unscrewing torque, Mq = d2 tg(¢' - B2) F/2>0
(locking of the helical pair under load),

B2 < @', (TSP-T.8.1.2.4)

where (2 = arctg(p/1d2) is the mean helix angle of the thread and ¢' = arctg(u/cos(a/2)), the
reduced friction angle.

The efficiency of the drive, considering the friction in the thread and between the bearing
surfaces of the cup on the screw (fig. TSP-T.8.1.2.1,d) or in the thrust bearing (fig. TSP-
T.8.1.2.1,e), is determined with the relations:

Q Calculation assumptions:
My - theload Q is lifted by driving, through crank 4, screw 1, which moves as a result of its
Q interaction with nut 2, fixed in body 3; the moment of the force Fr, acting on the screw overcomes
3 = T pu the friction torque in the thread, M;, and the pivot friction torque M, (sliding between cup 5 and
M e d - screw 1, or in the thrust bearing);
P ? = M - uniform distribution of the force on the threads in contact.
F ~| M | Sizing of the helical pair
4 m - —t—={— | Sizing of the screw means determining the minor diameter of the thread from the compressive
_ (tensile) strength condition,
3 FMI II 4BQ
2 d;=N Tat (Tsp.T.8.1.2.1)
where B = 1.2 ...1.3 is the coefficient that takes into account the additional torsional stress; Oact =
1 Oo2/c is the permissible compressive (tensile) stress, with ¢ = 2...4 the safety coefficient; for the
threads in fig. TSP-T.8.1.2.1,b,c the design parameter is ds instead of d4 in relation (TSP-
T.8.1.2.1).
Sizing of the nut means determining the number of threads needed from the contact pressure
e oy strength condition,
Q
a
d (dz-p2)p
z=4 1,58 (TSP-T.8.1.2.2)
d d,=Ds - where d is the nominal diameter of the thread, D1 — the minor diameter of the nut thread, pa — the
d»=D- d; : permissible pressure of the lubricant film (pa = 5...15 MPa). The length of the nutis H=p z.
ﬁ 7 g, , Verification of the screw under combined stresses (compression and torsion), according to the
- _ 7 W maximum shear stress theory, is made with the relation,
RN / ¢ RN Joi+ac
L SN 7| NN NaNTN ﬂ4] Gen=V 0 T 2TE <. (TSP-T.8.1.2.3)
S=3 N \\\ 7~ -_ \ I where
AN A // "N =] 1Q 16 M;
e 7/1 ac l
§7 / I ST Jlk\g oc=’“d§,n=“d§
// JI are the effective compressive and, respectively, torsional stresses, M; = d2 tg(¢' + B2) F/2 being
Dy \

A

7%

= I
=
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Fig. TSP-T.8.1.2.1 Jack drive with helical pair: a — structural
scheme and load diagram; b — geometry of the square thread;
¢ — geometry of the trapezoidal thread,; d — construction of the

cup with sliding; e — construction of the cup with rolling

e d
r] = LC = EE{MI_FMIJ:} = Zm {Q?ztg {{pIiBZ-F I-'Ll

Qp

Qp

Ly
T.8.1.2.5)
or, respectively,
Ly
r] = LC =
T.8.1.2.6)

Q mdxtg B2

tg Bz

Q mdatg B

Q¥etle) _ tg(e'+62)+11Q

tg B2

d.[|+d.|:

z2dz  (TSP-

S SE— d
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I TSP-T.8.1.3 CONSTRUCTIVE SOLUTIONS OF LIFTING SCREW-NUT DRIVES (JACKS)

Simple screw-nut jacks

L=
) s —
3
4
: E
| g
: i_!nlr:f.l ] !
b gl T
1 "/H ‘!-!-!‘\\‘k\\\\\

1011 13 14 12 15

£

a
Fig. TSP-T.8.1.3.1 Simple screw-nut jacks: a — with rotating screw; b — with rotating nut
Operation and construction of the solution in fig. TSP-T.8.1.3.1,a:
The load to be lifted/pushed, the weight G, is transmitted from cup 5 through the (rotating) screw 1, the power thread (trapezoidal or square), nut 2 and body 3 to
the support on which the jack is placed (metal, wood). The manual driving force F is transmitted from crank 4 to screw 1.
Operation and construction of the solution in fig. TSP-T.8.1.3.1,b:
The load to be lifted/pushed, the weight G, is transmitted from cup 6 through the cylindrical pin 7, the (non-rotating) screw 1, the power thread (trapezoidal or
square), nut 4, the thrust ball bearing 3 and body 2 to the support on which the jack is placed (metal, wood). The manual driving force F, for lifting/pushing, is
transmitted from the extension (crank) 15 through the ratchet body 12, pin 10, pawl 9 and ratchet wheel 5 (through the hexagonal-profile joint) to nut 4. To
lower/retract the load G (rotating crank 15 in the opposite direction to lifting/pushing), pawl 9 is turned until the tip of its free arm enters a gap of ratchet wheel 5. To
keep the pawl in position while the crank is operated, the detent 11 presses permanently on pawl 9 under the action of the helical compression spring 13, adjusted
with the threaded plug 14. The circlip 8 prevents the axial displacement of the ratchet body 12.
Screw-nut jacks with lever mechanisms
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Operation and construction:

The load to be lifted/pushed, the weight G, is transmitted from cup 9 through pin
8, lever 7, pin 13, bar 6, pin 11, the nut body 4, the non-rotating nut 5 and the
power thread (trapezoidal or square) to screw 1 and to the frame 3. Screw 1 is
driven by a crank through a square-profile joint. The nut body 4 interacts with
housing 3 through the closed guideway (prismatic pair) with the guide bars 10.
The washer 2, fixed with a set screw, prevents the axial displacement of screw 1
in frame 3.

Ly
G
A4
i
,? it
3 4 51
!....A_
L
— 3
£
6
A 5
109 4
3
‘ 1
Fig. TSP-T.8.1.3.2 Screw-nut jacks with lever mechanism: a — asymmetric; b —
symmetric

OM2 - TSP-EN - Chapter 8

Operation and construction:

The load to be lifted/pushed, the weight G, is transmitted from cup 16 through
support 17, pins 19, levers 13, the nuts with pins 18/11 (one nut has a left-hand
thread and the other a right-hand thread), screw 10, levers 12, pins 20 and the
base plate 21 to the support on which the jack is placed (metal, wood). The
manual driving force F, for lifting/pushing, is transmitted from the extension
(crank) 1 through the ratchet body 2, pin 6, pawl 5, ratchet wheel 7 and the
square-profile joint to screw 10. To lower/retract the load G (rotating crank 1 in
the opposite direction to lifting/pushing), pawl 5 is turned until the tip of its
second arm enters a gap of ratchet wheel 7. To keep the pawl in position while
the crank is operated, the detent 4 presses permanently on pawl 5 under the
action of the helical compression spring 3. The shoulder screw 8 and the spacer
9 prevent the axial displacement of the ratchet body 2. The circlips 14 fix the
levers 13 and 12 axially. Pin 15 allows the load to be rotated/hooked on support
17.
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