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ABSTRACT

COMPUTER-AIDED DESIGN OF

LEARBOX KINEMATICAL ARRANGEMENT DIAGRAMS

KARSLI, Sedat
M.5. in Mechanical Engineering
Supervisor: Asst. Prof. Dr. 1. Huseyin Filiz

september, 1985, 120 pages

In this thesis analytical method of obtaining kinematical arrange-
ment diagrams is reviewed and a computer aided design package is pre-
pared to obtain all possible kinematical arrangements of gearboxes
within specified limitations on percentage error of gear ratios, on
minimum and maximum transmission ratins, on gear teeth numbers and on
percentage error of output speeds.

By providing the necessary input data to the program number of
Ltransmissions in each group, power of progression ratio of each trans-
mission, outpul speads and percentage errors on output speeds are
calculated for each pnssible kinematical arrangements. In addition to
these proportional elasticity and inertia of gear trains for gach out-
put speed are calculated to be used as a selection criteria between
the options.

The use af program is illustrated and the results obtained are
compared with the examples presented in the previous literature and

with the examples chosen from existing machine tools.

Key words: Kinematical arrangement. diagram, gearbox, computer aided design
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0ZET

DISLI KUTUSU KURULUS

DIYAGRAMLARININ BI.LGiS/—\Y/—\R DESTEKLi TASARIMI

KARSLI, Sedat
Viksak Lisans Tezi, Makin MUh. Boluml

Tez Yoneticisi Yard. Dog. Dr. I. Hisevin Filiz

Bu tezde kinematik kurulus divagramlar: incelenerek, belirlenen
digli orani, minimum ve maksimum aktarim oranlar, dis savilar: ve Giktl
hizlari Gzerindeki vizde hata limitleri icerisinde mimkun olan biitun kine-
matik kurulug diyagramlarinin elde edilmesj igin bilgisayar destekli tasa-
rim paketi hazirlanmigtir.

Gerekli giris bilgilerinin programa verilmesi ile, her guruptaki
aktarim sayisi, her aktarim oraninin geometrik kademe kat;say_isr UssU,
Gkt hizlart ve qikti hizlarindaki yviizde hatalar elde edilen butin kinema-
tik kurulug divagramlar icin hesaplanmistir. Ilave olarak tercihler arasl
secim vapabilmek igin orantili esneklik ve atalet momenti dis kutusundaki
hizlari saglayan her digli tertibati igin hesaplanmistir.

Programin kullamimas géstel‘ilmi;% ve elde edilen neticeler baska
Galhigmalarda verilen orneklerle ve caligsan takim tezgahlari Uzerindeki

orneklerle karsilagtirimistir.

Anahtar kelimeler: kinematik kurulus divagrami, disli kutusu, bilgisayar

destekli tasarun.
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NOMENCLATURE

D Outside diameter of gear

d Workpiece or cutting tool diameter

d max Maximum workpiece or cutting tool diameter
d min Minimum workpiece or cutting tool diameter

e Elasticity of a mechanical component

ejs Reflected elasticity of a component

I Inertia of a component (polar moment of inertia)
Ir Reflected inertia of a component

ijm Ratio of shaft speed to motor speed

i 1 iz, i3, e e ip Transmission ratios in a group
imax Maximum transmission ratio

imax lim  Maximum limiting transmission ratio

iamax, ibmax, icmax . . . irmax Maximum transmission ratio of each
group
imin Minimum transmission patio

imin lim  Minimum limiting transmission ratio

tamin, ibmin, icmin. . . irmin Minimum transmission ratio of each group

xi



K Torsional stiffness of a component

Kis Reflected torsional stiffness of a component
M Module of gear

N Gear teeth number

n Turning speed

ni Input motor speed

nj Any spindle speed

nmax Maximum turning speed

nmin Minimum turning speed

pa, pb, pc ... pr Number of transmissions in each group
abc....r Group numbers

Rd Range of diameters

Rlim Limiting speed range ratio

Rn Speed range ratio

Rv Range of cutting speeds

T Torque

v Cutting speed

Umax Maximum cutting speed

U min Minimum cutting speed

X Characteristic of a transmission group
pA Total number of stepped speeds

7” Progression ratio

b? Efficiency

) Angular deflection
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CHAPTER |

INTRODUCTION

Gearboxes which are used as power transmission units in the main
drive of machine tools are required to provide a series of stepped
speeds to obtain different cutting speeds for general purpose machine
tools,

Although, gearboxes can be built with different kinds of gears
and shaft arrangements parallel shaft arrangement with spur or helical
gears are generally used on machine tools.

