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Preface

A thorough understanding of the essential components of machines
represents a crucial stage in the training of future engineers, equipping
them to meet the current challenges in mechanical and industrial
engineering. This volume has been developed as a course companion for the
subject of Machine Elements, and it is primarily intended for undergraduate
students specializing in Mechanical and Industrial Engineering.
Nevertheless, it may also prove highly valuable to those pursuing master's
or doctoral studies in these fields.

This work provides a contemporary approach that supports
learning during lectures, project work, laboratory sessions, and
individual study. Its content is structured to offer a comprehensive and
practical understanding of  machine  elements, grounding
theoretical knowledge in relevant case studies and practical examples.
Furthermore, the material is designed to foster critical thinking and
problem-solving skills, both of which are essential for the
development of engineering professionals. In this way, the present work
encourages an integrated and interdisciplinary perspective on the
subject matter, in response to the complexity and diversity of the
information presented. Consequently, students will be able to gain a
deeper insight into the context and significance of each concept
explored.

We thus express our hope that this volume will facilitate both
active learning in the classroom and thorough preparation for
examinations and engineering challenges. This book aims to support the
achievement of the fundamental objective that success in engineering
depends not only on the accumulation of knowledge but also on the
ability to apply it in a creative and effective manner.

We encourage you to approach this course material with curiosity
and openness, and to make full use of the resources it offers to enhance the
skills necessary for your professional development.

[The Authors]




Threaded assemblies

1. THREADED ASSEMBLIES

They are among the most widely used types of assemblies used in the
machine building industry (over 60% of a machine's components contain

threads).
Property:

- the threaded assembly is the most common removable assembly;

- the screw is a seemingly simple machine component, but it involves

complicated issues;

- a threaded assembly comprises a component with an external thread

called a screw and a component with an internal thread called a nut;

- the main element is the thread.

Advantages

Disadvantages
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The thread is a helical ridge generated by the sliding of a profile (geometric
shapes - triangle, trapezoid, saw) along a helix wrapped around a cylinder or
a cone. The terminology of the thread, according to SR ISO 68-1, is

presented in Figure 11.

Fig. 1.1 Terminology used for threads— SR ISO 68-1

The main types of threads (shown in Figure 1.2) are:
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Fig. 1.2 Main types of threads used

In a threaded assembly of screw-nut type, the geometric elements of

the thread are presented in figure 1.3 a), while in figure 1.3 b) the lead helix
can be observed.

Thread /7‘17 7T .ﬂi\

2 <
axis

=R
ay

SCrew / nut

-

NP7 SN\ :

Fig. 1.3 a) Bolt-nut assembly b) Lead helix




Threaded assemblies

The thread profile — is the outline obtained by intersecting the thread with
an axial plane;

The thread flank — is the surface generated by one of the lateral edges of
the profile, used to bear the load in the assembly;

Counterpart flanks are flanks generated by the same profile line,
participating in bearing the load in the assembly;

The thread crest — is the portion generated by the top of the profile.;

The thread root — is the portion generated by the bottom of the cutting tool,;
Pitch — is the distance measured in a direction parallel to the axis of the
threaded part, between two points on successive homologous flanks. It is
denoted as P and is standardized.;

Number of starts 'n'.

In figure 1.4, the schematic representations of the thread winding

directions and its pitch relative to the number of starts are depicted.

Cc

Fig. 1.4 The thread direction and the number of starts
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For threads with n starts, the helix pitch Pn is highlighted.

The relationship between pitch P and helix pitch (lead) P is: Py=n-P .

The thread coil — is the portion that corresponds to one complete turn of
the lead helix Ph.

Criterial classification of threads
1. The thread profile
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Thread profile and flank angles

In figure 1.5, various types of thread profiles are presented.

ax=30°

Fig. 1.5 The thread profiles and the profile and flank angles

Notation of general-purpose threads according to SR ISO 261

In figure 1.6, the notation scheme for general-purpose threads i

presented.
s v v |*]s ™ s v v |*]s ™
F D P s F D P s
N X i , N X i
d(mm) P(mm) d(mm) P(mm)
a h
) v v Y s |**
F D P P s
N X E P A i
d(mm) Py(mm) P(mm)

Fig. 1.6 The notation scheme for general-purpose threads.
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The legend for figure 1.6.
a) Metric threads (M) with a single start;

b) Trand S threads with a single start;

c) Multiple-start threads.

O e ;
VDN = oo ;
VP - et ;
VPE oo ;
VPA = oo ;
S - s ;

* In the case of metric threads, if it is a standard pitch thread, the
pitch value is not indicated.;
** the symbol RH (right-hand) is implicit and therefore is not
specified unless there is also a left-hand thread on the part..
Materials used in threaded assemblies and their markings
Low carbon construction steels SR EN 10025: S 235, S 275, E 295, E 355 -
these steels are used because they provide the best formability.
Non-alloy steel EN 10083-2: 1C25, 1C35, 1C45.
The symbols for the commonly used mechanical property classes for screws
are: 3.6; 4.6; 4.8; 5.6; 5.8; 6.8; 8.8; 10.9; 12.9.
Forces and moments in threaded assemblies
The resistances to rotation due to friction between the threads (T1) and,

on the other hand, those generated by the friction between the nut and
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washer (bearing part) (T2) are determined. The following are the expressions
for Ty and T».
Hypothesis for calculation:

For understanding the problem and considering the relative
movements between the screw and the nut, tightening the nut under the load
F can be replaced by lifting a body P with weight F on the screw thread (as
shown in figure 1.7), where the movement occurs along the mean helix
(inclined at angle B2). The nut is rotated using a wrench. At the thread level, a

tangential force H is generated, acting at a distance of % d2 from the axis.

Screwing forces
equilibrium

geometric
dependencies

Fig. 1.7 The forces acting on the "body P"

According to figure 1.7, the following forces act on body P:
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From the force equilibrium, the expression for the tangential force can be

derived:
H=F-tg(f, +¢)
- The expression for the torsion torque required to overcome the

friction between the threads — screwing torque:

d, 1

T,=H '?ZZE'F'dz'tg(IB2+¢I)

where:

- P2 - helix angle;

- ¢’ —reduced angle of friction.

Bzzarctan( P ]
n-d,

H'=F-tg(¢'-B,)

The assembly is self-locking when it does not loosen without the

Self-locking condition:

intervention of a tangential force. For unscrewing, a tangential force H' is

required (figure 1.8).
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Fig. 1.8 Self-locking condition
Because H' must have some value, thus H' > 0, and F > 0O, and
considering that the tangent function is increasing in the first quadrant, the

condition is obtained:
¢I_182 >0 Nnd 182<¢I

Self-locking condition:

At the limit:: P=¢

From the figure, it follows:

. F -F : .
tgp = —= Alm __H =u, and p’ - apparent coefficient of

F, F,-cosa, COsa,

friction.

The coefficient of friction depends on:




12
Threaded assemblies

For steel/steel:

Determining the frictional torque in the support area
This is a resisting moment generated by the friction between the nut
and the washer and is conventionally denoted by the symbol T.. It is

considered as an example, a bearing extracting press (figure 1.9).

3 A é"}‘ i e 14- DD >

F,

| Ty i i
Il | |
rors [T
' |||||||| 0 o

a c

Fig. 1.9 Bearing extracting press: a) Sketch of loads; b) Support detail; c)
Isolated element

Observations/Hypothesis
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If the contact pressure is determined as follows: 4 :
then the friction torque at the support is determined by the following
4F D} -D; 1 D} -D}

1
T,=2um > : =T, =2 F
s (pip) 8 S I TY

expression:

The total friction torque (both from the coils and from the support area) is:

1

1 D -D?
T:T1+T2:E-F-dz-tg(Bz+¢')+§-p-F 43

'D-D?
Knowing T1 and T, the actuating element of the bearing extractor can be

dimensioned.

T=F L respectiv:L =%[mm]

t

where F¢ - approximately 150 [N].

The efficiency of threaded assemblies
Efficiency of the screw. For one full rotation of the nut around the

screw, the axial displacement of the load occurs by one pitch.

L,

The efficiency of the threaded assembly is: 7 = T where:

C

L, — Effective work;
L. — Mechanical work done.

Calculation hypotheses:
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The machining efficiency is consistent throughout the entire length of the
thread.

77:5: F-p _ F-p __ 195,
L, H-z-d, F-tg(B,+¢) z-d, tg(ﬁ2+¢’).

For self-locking screws, at the limit B2 = ¢'it is achieved:

_wp _WAWA) 1 wts 1
2

=925, 294, 2 2
At the same value of the angle B, the efficiency increase can be achieved
by:

Stresses in threads

The main stresses that occur in the threads are:
However, the primary cause of
threaded assembly failure is the
wear of the threads due to their

crushing (Figure 1.10).

Fig. 1.10 Forces in assembly threads




15
Threaded assemblies

Thread Crushing (contact pressure)

Simplifying hypotheses: the force is uniformly distributed across all z

threads, and each thread is considered a ring (Figure 1.11).

Fig. 1.11 Distribution of forces at the level of a coil

The relationship used for crush checking (contact pressure):

I:1 Fl
q= F. _ cosa, __ Cosay  _ F _ F <q
A:one ”'(Rmax—i—Rmin)'G ﬂ-.dz. Hl ﬂ'dZ'Hl 7Z"Z'd2'H1 :
Cosa,

To dimension the threaded assembly, a series of coefficients are introduced:

- Coefficient of thread height: y, = i, (0.5 is adopted for
p

trapezoidal profile and 0.75 for saw profile).

- Coefficient of the threaded length of the nut: v, = m_zb

d, d,

(is

adopted between 1,2...2,5).
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From the contact stress relation g, the required pitch diameter of external

’ F
d2nec =
ﬂ-'Wm 'l//h 'qa

Standardized thread elements are adopted based on the following condition:

thread results.

Oyeras =0,
Thread bending
For the screw, it is considered that the thread coil is fixed on the cylinder of
diameter d; (Figure 1.12).

-y sau D

h
I
B a
Fig. 1.12 Bending of the thread coil
H H
M, Fl-(21+aj 6F-(21+aj
O =717~ 2 = 2 SO-ia
W h z-7-d;-h
ﬁdlg

The nut is checked using the relationship:

6F-(H1+aj
2

o=—————-2<0,
' z-7-D-h? N
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Thread Shearing
Shearing of the thread coils is a stress of minor importance, with the rupture
section being the same as in the case of bending stress.

F F

T = = < Ty
7-d,-h z-z-d-h

For the nut:

F

— “af
z.7-D-h °

Ty

Ensuring threaded assemblies
Methods of securing without introducing additional stresses into the
assembly

,,R-Clip or spindles”

">
.................................................................... /
7

- b 1 Lal

i !
| I

- Using various types of lock

washers
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T“g e
! CastleNut _ /—\

d <28 mm (Using a
locking screw)

- Securing parts on shaft ends

d > 28 mm (Using two loking
SCrews)

Methods of securing with the introduction of additional stresses into the

assembly
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- Securing with a counterlock nut | e
........................................................ o o
........................................................ I

| ) A
....................................................... sanell
il \ 4 33
------------------------------------------------------- a \ \\\ o -
S S P
LSS e JI —
....................................................... :
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Additional notes / Observations
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2. ASSEMBLIES WITH KEYS AND SPLINES

Key assemblies

These are detachable assemblies, formed by shape, and serve to transmit
torques in the case of longitudinal keys or a force in the case of transverse
keys. In order to enable the assembly and operation of the joint, a keyseat
will be machined into the shaft (by milling), and a keyway will be created in

the hub (by mortising or broaching). Figure 2.1 shows such examples.

(a) Examples of key seats machined into the shaft

(b) Examples of keyways created in the hub
Fig. 2.1 Keyseats and keyways

In Figure 2.2, examples of parallel keys used (or not used) in shaft-hub-
wheel assemblies are presented. Figure 2.3 shows other types of keys, while

Figure 2.4 illustrates an assembly example.
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------ ? Shape ...... ?

Fig. 2.2 Examples of parallel keys by shape

Fig. 2.4 Assembly with parallel key type B
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Assemblies with keys can be classified according to the following

criteria:

v Based on the assembly method
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Assemblies with keys and keyways

v" According to the structural features

Assemblies with parallel keys

For the analysis of stresses in key assemblies, consider figure 2.5.
During the transmission of the torsion torque T from the shaft to the

hub, the key is subjected to contact pressure/crushing stress in height

and shear stress in width.

Key on shaft
Shaft Key reaction A<
A
Hib —"| Spacer
!

A

' \\g&\
y =

“ ot N
L N
&L

Ww Hub on

shaft
reaction

Fig. 2.5 Stresses in parallel key assemblies

Hypotheses:
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Dynamic equilibrium equation of the shaft:

T=Fxyz Fx%,therefore F=-.

Parallel key is stressed at ............... on the lateral faces and
(0 JHUR in the contact surface between the shaft and the hub.
o, =2F AT G (. )
h-1 h-l-d
F 2T
=—= S P (R
T b1 b-l-d 7o ( )
AT
“ h-d-o,

(The necessary length of the key to prevent its crushing).

2-T

|, =
“ b-d-r,

(the necessary length of the key in case shear verification is not performed.).
In both situations, according to ISO 2491, is chosen:
Key marking:

Key A bxhxl-

Materials and technology:
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Steels with a minimum tensile strength of 600 MPa, typically according
to SR EN 10025 as E 335 (OL 60), or according to SR EN 10083 as 1 C 45
(OLC 45).

Disc key assemblies

In figure 2.6, an example of a disc key assembly is presented.

A disc key is

The lower part of the key (the semicircular disc) is mounted
] SRS USRS :
The groove in the hub is typically made. Once placed in the correct position,
the disc key tilts and self-aligns on the shaft.

Advantages Disadvantages
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Other types of keys

Longitudinal tightening keys

The torque transmission is achieved through friction.

Disadvantages:

Calculating inclined keys

Hypotheses:
The torque transmitted through such a joint is given by the sum of the

moments of all forces relative to the axis of the shaft:
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In figure 2.7, the forces acting in an inclined key assembly are presented,

necessary for determining the transmitted torque moment.

L]
W)

Y

A

{

Fig. 2.7 Forces in an assembly with inclined keys

d
M, =Q-X+u-Q-y+—-F
2 where:




31
Assemblies with keys and keyways

Additional notes / Remarks
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Spline assemblies

Spline assemblies are shaft-hub connections designed to transmit
torque and rotational motion.

In the case of splined shafts (figure 2.8), the splines can be somewhat
considered as "multiple longitudinal keys," forming a common body with
the shaft. Although they are primarily used in spline couplings (allowing
the mounting and axial movement of gear wheels in gearboxes), they are

sometimes also used in fixed assemblies.

Fig. 2.8 Splined shaft

Advantages Disadvantages




33
Assemblies with keys and keyways

Splined hubs (figure 2.9) are made using technological processes such
as slotting (less demanding execution) or broaching (higher precision,

used for mass production).

Fig. 2.9 Splined hubs

Classification of splines based on the profile:

In figure 2.10 there are several examples of splines based on their profil.

Fig. 2.10 Examples of splines classified by profile
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Splines with rectangular profile are the most commonly used. In their

case, standards specify:

Depending on the centering method, rectangular splines are divided into

three categories (figure 2.11):
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Depending on the load capacity and coupling method, standards divide
rectangular splines into three series of sizes, distinguished by the height of

the splines, their number, and the method of centering.

2 ) PSSR
0 ) USSR P TP PRPRPRPRPPI
0] ISP P PP PRTUP PP

Calculation of splined assemblies

The torque is transmitted from the shaft to the hub through the contact on
the lateral faces of the shaft's protrusions and the splined hub (as shown in
figure 2.12).

The stresses in spline assemblies are:
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LR
D 7

.

_Z /_

Fig. 2.12 Geometric elements in spline assemblies

The force on a spline:

Fl=o-s-A=o-s-h-L=o-s-[DT_d—20]-L
(orvvenn)

Dynamic equilibrium equation for the hub:
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Flanks crushing (at contact pressure):

o, = M, <o
k-z-L(D;d —ch- D;rd
(O )
The necessary length of the assembly:
L> 2-M,

k-Dm-z-(D_GI —20]-%
2 , Where k = 0,75 este

D om ;
[0 IR X
G m ettt ,

where o, the permissible crush strenght, provided in the standard

according to the working conditions of the assembly (........cccoene. :
........................... } ereneeeneeeneeennn) @Nd also operation and coupling mode.
SRS PR PRSPPI
TSSO PP U R PT TSRO )
Verification of the spline assembly involves:
L2 Ly, , therefore:
1 D-d
Mtcap :E'ko dm L as (T_Z jz Mtn
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Design algorithm

The sizing of an assembly with rectangular grooves generally starts
from knowing the nominal torque moment M, the functional role of the
assembly, and the working conditions. If the inner diameter of the splined
shaft is not known, it is preliminarily sized based on the torsion strength

condition:

"t ,where 7 4=15...25 MPa

is the admissible stress for torsion.
The size series of the splined assembly (light, medium, or heavy) is
chosen based on the type of assembly and coupling conditions.
They are chosen, based on the inner diameter d from the
preliminary sizing, from the standard of the selected series:
T ——————————————— d;

The necessary length Lnec of the splines is determined.
If the length of the splined hub is known, a verification calculation

is performed.
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Additional Notes / Observations
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3. ASSEMBLIES WITH PINS AND BOLTS

Assemblies with pins

Pins are detachable assembly components used for the following

purposes:

into:
TR (SR EN ISO 2338/ SR EN ISO 2339),
ettt ————————————————————————————— O e

Depending on the shape of the outer surface, pins can be divided

as follows:

T e ————————— ) e e (o S :
Below are presented several examples: solid cylindrical (Figure 3.1), with
spherical head (Figure 3.2a, flat or straight), tubular cylindrical (Figure
3.2b), conical (Figure 3.3a with threaded plug, b with split end, ¢ grooved),
threaded pins (Figure 3.4a chamfered, b with plug, ¢ with conical tip).
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d/h8

Fig. 3.1 Solid cylindrical pin

-_—

Fig 3.2 a) Spherical head pin b) Cylindrical tubular pin
777773\
T 3 T 'Ull 1 S
LA A
L < L >

a. Conical pin with threaded plug

—

b. Pin with with split end

c. Grooved pin

-

Fig. 3.3 Conical pins
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Fig. 3.4 Threaded pins a) Chamfered  b) With plug c¢) With conical tip
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The calculation of pins

Locking pins are typically used in shaft-hub assemblies that transmit
torsion torques through direct contact from the shaft to the pin, and then
from the pin to the hub (or vice versa).