Cutting speed is equal to turning speed multiplied by periphery of
the workpiece or the cutting tool. Hence, accuracy of turning speed
affects the cutting speed. If turning speed is out of specified limits,
actual cutting speed will be lower or higher than expected value which
decreases the efficiency, increases machining time or tool wear. So
stepped speeds must be provided within the specified limits for optimum
machining which requires optimum design of gearbox.

Design of a gearbox starts with kinematic arrangement diagram,
Kinematic arrangement diagram specifies number of groups, number of
transmissions in each group and btransmission ratios for a given number
of output speed. Integer gear teeth numbers must be found for the
transmission ratios to start strength calculations, i.e.; bending strength
and surface fatigue strength. With the completed strength design size
of the gears are determined. Then, shaft design, bearing selection,

lubricant selection and case design must be carried out. To finish with



the design, torsional analysis of gear box must be carried out to deter
mine response and resonant frequencies of the gearbox.

In the design procedure the first step, determination of kinematic
arrangement diagram is the most critical step. Because parameters
specified by kinematic arrangement diagram are all used for further
design stages. Gear teeth numbers are determined according to trans-
mission ratios. Teeth numbers influence the strength calculations, num-
ber of transmissions in the groups, order of arrangement, of groups and
values of transmission ratios determines the dynamic characteristics of
gearbox .

The other design stages, bending strength, and surface fatique
strength calculations and torsional analysis can be done by known methods.
These design procedures are applied to the selected gear box arrange-
ment. A proper solution, sometimes can not he found for these design
stages, if a suitable kinematic arrangement diagram is not selected at
the initial stage of the design process.

Traditionally, kinematic arrangement diagrams are prepared graphi-
cally and teeth numbers are found from gear ratio tables. Graphical
method and use of tables take a long time to complete one kinematic
arrangement diagram and it takes very long time to analyse qll of the
possible solutions with this method, especially for large number of shafts.
For example, for a gearbox with 4 shafts, there are a total of (3!1)? = 36
possible arrangements. 1t is 14,400 for o gearbox with 6 shafts.

Computers are used - nowadays, because of their many advan-
tages. As it is known, computers have a high speed and accuracy in
mathematical calculations. The speed of computer combined with human
decision is a great tool in design work. For this purpose, highly user

oriented computer programs are prepared and used.



This thesis attempts to automate the determination of all possible
kinematical arrangement diagrams and gear teeth numbers for gearboxes.,
which are used in the main drive of machine tools. For this purpose, a

computer program is prepared. This program makes available all the
possible kinematical arrangement diagrams of a gear box for specified
limitations on transmission ratios. Gear teeth numbers are found within
the specified errors. Output speeds of gearbox and percentage error
on output speed are calculated on the basis of found gear teeth numbers.
General theory of kinematic arrangement diagrams and their analy-
sis are discussed in Chapter 3. Gear teeth number calculations are
also included in this chapter. The structure of computer program is ex-
plained in Chapter 4 and its use is illustrated with specific examples

taken from existing machine tools.



CHAPTER 2

LITERATURE SURVEY

2.7 INTRODUCTION

The literature most relevant to this thesis are presented in this
chapter.

Section 2.2 covers the literature dealing with kinematical arrange-
ment. Section 2.3 is devoted to the literature on the gear teeth numbers.
For the sake of completeness previous works on strength design, tor-

, . . . are . ., . .
sional analysis and inertia of gear boxes briefed in Section 2.4.

2.2 KINEMATIC ARRANGEMENT OF GEARBOX

Koenigsberger [1] studied on graphical solutions of kinematical
arrangement diagrams. He reported the study of Germar, wﬁich covered
the possibilities of gear drives from 4 to 18 steps by graphical methods.
He stated that Germar was the first, who introduced kinematical ar-
rangement and speed diagrams. In selection of most suitable kinematical
arrangement diagram some recommendations are also given.