The  stresses  that occur in  the  assembly are

The calculation is carried out under the assumption that the pin is

fitted tightly into the hub and has clearance in the shaft (Figure 3.5).

Fig. 3.5 Pin assembly (shaft-hub)
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Shearing stress:

M,=F-d=..F=— (..)

2-F 2-M,
z-f = 2 = 2 Sz-fa
7Z"dS 7Z'd 'dS ( ........ )
The capable torque to transmit:
Mt max =Zd .dsz"[fa
- 2 (cereen )
The required diameter of the pin:
Z.Mt max
ds nec — d—_
- r-a-7,
S (PP )
Crushing/contact pressure stress:
Pin-hub assembly:
MI:Fl-ﬂ:»..Flz— (.....)
2
o = 2-F _ 4-M, <o
tod(1-d) d,(1P-d?)" o)
Pin-shaft assembly:
Mt = F2 'ﬂzo-sz(lds 'E)E:ldzdsaﬂ
3 22 3 6 (.....)
o = 6-M, <o
s2 dS 'd2 sa2 ( ..... )
WNEEE: IVt = oo
0 = e e :
d -




45
Assemblies with pins and bolts

Obs.: oas < 0,8-c02, with the specification that in the case of grooved
pins, the values are taken as 30% smaller than those used in the calculation
of smooth pins;

a1 = (0,2...0,3)-Go2.

Assemblies with bolts

Bolts are cylindrical machine components used as connecting parts
in joints. They are constructed in two basic forms:

BeetetbseE Rt s R e RE R E e e e R (ISO 2341),

NAMENY oo (ISO 2338), executed in two

also in two constructive variants.
All basic forms are executed in two variants (Figure 3.6 and 3.7):
e ——————————————— , form A (fig. a, b, e);

T s , form B (fig. c, d si f).

Fig. 3.6 Different types of bolts
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b) c)
Fig. 3.7 a) Bolt without clip hole (form A), b) Bolt with clip hole
(form B), ¢) Bolt with retaining groove
Bolts can also be equipped with grooves for retaining rings (Fig. b

and e).
The calculation of bolts

For the calculation of bolts, the assembly shown in Figure 3.8 is

proposed.

~ E\ ..... 2 o

........................................................

Fig. 3.8 Assembly with bolt
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Crushing/contact pressure stress:

Clevis-bolt:

o, = F <o

o 2.s.d, G )
Tie rod-bolt:

o, = F <o

* h.d,” G )
Shear stress (bolt)

r = 2-F <r.

Bending moment:

Bending stress

M, F-:(2-s+h) 4-F-(2:s+h)
Oy == O 3 <oy,
W 7-dy 7-d,

8
32 (
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Additional notes/ Observations
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4. ASSEMBLIES WITH ELASTIC CLAMPS AND
WITH SELF-PRESS FIT

Assemblies with elastic clamps (bracelets)

The assembly is done by tightening an encompassing elastic piece onto a
shaft, using friction forces that arise from the more or less uniform pressing
of the inner contact surface of the encompassing piece (clamp) onto the
outer surface of the encompassed piece (shaft). This type of assembly is
capable of transmitting small torque moments and ensuring the positioning

of parts mounted on shafts, supports, pipes, etc.

The advantages of this type of

The calculation of assemblies with elastic clamps (bracelets)

For the development of calculation hypotheses, these assemblies can be

found in two variants (as shown in Figures 4.1 and 4.2):
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'

] 1

Fig. 4.1 Clamp with a split ring

—

Fig. 4.2 Clamp with two rings

In figures 4.3 a) and b), two examples of using clamps (bracelets) are
presented: a) with a split ring, for positioning and supporting the motorcycle
handlebar; b) with two rings, for supporting and taking torsional moments

from the stabilizer bar of a truck.
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a) With a split ring b) With two rings
Fig. 4.3 Examples of clamps

The following calculation hypotheses are established:

0] (o2 =T N TR ;
A e X
It 1S Ot taken INtO ACCOUNL: .....oeoiieiiiiceeeee e :

The moment equation is written around point A, as:

i.FS.(a+gJ= FN 9
2 2

The sum of moments about point O is:
Fil=pF -d= F :F—'I
p-d
By substituting into the above relationship, the tightening force is
obtained.

i F (aijj_".ﬂ
u-d 2
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F-
(s
2
where:
N , [N];
S e , [N];
L ettt ;
o , [mm];
A s , [mm]
e , [mm]
I e s

In the case of a clamp/bracelet assembled with initial clearance, the

capable torsional moment can be calculated as follows:

T :i-lO’s-Fs-,u-(Z-a+d)[N-m],

cap
T

Press fit (interference fit) assemblies
This type of assembly is achieved through tightening caused by the
elastic deformation of the joined parts, without intermediate elements. Thus,

frictional forces oppose the disassembly.

Classification:




53

Assemblies with elastic clamps and with self-press fit
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Calculation elements:
a) Determining the tightening according to the minimum pressure required
to handle trust force or torsional moment;
b) Knowing the uniform stresses generated in parts due to tightening effects
c¢) Verifying the contact pressure;
d) Calculating the deformations resulting from tightening (affects the proper
functioning of the assembly).

To identify the necessary calculation elements, in Figure 4.4 there is a
presentation of a self-tightening assembly (press fit), a) before pressing and
b) after pressing, and c) a cross-section of the assembly.

Calculation hypothesis:

All calculations are performed in the elastic range of deformation.

After deformation, the same diameter d is obtained for the shaft and hub,

because:
— a2 (e ) it decreases by Aa.
L |1 oSS ) it increases by Ab.
— dbv<d<da

Thus, the theoretical tightening can be determined:

S=d,—d,=d+A,—(d-A,)=A,+A, [um];

-3
where p = 510 [MPa],
e
d.| —24+-1°
Ea b
D ettt [MPa];
S s [um];
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Fig. 4.4 Press fit assembly

The dimensionless coefficients that account for the radial deformations of

the parts are determined as follows:

2 2
Ka :%_ a
d?—d:
2 2
K, - d22+d2 v,
d, —d , Where
ViV .
o TR ;
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From the relationship of the contact pressure on the tightening surfaces,
the theoretical tightening can be determined as follows:
K, K
S=p-d-| =2+ 1{.10% [uml.
P (Ea EJ [um]
From the perspective of contact pressures indirectly related to tightening,

there can be two extreme situations that should be avoided:

In figure 4.5, two press/interference fit assemblies are exemplified:
a) mounting a bearing on a shaft and b) mounting a toothed crown on the

hub disc of a worm wheel (for transmitting torsional moments).

‘\ Pressing
Pl

a) Bearing-shaft assembly
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Worm crown

Hub disc

b) Toothed worm crown on hub disc

Fig. 4.5 Examples of using press fit assemblies

In reality, the theoretical tightening does not correspond to the actual

tightening between the assembled parts (S#Se), for reasons such as:

TP P RSP UPT PR PRPRTTI ;
e s ;
TSP PO TSP PP PRPTR ;

The effective tightness can be calculated:

S.=S—-(C,+C,+C,) [um], where:

G L
C,=55-(R:+R)=12-(R!+R?)  [um], where:

R, R e

................................................................................................................ [um];

R, Ry Lottt
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O OO PPRPPPPRPRON
C =(a,—a,)-d-(t—t;)-10° [um], where:

0 0 y

L0 ;

L PP PP PP PPPPPPPPPPPPPPPP
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Additional notes / Observations
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5. SPRINGS

The spring is a machine part that, due to its shape and elastic
material, transforms mechanical work into potential energy through its
elastic deformation and is ability to reconvert (completely or partially) the
accumulated potential energy back into mechanical work..

It is used for :

Classification of springs:
According to their construction form: (eg. fig. 5.1):
According to the direction and sense of the external force:




61

Springs
According to the shape of the semifinished product's cross-section:
According to their functional role:
According to the material:
According to stiffness:
Materials used in the construction of springs:
TR X
RSPV TP PSP P TOPR PR PPR PP ;
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Requirements imposed on materials for springs:

i) i) k)

Fig. 5.1 Various types of springs: a. Leaf springs, b. Compression
springs, c¢. Tensile springs, d. Variable pitch springs, e. Disc springs,
f. Ring springs, g. Spiral spring, h. Circular sealing springs, i. Torsion bar

springs, j. Torsion springs, k. Concave spring.
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The characteristic of a spring is the curve that represents the
relationship between the load acting on the spring (force, moment) and the
elastic deformation it produces (deflection, angle). The graphical
representation of the stiffness of a spring (its characteristic) is illustrated in

Figure 5.2.
A

]

Fig. 5.2 Caracteristica arcului

The characteristic of the spring:

Linear characteristic:
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Clarification: With these springs, there is proportionality between forces

and deformations (Fig. 5.2):

-Ezwa:C

f , Where:
e :
i o e e ;

The elementary mechanical work stored is (Fig. 5.2):
dL=F-df
The area under the spring characteristic curve and the abscissa represents
the total mechanical work stored by the deformation of the spring:

L:lF.f:lc.ﬁ
2 2

Analogous to springs subjected to moments:

L:ll\/lt-e?zlc-e2
2 2

In the case of springs with variable stiffness:
f, o,

L=[F-df; L=[M,-do
0 0

Observation:
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Calculation of the main types of springs used in industry

Leaf springs (bending load). The single leaf of these springs,
typically fixed at one end and under the action of external load F at the free
end, can have a rectangular, triangular, trapezoidal, etc., cross-section
projection. The height of the leaf can be constant or variable.

The unit stress of the leaf spring (rectangular), at a section x distance

from the point of fixation, is (Figure 5.3):

L1,

|
/,D
-

Iy

A 4
A L
4

Fd

&
4L
"j I
/

r

Fig. 5.3 Rectangular leaf spring

F-x 6-F-x
O =0 = 2
w b-h
6.F-I
6.=0 . Oimax = 2
o =V forx =0 iar b-h* forx=1.

The maximum force supported by the spring:

o

imax

max 6 I
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Free end deflection:

F-F  b-h*.1? 12-b-h?-I?
max = “Oimax = 79 = 1. 3 Oimax —
3-E-1 18-E-I 18-E-b-h?
Stored mechanical work:
2 2
L lpg bW 2@ 1
2 2 6-1 3E-h 18

Torsion bar spring

20 |z.

— = “imax

>

3 E

2

E

imax

where

,_b-h
Y

Torsion bar springs are formed from straight bars subjected to torsion,

with moments applied at the ends (Figure 5.4).

Fig. 5.4 Torsion bar spring (circular section)

3
T:F-R:Wp-rtzﬂrt
16
48T
TC'Tta

16-T
Angular deformation:

_ T _32FRA_ 1
G, Gmnd ~Gd
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Stored mechanical work:

3
LZE.T.QZE._H d 'Ttmax'z Ttmax l
2 2 16 G d
2 2 )
L=1‘T‘max'V=K-—T‘"‘aX.V; where V:”'d N
4 G G

Helical springs
Helical springs are springs obtained by winding wire of any
cross-section (circular, rectangular) in a helix pattern, on a guiding

surface (Figure 5.5).

Fig. 5.5 Helical compression spring

Tension in the wire:
T FR, 8FD,

! Wp n-d n.dd
16
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Unit stress:
Twmax = KT \yhere k is a shape factor coefficient.
=2 gopat®
If noted with d g I (i- reeling ratio),
T _x.8FDy _ BF i<,
then n-d’ n-d’

Sizing is done using the relationship:

dzeJké.Dm-FzJ B8IF
T T, T T,

Deflection of the spring:

Dm
.1 D .F'—-n-Dm‘n

om0 T4 D P!
2 G, 2 grd
32

_8oD,3n-n_F
G-d*  (n-active turns number).

Mechanical work :

3 3 3 2
L 18D L 18Dn(  wd 2
2 2 G.d 2 G.d 16 D,
L= Dt =Kt
4 G G , Where : V - is the volume of the spring, and

k - is the volumetric utilization coefficient.
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Additional notes / Observations
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6. GEARS. CYLINDRICAL SPUR GEARS

Introduction. Materials. Geometric elements

Gears are mechanisms made up of two or more toothed wheels,

one driving the others through the action of teeth successively in contact.

The

gears arel........
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Materials for gearings

The main  MaterialS Al

Transmission ratio

If a gear has a very large number of teeth z, which tends to infinity, it
turns into a gear rack. The gearing consisting of a gear and a rack serves to
transform the rotational movement into translational movement and vice
versa. Transmission ratio 12 in case of gearing is the ratio
between..........ccccevvevveenenne, o1 specific to the driving gear 1

................................. o2 Specific to the driven gear 2:

Gearing ratio U12 IS the ratio between
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It can be shown that the transmission ratio and the gearing ratio have the

same value:

i12 = Uy,
The fundamental law of gearing
The law of gearing, known as Willis' theorem, establishes the
condition that must be met by the profile curves bordering two teeth in
contact so that the motion can be transmitted with a constant transmission
ratio.

For two gears to transmit the rotational movement with a constant

The point noted “C” (figure 6.1) is named:........cccooevieieieennnn,

\

The reference rack
If the number of teeth z tends to infinity, the gear wheel becomes a
rack, the circles become straight, and the involute becomes a rectilinear

profile.
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The standardized geometric elements are defined on the reference rack.
Figure 6.2 shows a reference rack that contains the specific geometric

elements.

Teeth profile shifting

Two involute gears will mesh with each other if they each mesh with
the same rack. Thus, the rack tool moves with respect to the reference line
by the distance x (figure 6.3), which is expressed as a function of the module

m:
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Xm

linia de referinta

Fig. 6.3 Teeth profile shifting

If: x>0= ... profile shifted gearwheel
(the rack moves closer to the center of the wheel relative to the
reference position),
X<0=> profile shifted gearwheel
(the rack moves away from the center of the wheel relative to the
reference position),
XZ02 e, gearwheels.
Covering degree
In order for a gear to transmit a continuously movement, with a
constant transmission ratio, it is necessary that before a pair of teeth exits the
gear, the next pair of teeth must already be engaged in meshing. The
covering degree: & >1. At the beginning and end of the engagement of a
pair of teeth, there is another pair of teeth in gear meshing, a stage called
...................................... , in the rest of the time there is only one pair of teeth
in gear meshing, a stage called............c.cccooveviiieiicincee (figure 6.1 and
6.4).
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A 3 ( D 1
[ |
il n+l

Fig. 6.4 Covering degree

The gear mesh incepe in punctul A, when the tooth foot of the driven
wheel makes the first contact with the tooth tip of the driving wheel and
ends at point E. Segment AE is called............cccooveviiieniieii i .
On the line of action are two segments: AB on which the pairs of teeth are in
gear —n and n-1; BD — on which is in gearing the pair of teeth with the
number n which came into gear at point A; DE — on which the pairs of teeth
nand n+1 are in gear.
Causes of gears decommissioning

v/ Causes that lead to tooth breakage:

v Causes that lead to the destruction of the flanks:
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Cylindrical Spur Gears Calculation

The forces in Cylindrical Spur Gears

In gearing, the contact of the teeth under pressure moves from the tip
of the tooth to its base. The point of application of the resulting contact
pressure Fn, having the normal direction to the involute profile moves
on the active flank continuously overlapping the common normal N-N.

As a result of sliding between the flanks, frictional forces arise which,
added together with Fn, give a resultant that closes with the direction of

the N-N normal an angle equal to the friction angle (figure 6.5).

Tangential force at the operating pitch circle:

Knowing that: M, (T,) = F, % then F, = 2-My

wl

=F,.and

M, () =9550LW]_ [Nm].
n,[rot/ min]
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The normal force at the operating pitch circle:

F - Fy :2XMt1(T1)
" cosa, d,cCOSQL,

n2

The radial force at the operating pitch circle:

F.=F.tana, =F,,, where:

Factors influencing the forces in the gear
In reality, due to overloads, the forces that develop in the gear are
influenced by factors such as:
The operating mode factor Ka
It NIGhIIGNES....c.oiieice e

The dynamic factor Ky

This factor takes INt0  ACCOUNT......cocoooeieeeiei e,
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V. -Z
B T 10N T .
100

The load distribution factor on the tooth width Kug

This factor takes INt0 ACCOUNT........eeveeeeeee e
Frontal plane load distribution factor Kyg
I8 RIGNIIGNES. ...

The load distribution factor on the tooth width Kgg for bending stress

Key =K, where N:f(gj,andb ......................... ,

Frontal plane load distribution factor Kg, for bending stress

Ke, =1+2-(Ky, —1)

Strength calculation of cylindrical spur gears
Contact pressure calculation

To avoid pitting wear, the stresses ex which appear not to exceed the
admissible fatigue contact stresses of the tooth flanks (cHp).
The linear contact between the flanks of two teeth is assimilated to the
contact of two cylinders with radius equal to the radius of curvature of the
teeth involutes in that contact point, the width equal to the teeth width b and
load with the tooth force Fn .

Hertz's theory. It establishes the relationship for calculating the contact

pressure at the contact of two elastic solid bodies (cylinders), figure 6.6.

Simplifying assumptions:
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2 s ;
B s ;
A
ST TP UR PP PR PP PPRTI
B, i ;
s

Fig. 6.6 Hertzian contact

The maximum contact pressure:
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F 1 1 -
c, = [—&+—- , Where p — reduced curvature radius
H 2 2
« P 1-vi 1-v;
El E2
111 v —Poisson coefficient,
—=—+—, and E - tensile modulus.
P P P

To avoid pitting wear that occurs due to tooth contact stresses, the on

stresses must not to exceed the admissible fatigue contact stresses of the

tooth flanks (onp).