He also discussed the advantages of geometric progression in
stepped drives.

Acherkan [2] explains the kinematical relationships related to

arrangement of gears in gearboxesi. Analytical and graphical methods



are presented. Additional to uniform structures, non-uniform structures
are also discussed to increase the range ratio of \gearboxi. Cutting
speed relations, advantages of geometric progression and standard pro-
gression ratios are described. Recommendations related to kinematical
arrangement diagrams are also considered.

Akdn [3] and Bodur [4] reviewed the analytical studies on kinemati-
cal arrangement diagrams of yearboxes .

Sanger [5] studied kinematic arrangement diagrams for three shaft
gear trains not having more than 5 transmissions in a group. He presented
equations for maximum range ratio of output speeds, maximum progression
ratio and limits on the maximum and minimum transmission ratios.

White [6] set the equations to calculate gear diameters in terms of
smallest gear diameter and progression ratio for 9-speed gear box using
3 shaft with 9 gears. He set the formulas based on a preselected kine-
matic arrangement diagram. It is, also suggested to use 10-gears to
obtain progression ratio between speed steps.

White and Sanger [7,8,9] derived the equations to obtain gear dia-
meters with known values of minimum transmission ratio and progression
ratio for 9-speed and 4-speed gear trains using 3 shafts. Again the
equations are based on a selected kinematical arrangement;diagram.
They showed the effects of minimum transmission ratio and progression
ratio on the size of gearbtiox.

Bush, Osman and Sankar [10] obtained the equations for the dia-
meters of gears for general kinematic arrangement diagram of 9 speed
3 shaft gearbox. The equations can be equated to get single composite
or double composite arrangements as the previous studies. They pre-
pared a Computer program to solve the general diameter equations and
fed the relevant data from the kinematic arrangement diagram and found

the diameters according to the given constraints.



2.3. GEAR TEETH NUMBERS

A detailed study on the determination of gear teeth number is
presented by Chironis {11]. He mentioned about 'five ways to find gear
ratios', a paper prepared by McComb and Matson. These methods are
mentioned below.

1. Logarithm Method

This method utilizes a table of gear ratio logarithms, which
makes it unsuitable for computer programming.

2. Smithson Conjugate Fractions Method

Smithson firstly introduced the method in 1952. Conjugate frac-
tions are used to find gear teeth numbers. Two pairs of gears are said
to conjugate, if the difference of their cross product is unity. For a

gear ratio

it is conjugate if
a.d - b.c = F1 @.1n
If they form a conjugate fraction: , it is also true that a + c
+ d

gives a gear ratio between a/b and c/d.

Smithson Conjugate fraction method approaches to the required
gear ratio more rapidly than Gray Method, but to start with the method
teeth numbers of pairs a/b and c/d must be known. Alsa for calcu-

lated gear ratios, integer teeth numbers must be found by factorization
of numbers to form the gear set.

3. Rappaport Algebraic Method

In this method non-linear equations with four unknowns, repre-



senting four gears are reduced to linear equations with two unknowns,
solution of these algebraic equations give the gear teeth numbers.

4. Gray Calculator Method

This method is the simplest of all the other methods. Simple arith-
metic is used to find integer teeth numbers. The method is explained in
detail in Section 3.8.1. and most suitable for computer programming.

5. McComb Matson Calculator Method

To use this method table of equivalent factors in gear ratios is
required. Method needs least trial and error, but not suitable for com-
puter programming.

Another method to find gear teeth numbers is introduced by
Orthwein [12]. He used continued fraction method to find gear teeth
numbers for a given gear ratio.

Reddy [13] has given the equations to find gear teeth numbers for
a specified error range and for a given center distance. The method
has used the advantage of corrected gears and acceptable results are
achieved. This method is explained in Section 3.8.2. in detail and used

in computer pragram.