The normal force:

I:n = I:nl of = 2.T1'CH
- d,cosa,
Contact length:
b
L 4—¢,
3

Reduced curvature radius:
d .
Py = 7“’1 -sina.,,
d , SO
p, =—2.sina,

1 2 ( 1}
L ) §
p d,-sina, u

So, for the determination of contact stresess the expression becomes:

o 1 _ 2 '\/4—8[1' 2-T,-C,, u+l
" ”'(l_Vf“Ll_vgj sina, cosa, V3 b-d2, u '

E, E,

knowing that:

but
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The elasticity factor of gear materials:

1

o 1-v? +1—v§
El EZ
. 1
" ysina,cosa,

¢ 3

Z. =

The contact area factor:

Coverage degree factor:

It results in the gear check relationship on the Contact Pressure stress:

o,=2.-2, ZS\/%U—Jrl <0, , Where:
wl

L0 .

Dimensioning of spur gear at the contact pressure stress

The gear width coefficient is taken into account: b=y, -a,, where this
one v, is adopted depending on the ratio between power and shaft speed.

If the center distance a,, is written as:

— dwl_'—dwl — dW1(1+u)

2 2
and the pinion operating pitch circle diameter is:
_2-3,
" 14u

the Hertzian stress (Contact pressure) can be written:
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2-T,-C u+1 T.C.-(1+u)’
O =Ze Zy - Z,- BV =zE-zH-zg-\/ﬁ
\Va'aw' 2 :
(1+u)

T,-Cy -(L+u)’

In this way, the necessary center distance results, based on the contact

2 52 52 52
Opp =Zg Ly L. -

pressure stress:

2 2 2
a'W nec :(1+u).#Tl CH ZE Z|-2| Zg '
- 2-y,-U-Cpp
Calculation of cylindrical spur gear at bending stress

Simplifying assumptions:

T ;
TSP PR TSP UPPPRPPRPRTIN
K T TSP PP PRSP PPP
s

The tooth is considered as a beam with a profiled contour embedded in
the gear crown and loaded with the normal force F.
Assuptions:
- the force is applied to the tip of the tooth and is taken only by one tooth;
- the width of the tooth at its base is Sk and has the length b.
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The force Fy is translated in the direction of the action line until the
intersection with the tooth axis of symmetry and is broken down into the
tangential force Fw and the radial force Fra which produce a compound
stress at the base of the tooth. The area of tooth breakage is highlighted in
the figure 6.7.

Fig. 6.7 Tooth breakage at bending stress
This area being stressed by tensile and taking into account a covering
calculation but at the same time neglecting compression, it is obtained:
The maximum bending stress:

M Fye-COSa, 6-h
GF:—: = .

w b s?

3
_ m
d,-b-cosa, S d,-b-m cosa, S?

m2

S _2.T-C..cosa, 6-h. 2-T,-C. cosa, 6
= . = . .

N

If the introduction of correction factors is taken into account, the

expression for the bending stress becomes:

_%'YF.&\ Y, Y. <o,

(e} =
Fd,-b-m ¢
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WHEBIE OFP — 1uteiitie ittt ettt ettt et e st et e e s be e et e e sbeesabeesbeeenbeesbeesnbeeatees .
D =T ;
D TN :
Y &

Dimensioning the cylindrical spur gear
If the modulus is considered to be:

e d, cosa,  2-a,cosa,

z,cosa z,-(1+u)cosa

and if the permissible stress is:
2-T,-C.

2-a, a,- 2-a,0080,, e
Lru Ve z,-(1+u)cosa

Y, Y,

Opp = sa' Vg

but also:

_Tl-CF 'Zl'(l-l-U)z _ cosa
2.y, - cosa,

Ye, Yo, oY,

Opp sa’le

Fa '

then the calculation relationship of the required center distance can be

determined, based on the bending stress, thus:

T,-C.-z-(1+u)’
a‘W_nec:# : . : ( ) . cosa 'YFa'YS

Y,

a g "

2-y, Cpp cosa,,

In figure 6.8 (a) a cylindrical spur pinion is presented, (b) a cylindrical
spur gear; (c) "Pitting" type wear on the tooth flank; (d) breaking the
tooth at the base; (e) breaking the tooth at bending; (f) traces of

corrosion on the teeth.
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Fig. 6.8 Examples of gearwheels, gears and damage to
spur gear teeth
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Additional Notes / Observations
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7. CYLINDRICAL HELICAL GEARS

Forces in cylindrical helical gears
Figure 7.1 shows the simplified diagram of the representation of the

forces in cylindrical helical gears.

Fig. 7.1 Forces in Cylindrical Helical Gears

Knowing the expression of the tangential force in the pinion: F, = Zd'Tl ,

wl

Fbl _ Ftl 2 'T1

= = = (from gearing plane), and
cospf, cose,cosp, d,cosa,, CoSf

nl

__Fu _ Ry
cosa,, COse,,COSp,

- (from the operating plane), as in figure 7.2, is

determined:
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t2 Fnl = Fnzi Fal = Faz ' Frl = Frz

Fig. 7.2 Forces in the specific plans of helical gears
Geometric elements
In case of cylindrical helical gears, the module will standardize in

the...oooeeeee, plane, being noted as mn . The module noted as m
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The Symbol @ rePreSENTS. ....c..ccieiiee et e
and its formula is: a=T (2+2) _m(z+2,)
2 2cos B
ANGIE @, 1Su i and
. . tan ¢,
is determined as: tane, = .
cos
The relationship DEIWEEN .........ccoiiiiiiiiie e “a”
AN o is: aw a-Cosa, =4, -Cosq,, .
. m -z
The diameters .........cccoevvvvveeieieviseeeeiseseeeieinanns Ay, =m oz, = /2
' ' cos g
The diameters ..ol Ay, =d,, -COS @,
THE QIAMELETS ...
4 —d . Cosa _ cosq, m,__ cosa
wi,2 1,2 — k"4 - 1,2 .
cosa,, cosa,, Cosp cosa,
The diStance .........cocveveeerecveeennd? _ dm;dwz .
. m *
The diameters .........ccoceeeenl d, =—"—+1 2, +2- (A + X, — Ay, )-COS
al,2 COSﬂ |: 1,2 ( an ni,2 yn) ﬁ:|
. 21,2 * *
The diameters..........cccevevennns dp, =M, -{w—z-(han +c - an,Z):|

2 2 2 2 H
. JdZ —d2 +/d2 —dZ, —2a,sina,, .
“ 2zm, cose,

0s




91
Cylindrical Helical Gears

G ettt
b-sin
&y = p
-m,
T T TP PP
E,=&, &

Strength calculation of cylindrical helical gear

The geometric calculation is carried out in the.................. plane, and the
strength calculation is carried out in the..................... plane, where the
minimum strength of the tooth is obtained.

A cylindrical helical gear can be replaced with an equivalent spur gear
(figure 7.3). This is also called aS........ccccooveviiiiiiiiiieiicie e
................................................................................ and it has the numbers of
teeth zy1 and zy2, module my, and the shift of profile coefficients xn1 and Xn2.

The N-N plane intersects the pitch cylinder after an ellipse and the
engagement takes place on a portion of the ellipse corresponding to 2 ... 3
normal pitches; the flanks of the teeth are considered to belong to a
cylindrical gear with the radius of the pitch circle equal to the radius of

curvature of the ellipse at point C.

Fig. 7.3 Equivalent gear
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The ellipse curvature radius at point C (figure 7.4) is: p, 2 d2
b 2cos”p
A= e ;
M D — oo :
2
N D 2 AV — e
A ’ !

/ ‘GEBIWhEEl 4 A
y ‘.‘. "- ......................................
Y. N
Z — e
Fig. 7.4 Ellipse curvature radius
If: d,=d/cos’ , d,=m,z,=m,cosf-z,, M CoOSf-Z, = M2
v ' \ n“v t v ! v COSZ,B
it results: PP
' "2 cos® B
Contact pressure stress calculation
Hertz's relation is used:
F 1 1
Contact pressure stress: o, = [+ —- - .
L. o, 1-v, +1—v2
El EZ
2.T,-C,

Effective normal force: F =F , =
-~ d,,-Cosa, -Ccos S
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b-g,
cos 3,

Contact length: L, =

. 1 2c0s u+l
Raza de curbura redusa — = - 3 .
p, d,sing, u

Therefore, the contact pressure stress becomes:

2-T,-C, COosf, 2cosff, u+l 1

oy =

d,cosa,cosp, b-g, d,sinag, U 1—v12+l—1/22
72'- [
El EZ

3 1 . 2cosp, (1 J2-T,-C, u+l
(1—‘/12 1—v§j sing,, cosa,, \&, \| b-d’, u
/s +7

El E2

Taking into account the definition of material, contact, and degree of
coverage factors, the relationship to the contact pressure stress checking

becomes:

2-T-C, u+l
O_H :ZE'ZH Zs\/#_SO—HP
wl

The dimensioning of the cylindrical helical gear, at contact pressure

stress, is made by:

T..C,.22.22 .22
Z'Wa'U‘G,Z_'P

By =(1+U)-#

Bending stress calculation
The gear-checking relationship for the maximum bending stress is:

_2T-Ce

“d.-b-m Ve Yoo oY, Y, <0, Where:
wl n

OF
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Y oo e :
Y S — ettt :
N 2 :
N T

The dimensioning of the cylindrical helical gear, at bending stress, is

made by:

T..C.-(1+u) -z
Ay nec = 3= ( ) - s 'YFa 'YSa .Ye .Y,B :
- 2y, O cos s cosa,,

Figure 7.5 shows some examples of cylindrical helical gearwheels and

gears made by them.

v 9

(@) (b)

(©

Fig. 7.5 (a) Cylindrical helical pinion; (b) Cylindrical helical gear;

(c) Double helical gear
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Additional Notes / Observations
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8. BEVEL GEARS. STRAIGHT BEVEL GEARS

Bevel gears have intersecting coplanar axes and the rolling

surfaces form a pair of tangent cones that roll without slipping.

Bevel gears have a number of advantages such as:

AN N NN

v

According to the shape of the teeth in the case of bevel gear: straight,

inclined, in an involute arch, in a circular arch (figure 8.1).

Fig. 8.1 Example of bevel gear teeth shapes

Calculations regarding the kinematics, the degree of coverage and
the strainght of the bevel gears are carried out using the replacement gear

(also called virtual gear), corresponding to the medium backcones.
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The geometric elements corresponding to the equivalent gear are
noted by the index v.
The main geometric elements of the virtual bevel gear are shown in

the figure 8.2.

Fig. 8.2. The geometric elements of the virtual bevel gear

. d
DIAMELETS ..ot Oy = — e
© C0s o,
- dv1+dv2
DISEANCE ..ovvevieiiiiiieiieieeiieereeeeeeeeeseeeseseseeesesesesssssessseseseseseeees Gy = >

The replacement gear, having the same mmy: module as the bevel gear, is

written:
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LV L= (Y SRR

Z L i

Thus, the relationship between the number of teeth is:

_ By B B O0SS
12 — = — =
“° cosé, 'z, 1z, COSS,
Notations: CONe ........cccvvvevvvveeviveeennns “a”, Cone .....couue.....
CONE oo “£7, CONE v
CONE e M7, e
= WhOIE dePtN ..o
h=m,-(2-h+c")
s ANGIE.
z
tans, ==+
Z,
= ANGIE
5,=90°-6,
= denghth. .
R — del,z _ m,-z,
° 2-sing, 2-sind,
= COBTTICIENTS. ..o
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= IAMELEIS....eeieee e ,[mm]
dy,=m [le +2-(h; + xrl’z)-cosde
= IAMELEIS. ... e ,[mm]
dypp, =m, [212 2-(h +c —xrl,z)-cosﬁz]
= QIAMELEIS. ...t ,[mm]
0 2R, (1 0,51//R)’ mz:ZRe(l—O,St//R)u,
1+u? 1+u?
= IAMELEIS. ... s ,[mm]
dy,=m, -z,
= AIAMEBLELS. .. ,[mm]
d,, =d, +2h,; d,,=d,+2h,
= IAMELEIS. .. i s ,[mm]
d,, =d,cos(a); d,,=d,cos(x)
= AEgrEE OF o s
i JdZ —d2, +d2, ~d2, —2a,sin()
“ 2-7-m,cos(a)
= COBTFICIBNT ...
Yg = L] <b=y; R,
Re
s ANGIE s M|
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s ANGIE e I°]
h
01, = arctan( ;zj
s ANGIES. e 1°]
5&1,2 = 51,2 +0.,
= ANGIES. s I°]

5f1,z = 51,2 - 0f1,2

Forces in bevel gear

The way forces are distributed in the bevel gear is represented in figure

8.3.

& 0
S
24
al ¥
— W’
Fot O
/ qu [ ¥ [ [T ORPRRR.

O

Fig. 8.3 Forces distribution in bevel gear
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From the torsion torque relation:

FOrCe...oovviiiiiiieiee, F.= and
dml
FOrce. ..o, = Ry __ 2T
cosa. d  cosa
Force.....cooovviiiiiiii, F.,=F,cosd =F,tanacosd,,
Force......ooovvviiiiiiinn, F,, =F,sind, = F, tanasing,,

also: th = Ftl F 2 = F 1 Fr2 = Fal FaZ = Frl'

Calculation of bevel gears at contact pressure

: . F, 1 1
It is adopted Hertz relation: o, = [~ . > o -
L, o, ﬂ(l—vl +1—vzj
El EZ
Are known:
FOTCE. vttt F=F, = 2.1 Cy
- d,cosa
b
Length......ooeieiieeee e =
engt L, T
3
d.,Sina
pmvlzcm mvl "
2C0S 6,
Radii.....ooiiiiii d t
sina
:C — m2
pmv2 m’ Ymv2 2C0552
1 1 N 1 241+

pmv pmvl pmv2 dml'u'SIna
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The contact pressure becomes:

4'_‘E‘ocmv
2T,C, 3 241+u’ 1 )
d,cose b d,-u-sina - 1—v12+l—V22
El E2

oy =

1 \/ 2 .\/4—gamv_ 2T,-C, N1+U?

1-vZ 1-vZ) \sinacosa 3 b-d2 u

/s 74_7
El E2

The relationship for checking at contact pressure strength:

2-T,-C, ~1+u®
: <oy

b-d?, u F

Oy :ZE'ZHv'Z.sv'\/

Dimensioning the bevel gear at contact pressure
_2R,-(1-0.5-yg)
" Jeu?

N 4Re2 '(l_WR)

If: d and

d?, T Jarb=vy, R,
IE0S ODLAINE. ...t
o 7 .7 2-T,-C, .\/1+u2
HP E Hv &v 2 .
R 4R; (1—y/R) u
lr//R e 1+u2

3
_ (x/1+u2)
It o =222,2%
2R yp-(l-yg) U

it can be determined the 1ength...........ccooiiiieii e

, based on contact pressure stress, thus:
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R — ’1+u2§/ Tl.CH.Zé.ZIiV'ZfV

2'U'V/R'(1_V/R)'05|P

Calculation the bevel gear at bending

Maximum bending stress is:

2-T,-C )

OF =m'YFa Y5 -Y, < Op, Where:
YFa— ....................................................................................................
YSa— ....................................................................................................
Y € e

Dimensioning the bevel gear at bending

. AR?.(1-v.) .
Being known that: d_ -m_= 4R -(1-ve)

7,-(1+u?) )
IEHS ODLAINE ...
2-T,-C
GFP = 12 : 'YFa'YSa'Yg’
" 7,(1+0?)
thus:
T,-Ce Yy You oY, - 2+ (1407)
O = . , SO
2R yr(1-yz)
it can be determined the length...........ccccov e,

based on bending, thus:
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JTl-c:F Yoo Yo Y, o2, (L407)
=3 .
- 2:yr - (1-yz) 0w

In figure 8.4 some examples of bevel gears are presented.

(c) (d)

Fig. 8.4 (a) Bevel pinion; (b) Spiral teeth bevel pinion;
(c) Bevel gear; (d) Spiral bevel gear.
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Notes / Observations
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9. WORM GEARS

General considertions.

The number of teeth

on

a worm is also called

The geometric elements are calculated as in the

case of helical gears. The difference lies in the globoidal shape of the worm

wheel, to enclose the worm and thus achieve linear contact.

Advantages

Disadvantages

Figure 9.1 shows different types
..................................................... ; b)

(0 TPV PRPP :

of worm gears, as follows:
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(a) (b) (c)
Fig. 9.1 Types of worm gears
Cylindrical worm gears.
A reference rack cannot define the worm gear teeth as it can
with spur gears; thus, according to ISO 10064-2 (figure 9.2), a

cylindrical reference worm was adopted.




110

Worm gears
B ettt ;
Oa, O, 00 — oo e e
Na, Nt N s

According to ISO 10064, at worm gears, the axial module is
standardized, mx. The recommended values are presented in table 9.1.

Tab. 9.1 Axial modules range

The modules range from cylindrical worm gears m,, mm
0,1/0125| 0,16 | 02| 0,25/0,315| 04| 05| 063| 0,8
1| 125| 16 2| 25| 315 4 5/ 6,3 8

10| 125 16 20 25 - - — — -
According to ISO 10064 are indicated because: d,=m,-q, for each

module mx three values of the parameter specific to worm gears (table 9.2),
called.......ccoooveieiiee e , Q.

Tab. 9.2 Diametral coefficient values

Diametral coefficient values, ISO 10064

m | 1..1,6 2azng 3.4 5.63| 7..10| 12...16 | 2%
2] 10 10 9 9 8 7
q 1] 12 u 10 10 9 8
6] 14| 12 12 11 10 9
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Geometric elements of the worm gear

In figure 9.3 are the main geometric elements of the worm gear.

Fig. 9.3 Worm gear geometry

dl:mx'q
d,, =m.-(q+2x)

Worm: dy=m,-(q+2h)=m, (q+2)
dy,=m, -(q-2h; —2c) (q-25)

d,=d,,=m,-2,
d,=m -(22+2h;+2x):mx-(zz+2+2x)

Wormgear: g  —m -(z2 —2h;—20*+2x): m, -(z, -2.5+2x)
d, =d,, + o.M,
2,+2
Qe = ettt
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y:arctg(ﬁ]
q
B eeet e e e e e e e e e e e —————eeeee s e e ——————eeaaae e e e i —————raaeeeseaaarrrarraaaas
a:mx'(q'i_zz)
2
BV = rrttereeee et e et ———rreeeeer e e ——————eeeeeeaaaithr——eteaeeeaaatarrrereaaeeeaaantrrrrereaeaaaaans
~d,+d,
2
mx_nec' ..................................................................................................
m)( nec_ 2aw
q+2z,
o e e e aares
h=m,-(2-h +c")
Z = e e e e e —— e e e e e ————raaaeeraa i ——reraaee e e rrraarraas
for z<3: 0=0.75-duy for z=4; 0=<0.67-dy
L m e e s e e e e r e e e e arrreeaan
for z=1,2: L:(11+0,06-zz)-mx1for 7=3.4 L:(12’5+0’09'22)'mX.