2.4. BENDING STRENGTH DESIGN, SURFACE STRENGTH DESIGN, TORSIONAL

ANALYSIS AND INERTIA OF GEAR BOXES

Bending strength and surface fatigue strength design are attempted
by many researchers. Dudly [14], Shigly [15], Chironis [11], Niemann [16],
Merrit [17], Faires [18], Buckingham [19] and Johnson [20]. In this thesis,
bending strength and surface fatigue strength design are not consi-
dered in detail. It is just tried to find a few points that could be used
as constraints during development of kinematical arrangement, diagrams

Torsional analysis is again reviewed to find constraints at the
very early stage of the design process. Marchelek [21], Hatter [22], and
Edward [23] handled torsional analysis. Marchelek gave an equation to
calculate the reflected elasticity of a gear train.

Inertia of gear trains is studied by Wright [24] and Selfridge [25].
They gave equations to calculate equivalent inertia of a compound gear

train.



CHAPTER 3

KINEMATIC ARRANGEMENT

3.7, INTRODUCTION

The methad of obtaining kinematic arrangement diagram of a gearbox
is presented in this chapter.

To construct a kinematic arrangement diagram, the following items must
be known:

- number of output speeds

- values of output speeds ( minimum speed and pregfession ratio are

also enough )
- number of transmission groups
- minimum transmission ratio of each group

- input motor speed

Number and values of output speeds are determined according to the
requirements of machine tool. A Sbeciﬁc cutting speed must: be used for
optimum machining with a given cutting tool. Cutting speed is obtained
by multiplication of turning speaed and periphery of the workpiece or the

cutting toaol. So a series gf output speeds must be provided by the gearbox.



Section 3.2. presents general considerations and terminology related

to gearboxes. The relations between output speeds and cutting speeds
are explained in Section 3.3. Standard Values of Progression Ratio - and
Selection Criteria are given in Section 3.4. Section 3.5. discusses the
construction of kinematic arrangement diagram and equations are given.
In the next sections, transmission ratios are determined and recommen-
dations are given. The two methads to determine gear teeth numbers
are briefed in Section 3.8. Section 3.9. deals with percentage error on
spindle speeds. Proportional elasticity and inertia of a geartrain is

discussed in Section 3.10.

10



3.2. GENERAL CONSIDERATIONS

The terminology related to gearboxes are explained below,
SPEED - turning speed ar outout, speed of a gearbox.

PROGRESSION RATIO - ratio of two successive output speeds.

KINEMATIC ARRANGEMENT DIAGRAM - diagram representing the arrange-

ments of gears in a gearbox.

SPEED RANGE RATIO - is the ratio of maximum cutput speed to mini-

mum output speed.
GROUP - a number of transmissions between any two shafts. Number of
groups is equal to the number of shafts minus one.

CHARALCTERISTIC OF A GROUP - power of pregression ratio between two

succeding transmission ratios in the group.
SPEED CHART - a similar diagram to kinematic arrangement diagram which

shows the actual values of input, output and shaft speeds.

Kinematical arrangement of gears in a gearbox can be shown
graphically on a diagram, which is called kinematic arrangement diagram
or structural diagram. The kinematic arrangement diagram conteins the
data, which are namely: number of transmission groups, number of trans-
missions in each group, the relative order of the groups in the train of
transmissions, characteristic of each group and the relation between

transmission ratios.

"



The kinematic arrangement diagram is constructed by drawing hori-
zontal parallel lines at equal distances from each other to represent
the shafts. The speeds are plotted horizontally on a logarithmic scale
on the shafts.

The last shaft represents the spindle and speeds are drawn at equal
distances given by equation:

n.

J =
n.

J-1 (3.1)
=  logy

and

(nj-i )

log(nj) - log

The transmission ratios between two axes are indicated by hori-
zontal distances between the corresponding speed values. If the distan-
ces between axes are equal, the slope of the lines joining the speed
values on different axes are an indication of the corresponding 'gear
ratios.

A gearbox with 3 shafts will have 2 groups. Output speeds are
obtained by engagements of gear pairs in two groups. To obtain 6 speeds,
one of the groups must provide ? transmissions and the other 3 trans-
missions, no matter which one is the first or second group, the possible
arrangements of gears on the shafls are shown in Fig. 3.1. b and Fig. 3.2.h.
Figure 3.1.a and Fig. 3.2.a3 are the representations of these arrange-
ments. These figures are simple ko construct and they also represent
the transmission ratios. These diagrams are called kinematic arrangement

diagram of a gearbox.

12
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Figure 3.2.a Kinematic Arrangement

) A Figure 3.2.b  Arrangement of Gears
Diagram of 6 Speed 3 Shafts Gearbox

in the same Gearbox



As il is seen, there are two possibilities to abtain a 6 spead
gearbox. One is with 3 transmissions in the first group and 2 trans-
missions in the second group. The other is obtained with 2 transmissions
in the first group and 3 transmissions in the f:)eoond group.

What, about the distances between the transmissions in the same
group and the other groups? As it will be explained in detail, later in
this chapter; the ratio of suceeding two transmissions is constant in a

A
group and represented by }’, A being an integer. If the two figures are
carefully examined, it can be seen that (Fig. 3.1.a) in the first group the
ratio equal to 50 and in the second group, it is equal to }”3 . In
Fig. 3.2.a, however, it is }ﬂ and /U)2 for groups 1 and 2 respectively.
In both figures, the characteristics of the first groups ared and charac-
teristics of second groups are equal to 3 in Fig. 3.1.a and L in Fig. 3.2.a.
These two diagrams have the same order of ar ‘angements, bhecause the
first group is treated as the main group with a characteristic of 1 and
the second group is the Pirst extension group in both diagram. Any
group in the arrangement might be main group, first extension group:
second extension group or ete. D\%er of these groups is called the order
of arrangement in the gearbox kinematic arrangement disgrams.
S50 why not to have second group as the main group and ﬁr{st group as
the first extension group. This will vield another two dissimilar kinema-
tical arrangements of a 6 speed gearbox as shown in Figures 3.3. and 3.4

As a result, the number of t[‘ansmissions can be changed between
groups giving an (r!) arrangements and order of arrangement of groups
also gives another (r!) possibilities for a gearbox With r groups.

Hence, there should be (F!fpossible kinematical arrangements which

will necessitate  computerized work for r) 4,

T4



With the computer program, all of these (r!) possibilities can be

obtained and also similar arrangements can easily be eliminated.

l
6’ 82
I
4 3 é by il
o
Figure3.3 . Kinematic Arrangement Daigram

with Second Group as the Main

g g

Figure 3.4 Kinematic Arrangement Diagram
with Second Group as the Main Broup

15



3.5. CUTTING SPEED REGUIREMENTS

On single purpose machine tools only one cutting speed and feed
rate are used. But general purpose machine tools have to provide a
range O_F speeds to obtain optimum machining. According to the cutting
tool and required surface quality different o itting speeds are needed.

The cutting action is obtained by two different movements. On a
turning machine , it is the rotation of workpiece and linear movement, of
cutting tool. On a milling machine, it is the rotation of cutting teool and
linear movement of workpiece. And on a planing machine, it is both linear
movements. Diameter is considered to mean workpiece or cutting tool
diameter according to the type of machine tool.

Cutting speed is expressed as :

¥ = 7wdn (3.2)
and rotational speed ( for simplicity will be called speed from here on )

is calculated as:
0
n = - | (3.3)

Minimum and maximum speeds are given by the equations:

g
n _ min
min T d (3.4)
max
15
_ _ max
Max T d (3.5)
min

16



speed range ratio is defined as the ratio of maximum speed to

minimum speed.

n
R = _max
n mmin (3.6)
% d
R = _max max _ dmax l9max
n . . 19 ) d . 19 (3 . 7)
min min min min
R = g 2
n a - Ry (3.8)
Rd is the range of diamcters expressed ag -
dmax
Bqg = ) (3.9)
min
and Rv is the range of cutting speeds given by
s
Rz‘} — max
O in (3.10)

For linear cutting mavements speed range ratio depends only upon
the range of cutting speeds. 1t depends both upon the spead range and
diameter range for circular cutting movements,

If the cutting speed for a workplece diameter fallg outside the
range of cutting speeds, it can noﬁ be machined economically because
either the machining time will be longer or tool life will be smaller than
the expected values. By using stepless drive optimum cutting speeds
and feed rates can be provided for machining different diameters.