The

materials used to manufacture the worm

are:

and for

Forces in worm gear

In figure 9.4 the distribution of forces in the cylindrical worm gear is

presented.




113
Worm gears

Fig. 9.4 Forces in the cylindrical worm gear

Itis known: F,= 2T, _ F., and: F,=F, tana, =F,,and

2

B 2-T, 3
d, cosa,, COsP,

n2 nl*

The worm can be assimilated to a screw, so the calculation relationship
for the tangential force Fu can be written as in the case of the threaded

assemblies:

Fo.=F, tan(yw +(P’) =F,
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Contact pressure stress calculation:

. . : F, 1 1
Starting with Hertz relation: o, = |- , Where:

Lk Pn - 1_V12+1_V22
El E2

2-T,-C,
d, cosa.,, COSP3,

The effective normal force is: F =F, . =

Ty €

) 1 2C0S
Reduced curvature radius: — = —Bb
p, d,sina,,

Thus, the contact pressure stress becomes:

o 1 [ 2cosp, [ 1800  [2.T,-C,
" n_{l—varl—vgj sina,, cosa,, \yx-m-&¢, \ d-d

El E2

Taking into account the occurrence/using the material or contact and

contact ratio factors, the strength checking relationship becomes:

/2-T -C
GH =ZE‘ZH 'ZE'ZC' WSUHP.
1 2

Dimensioning the worm gear at contact pressure

The center distance:

m, - 2
2 q+2z,+2X

a_W:
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From the contact pressure checking relation is obtained:
T,-Cyy-(q+2, +2x)

required for the contact pressure stress results:

oly=22-20-22.72- and the center distance

T,-C
=(q+z,+2x)-322-22-22.27 —2H
a‘W_nec (q 2 )\/ E H & c 4q2505|p
Thermal calculation of the worm gear

Thermal  calculation of the worm gear aimed to:

The amount of heat released per unit of time is calculated as follows:
Q.=(1-n)-R10° [W]
WHETE: P1 [KW] - s :
100 I TSP SS .

The amount of heat discharged per unit of time, through the surface of

the housing, is calculated with the relation:

, Where
TSP PP PUPPPTRPPPPPPN ;
S M 2] — s ;
0,3 e e e e e ;




116
Worm gears

Considering the operation in stationary mode, from the heat balance
equation (Q1=Qz2) results:

— . . 3
LR
A-(1+w)-S

Bending stress calculation
The calculation of the maximum bending stress is performed for the worm
gear tooth, its material having mechanical properties inferior to the material
from which the worm is made.

The bending stress is:

_2T,-C. 180

Or =— e . , Where:
m.-g-z, ”'Z"c“a'é cosy,,
&:Yg,and =Y ,
woy-g, & cosy,
=TT :
& ettt — e e e ———————————————————————————————————————— —————————————————————————————————a———.n :
D P RPSRRPOPRS X

The bending stress relation becomes (for checking):

:M.YF Y. Y, <6
mi.q.z2 & :

Or
Figure 9.5 (a) presents a worm shaft with a cylindrical worm, and (b) a
one-piece bronze worm wheel. Figure 9.6 shows an example of a worm

gear.
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Fig. 9.5 (a) Worm shaft (b) Worm wheel

Fig. 9.6 Worm gear
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Notes / Observations
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10. Shafts

S TS AT e ———————

In Figure 10.1, examples of shafts with mounted elements are presented.
The input shaft with a pulley at the end, secured with a screw and washer, as
well as bearings for support and a lip seal. The output shaft with a helical

gear (mounted with a key), bearings for support, and a lipseal.

Fig. 10.1 Examples of shafts

Classification:

1. From the shape point of view:
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2. From the rigidity point of view:

The materials from which the shafts are made are:
UNTIEALEA SNaTtS ... ettt e e eee e X
Treated SNA IS, oo )

Design of shafts.
1. Dimensioning of shafts.

The following are known:
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Pre-dimensioning:

The shaft has a standardized end (ISO 6412-1). Depending on the
value of the torison tOrque, ....ccccvveiiieieiieeie e and
................................................ (short series or long series) are chosen. The
data in the table correspond to a material with a reference strength or = 550
[MPa]. If the actual strength or # reference or, a correction factor k is
established.

M O-reeciv
M =T‘; unde k = =

tc
Gr etalon

The shaft DOES NOT have a standardized end; dimensioning is done by

100] 61 10] 4 FRTTTTTR R TR TR TR TR OO PR TP PP TTPRPRPPPUPRRPN
LM M,
' w, -d? d:316 M,
16 T Ty

If the bending moment is unknown, a calculation approximation will be

made, namely: 7, =12..25MPa_

Design of shaft shapes. Shafts are simultaneously subjected to
.......................................... (by the transmitted torque) and to
............................................ (by the forces introduced by the supported
parts). An example of a shaft with different sections is presented in Figure
10.2.
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7
73
. o b
¢ B /]
e\ TR
lp Y\AN
et e
o S| |glsl g < ‘64 |
| l Q Qs Qs a, o))
Fig. 10.2 Shaft sections
Section I:
m S AR e e :

- from the pre-dimensioning stage, the diamete dca and length lca of

this section are known.

Section 11:

m S INEENAEA TOF: e X

- for the axial positioning of the pulley it is recommended that the

diameter of the section be:

d, =(1,15..1,2)-dg,

For centering the lip seal, it is recommended to: b = 0’5'\/D_r ,
Section I11:

m S INEENAEA TOF e :
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the transmission of forces, as well as the axial positioning of the

shaft, IS achieved with the help of

The value of the dimension Is" is determined by the bearing

lubrication system.

Section 1V:

the distance from the reducer wall to the gear wheel

Is"* =5...10 mm
the hub length (for centering)

Ibutuc = (0,61,2)d|v [mm]

Section V:

there are recommendations regarding its shape and dimensions.

Section VI:




124

Shafts

Section VII:
LIS INEENAC: .o

Verification of shafts.
1. Verification under combined loads (fig. 10.3)

S Fe F,
2 A 2 4
1 3 T 1 ]’ 3
o . w V| |k, :
@) @
2 4
1 — 3 —
T

Fig. 10.3 Load diagram for shaft verification

Steps to follow::

M :\/MiZH +M
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- determine the value of the equivalent moment that takes into account

Mech = Mlich +(a T)
LT 1= (R AR :
Y T :
T ;
_ Oaim
O
LTI L ;
O Al 1] 7 v eevennsanennnsnnsenssanesnssnnsenssnsssnssssssnssnsssnssssssnssssssassssssnssnsssnssnsrsnnss ,(f'g 104)
CYClE woieeee e
Omax
caI
0:
oot

Fig. 10.4 Load cycles

Verification under combined loads is done using the following formula:

IMZ M2 +(a-TY
O_ech =

W < Oqin
WNEIE — WV e et eea e
3
W= -d
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2. Verification of shafts for fatigue. This is done in areas with stress

concentrators such as:

Note: At each rotation by 180° the fibers are compressed and then stretched,
so the loading is alternating symmetric (lll), and the torsional loading is
pulsating (I1).

Fatigue verification involves determining the safety factor and comparing it

with the permissible value.

1 1
CU = Cr = ﬂ T T
:Bka o, + Onm kz V4 m
. & T T
where €'7o 91 % respectively SEERE W
Co' R R R y
C‘[ ..................................................................................................... y
K ™ et ;
B " ereee ettt ettt ettt ettt ettt ettt sttt st et st et en s nennnnnnanans ;
TSRS S RPN :
o2 T X
717 :
r -7 = Tt max
Oy = O max v im 2 o. =0
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The specific values of the existing factors can be found in the
specialized literature.

3. Verification of shafts for deformations and vibrations.

The bending deformation is given by the deformed middle fiber,
which determines the magnitude of the deflection f and the angle of
inclination o. When forces act in different planes, the final elastic curve and
the angular deviation resulting from the supports are obtained by the
geometric summation of the deformations in the planes where the work was
done.

Depending on the nature and direction of the disturbing loads,

straight shafts may experience during operation:

Usually, only the first two types of vibrations are significant for

straight shafts, as they can become dangerous.
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Additional notes / Observations
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11. COUPLINGS

Figure 11.1 shows the kinematic diagram of the coupling connection

between two shafts.

w1, T1 (Mu) w2, T2 (Me2)

Fig. 11.1 Kinematic diagram of coupling connection

Obijectives pursued through the use of couplings.
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Classification.
Mechanical couplings:

1. Permanent

Q) FIXEA: - o X
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D) MOVADIE: - ..o ;
2. Intermittent:
a) Based on the way torque transmission is:
b) Based on the nature of operation:
The following loads act on the elements of a coupling
The coupling is calculated for a design torsion torque:
MtC = k'Mta
V1YL T=T (R Y )
1Y TR ;
K o Tt ———— X
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Permanent fixed couplings

Flanged coupling (Figure 11.2).