But Acherkan [2] states that in majority of cases, modern machine
toals are still designed with a stepped series of speeds. In these
stepped speed drives, the optimum cutting speed can be obtained under
certain Condititmé. It is essential to establish maximum and minimum

cutting speeds and the ratio between the speeds.

17



W, Cutting Speed

The relation between the cutting speeds and the workpiece diameter
is linear for any spindle speed. According to the cutbing tool used and

workpiece material to be machined, maximum and minimum cutting speeds.

are determined and plotted on the speed diameter diagram ( See Fig. 3.5)

[Ny N
g ‘\’\
Ymax
\}min
d j+1 d j d j-

d, diameter

Figure 3.5 Speed Diameter Diagram

This diagram is also catled Saw Tooth Diagram

18



The workpiece diameter must be between tj and dj+1 for the spindle
speed nj. If other diameters are machined with spindle speed nj, either
the machining time is increased or the tool life is shorthened; because
obtained cutting speed falls outside the cutting speed range. And
spindle speed nj-1 is used for the diameter between dj-1 and dj.

In designing a machine tool, the range of diameters and cutting
speed range must be selected according to the purpnse of machine tool,
The methods of obtaining stepped spindle speeds are discussed in the

following sections.

3.3.17. ARITHMETIC PROGRESSION METHOD

A constant progression number is used between two succeeding
spindle speeds. This system uses a constant upper limit and a
decreasing lower limit with increasing workpiece diameter for cutting

speeds (Fig. 3.6)

n,-n =9 n, - n =9

n,-n, =¢ > n, -n =2

_ — - - = (z-1 (3.11)
n, n__, v > n, n, ( )y

u}here}" is the progression number, which is equal to

nz—nl
YT T (3.12)

Where NZ= Nn max and n1 =n min and z is the total number of stepped

speeds.
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Speed

Cutting

Vel

U Cutting Speed

VV T~

795 ds  d, d3 d2 , d,

d,diameter

Figure 3.6 Speed Diameter Diagram for Arithmetic Progression

max

min

0
1 o

o < 7 Qny

min

d7 dg dg d, dy d, .d,

d, diameter

Figure 3.7 Speed Diametpr Diagram for GeometricProgression
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Speed range ratio is equal to :

3

4 p(z-1) (3.13)
n

n n
] 1
As it is seen on the diagram (Fig. 3.6) speed steps are concen-
trated on the small diamater region. Thers are less speed steps for
the larger diameters. If such a speed steps are used on a machine

tool, larger diameters can not be machined effectively because

optimum cutting speeds can not be obtained.

3.3.2. BEOMETRIC PROGRESSION METHOD

A constant progression ratio is used between two consecutive
spindle speeds in this system. The following relations can be written

between the diameters, spindie speeds and the cutting speeds.

d
_ max _ min
T T a m d
1 2
- OFmax _ 1(}min
n = =
2T d2 T d3
3 9,
. max _ min
n e
z=1 'ITdZ_l i dz
L= Y nax - “min (3.14)
zZ T dz md, o,

A constant ratio is obtained between two succeeding spindle stapg

= = v (3.15)
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Constant maximum and minimum cutting speeds are used for all

diameters in this system (Fig. 3.7)

, QN Qo
Q/ 7 DN ZR NN N2

¥, Cutting Speed

Ay dg dg ¢, d ds d, da dz d1

d, diameter

Figure 3.8 Modified Geometric Progression

Spindle speeds can also be calculated with the following formula

o]

il
o}
A

n_=n_ _,p = n, ¢ (3.16)
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And speed range ratio is obtained as

R = 2 = 271 (3.17)

7—1 Z =1
o = "z - N/ Ry (3.18)
n

beometrical progression can be further improved by using combi-
nation of two geometric progression series. Smaller geometric pro-
gression ratio is used for larger diameters. For example, in Fig. 3.8
smaller progression ratio jﬂ, is used for diameters between cJ1 and d7
and a greater progression ratio,f"l is used for smaller diameters
than d; . With this modification, more speed steps are ohtained for
larger diameters. Also smaller progression ratio can be used for

any diameter range which the machine tool iy mostly expected to

work with or to machine.