Fig. 11.2 Couplings with flange

They are made up of:

THE CENTEITNG .ttt .

The torsion torque that can be transmitted can be determined using the

formula:
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DL = i e e e e e r s .
Since the bolts are tightly fastened during assembly, they are subjected to

both tensile and torsion, therefore:

ﬁ'Fs: 4 Oy

where

Bttt ettt et h et E ettt E et R et E e R et R et R e Rt R e R et e Re e et e R et te e rene e re e ne ;
S trtete ettt ettt h et h et et a e b e et et e b et e reebe st ereere et et eresre e ;
1 .

In this way, the sizing of the bolt is done using the formula (for non-

B'ﬂ'Mtc
dls:«’—
u-r-2-D;-o,

The transmissible torsion torque will be corrected as follows:
M, =C-M,

standardized couplings):

W s m oo

AN tAKES INTO ACCOUNT......eeeeeeee e e e e e eee e :
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In the case of standardized couplings (ISO 14691), with bolts of
known dimensions, only their checking is performed.

For those installed with no clearance, checking is done

0] SRR L AN. e
88M,,
total ﬁﬂZDld 125 — Yai
8-M, ’
= 7 STy
z-7-D,-d;
MV . e = oo ettt ettt e e e e e e e et e e e e e e e e e e e e r e :
00 = et e et e —————————ae e e e e a————— )

In the case of flanged couplings mounted with bolts with clearance
(commonly encountered in practice), the alignment of the half-couplings is

done using spacers or rings (Figure 11.3), and the bolts will be sized using

the formula for d1s and will be checked
O e e e e —— )
[
- - ,J N AR
k—|7,..71.__‘\1 N
/// NN N\ /)Y \\‘ ‘\\
// vy \ // / /,L ‘ \\ i
I % ’///' | N
l ep— — ;—L—— .
o H4¥ .

Fig. 11.3 Examples of couplings mounted with clearance and types of
centering

Verification for bending is done using the formula:
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O-i:wtc'!lg -
7D, -d,

These couplings are used for:

Permanent movable couplings
Couplings with rigid elements for angular misalignments (Figure 11.4).

Fig. 11.4 Cardan joint

The cardan joints (couplings) allows for...........c.ccceveiiiie i,




136
Couplings

The forks are 0ffSEt DY......cccvevviii i .

It 1S frequently USEd.........cooiiiiiiiie s

Forces and torques calculation.

Angular velocity of the driven shaft w> varies over time even if
1 = constant (Figure 11.5), between a minimum value (when the cross is in
a perpendicular plane to the motor shaft) and a maximum value (when the

cross is in a perpendicular plane to the driven shaft).

Fig. 11.5 Cardanic joint kinematics

0)2 max __ 1

2
Oy COS" X

The shaft 1 transmits a torsion torque M. The spindles connected to the
fork of shaft 1 are loaded by the forces Fi, which are null for ¢:=0 and have

maximum values for ¢1=90°.

®, My
Flzﬂ ; Fal=Fl-t90t ; Mthax:Mtl. -
M M. . .
I:2max = 2 = = ’ I:":12 = I:l Sinac -
d, d.-cosa
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LT T e ;
Fa2 T e ke e e e e R E s e R R e R R R R R R R R R R R R R R R R R R R R R R RN EEEREEErEREEEEEEREREEy .

Because > varies, to ensure the constancy of this speed, so to achieve a

synchronous construction, two cardan joints can be connected, so that:

1234 327

A7 []
.
‘g- “ . : 1
| | |
Nl
[ [\ \
! D

Fig. 11.6 Elastic coupling with bolts
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The stiffness of the coupling 1S........ccoeiiiiiiiiiiii e
The characteristic 0f @ COUPIING IS...c..ecviiiiiiiec e
Advantages:
Materials used for coupling elements:

The choice of a coupling of this type is made by determining the torsion

torque:
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Checks are only made in certain special situations, and:

_Z'Mt
D, -z

b, F,
2

t1l
, Where:

Checking the bolt-bush crushing:

Figure 11.7 shows some examples of coupling types.: a) With flanges;
b) Cardan joint; ¢) With bolts.

Fig. 11.7 Coupling examples
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Additional Notes/ Observations
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12. ROLLING BEARINGS. BEARINGS
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Advantages

Disadvantages

Bearings classification and simolyzation (SR ISO 15:2017, ISO 492, ISO 582, ISO 355)

- By the shape of the rolling elements:

Fig. 12.2 Types of rolling elements
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- According to the direction of the main force taken:

The size series are shown in the Figurel12.3.

“ 03] 13 23 33

02 1z 72 7]
0 0 Fi] 30]

\
-

Fig. 12.3 Size series
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Bearings symbolization
It consists of a basic symbol and an additional one.
The basic symbol consists of two groups of letters or numbers:

LU FIESE GEOUP. .ttt

The additional symbol is used for bearings that have a modified

construction and consists of:

The bearing symbolization scheme (abcd or dabc) is shown in Figure
12.4. Interpretation of the symbol:
a) The symbol for the bearing type (radial, tapered roller, thrust, etc.) is
FEPIESENIEA DY.....oviieiiiiiiiciie e ;
b) The symbol of the size series represented by two digits:
63 80 [T SRS X
S LCToTo] a0 o [T || F TSR SPSS .
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|—) SYMBOL (—|

o SYIOOL s ) STMBOL wovvvvsmmmmsmnssssssmssnsesssssssees
Symbel . ©) Symbel
2) Symbol s D R—

Fig. 12.4 Bearing symbolization scheme

c) The symbol for the inner diameter, thus:

For a diameter up to 9 mm and over 480 mm there is a digit(s)
INAICATING. .+ttt bbb :

The symbol for an inner diameter between 10 and 17 mm is represented
as follows:

Inner diameter (mm) 10121517

Inner diameter symbol 00010203 .

The symbol for an inner diameter between 20 and 480 mm is indicated by
two digits, a number obtained BY.........cccooviiiiiii

d) The extra symbol.
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Bearing calculation elements
Design of roller bearings.

1. by dynamic 10ad CapaCIty..........cccceiieieeiieiiese e

The service life of rotating bearings is limited...........c.ccccooovvviiieinenenne.
on the raceways of the rings or the rolling elements, as a result of fatigue of
the superficial layers of the material.

To avoid this form of damage, rolling bearings are designed for durability.
To perform the bearing calculation, it is necessary to define some specific
concepts:

1. The bearing durability L: ...
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Between the dynamic load capacity C, the load P that loads the bearing,
and its durability L, the following experimental dependence was established,

which represents the equation of the fatigue curve::

P-Li/op:C,

The calculation of bearings can be done in the following way:
a) iIf known the load on the bearing P, the speed of the rotating ring n and
the required operating time are KNown Lh required (operation hours), than the bearing

is calculated according to the dynamic load capacity.

_ p
Creq =P \/E < Ccatalogue , Where

60-n-L
L=—F—-7—

= Tmillion of rotations] .
10
b) for an existing bearing, with dynamic load capacity C = Ccatalogue, WhoSe
rotating ring has a speed n and which is loaded with a load P, the calculation

is carried out according to the durability criterion, with the relations:
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Ccaa ogue ’ 106 ) L
L :(tTlgj ) Lh = 60-n 2 I—h required -

4. Equivalent dynamic load P.
In the case of bearings where combined forces act, the radial forces

an equivalent dynamic load P replaces Fr and thrust forces Fa. This is

To calculate the actual value of any acting force, a global correction
factor will be introduced, which takes into account the specific operating

conditions of the bearing.

P=f-P; and f=f,-f-f f.f , where:

T e :
B m oo e e e e e e raaaarr i ——— X
U = et e e e e ———eee————— e a—————ea————————————— :
B8 m e :
Tt oot e e ———eeeee———eeaer——aeaea——eeaar—aaeaaarreeaans

The experimental diagram in Figure 12.5 represents the correlation

between the radial force that load the bearing —.....ccocooviiiiiennne.
.................................................................................. Fr — and the thrust force
.................................................. Fa , for an equivalent dynamic load

P constant.
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In the diagram, two areas appear, delimited by a straight line inclined
at an angle p> = arctg e, where e is a bearing constant, the values of which

are given in the bearings catalogue.

L] ]
D ‘ I ,"
= _ = D ' !

Fig. 12.5 Bearing force correlations

Area | is characterized BY........ccooviieiicic i

F
FazthStgf’z:e

the equivalent dynamic load is calculated with the relationship:
P=f-V-F

F
Fa:th>tgl32:e

r
k)

the equivalent dynamic load is calculated with the relationship:

P=f-(V-X-F+Y-F) \here:
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Functions of roller bearings
The function of first-class (1).
1. Supporting and centering the shafts.
= SUPPOITING. .ot




151
Rolling bearings. Bearings.

Figure 12.6 illustrates different types of bearings: a) radial ball
bearing; b) radial roller bearing; c) needle roller bearing; d) spherical roller
bearing; €) angular contact ball bearing; f) tapered roller bearing; g) thrust

ball bearing; h) double direction thrust ball bearing.
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Fig. 12.6 Bearings examples
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Notes / Observations
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