Geometric progression series provides an even distribution of
output speeds in the range of speeds. It is most widely used for
machine tool gearboxes and accepted as the most advantageous
method [1].

Some of the advantages of geometric progression are discussed

below:

1. From a geomebric progression series with the ratio y’, if x-1
members of the group are excluded in every succeeding x member
subgroup, a new geometric progression series is obtained with the

. X
ratio of ¢’
2. If each element of a geometric progression series is multiplied

with a factor of VY the whole series is shifted by v members.

3. 1f the elements of a geometric progression series are multi-
plied with a constant "c", a new geometric progression series is
obtained with the same progression ratio, but having an initial mem-

ber "c" times greater.

3.4._STANDARD PROGRESSION RATIOS

As it is mentioned standard spindle speeds are based on the
preferred numbers, which are standardized by DIN 804 and presented
in Table 3.1.

Preffered numbers are established as decimal geometrical series.
Preffered numbers are used because they give the optimum distri-
bution in an interval. Decimal geometrical series have the proper-

ties of both decimal numbers and geometrical progression. The series

are established by dividing geometrically each decimal group (1-10,
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Table 3.1 STANDARD SPINDLE SPEEDS UNDER LOAD ACCORDING T0O DIN 804

BASICIRANGE| RANGE RANGE R ANG
RANGE|R 20/2 | R 20/ 3 gjé?/;mm 2076
P12 |p_q o5 2 =16 =2
100 1000
112 112 11.2 112 1.2
125 125
140 140 1600 | 140 1400
160 16
180 180 180 180 180
200 2000
224 224 224 224 22.4
250 250
280 280 2800 260 2800
315 31.5
355 355 355 355 355
400 4000
450 450 45 450 05
500 500
560 560 5600 560 5600
630 63
710 | /10 210 710 710
800 8000
900 900 50 900 90
1000 1000
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10~-100, 100-1000 ).
Progression ratio in decimal geometrical series is expressed by

equation (3.19). R being the range of numbers is always equal to 10.

zZ-1 e
V. (3.19)

E  being a whole number is selected to be 40, 20, 10 or 5. With
these assumptions, progression ratios are shown in Table 3.2.

}ﬂ@ is the finest series and containes all the other series. By
changing initial value different series can be abtained.

In selection of a standard progression ratio, electric motor speeds
must also be taken into account. In practical applications used motor
speeds are: 3000-1500-1000-750-600-500-375-300.

dpeeds of direct current motors can be selected as required,
but to be in correspondence with a.c. motors generally used speeds
are: 3000-2000-1500-1200-1000-750-600-500-375-300.

These speeds are off-load speeds. On load, they are reduced by
6.5% and 13.5% according to the quality and production method of motor
[3). Thus the motor speeds will be lowered to : Z2800-1800-1400-1120-900-
710-560-450-355-280. These speeds are all contained in R20 and R20/2
series and partially contaiﬁerj In the other series. Motor speed is
generally given as the starting point of geomelric progression series.

Considerations of motor speeds require that progression

ratio is equal to: [2)

\ (3.20)

p = 2

E

Thus standard values of progression ratio must satisfy both

equations (3.19) and (3.20).

AP (3.21)



These two equations are satisfied |, if

E
1

3!

E1 and EZ-

are whole numbers. Uith the addition of values ¢ V2 =1.41,

Where

A ' ) :
N7 -2 and w:v4 10 =1.78, the standard values of progression ratios

and E

2

= 10E'

are completed and given in Table 3.2,

TABLE 3.2 STANDARD PROGRESSION RATIOS

(3.22)

1.06 1.12 1.26 1.41 1.58 1.78 2
E 15 6 3 15 1.2 1
N/ 2 \/ 2 \/_2— Vo2 \/7 AV \/ 2 \/ 2
E 40 20 10 20/3 5 4 20/6
\ART) \V/ 10 4 10 \/10 w (Yo IV o |V o
A rrrax 5 10 20 30 40 45 50

Maximum relative percentage loss in cutting speed is expressed

by Acherkan [2] as

A
max

= ¢l

— X 100

¥

(3.23)

and depends only on¢. For each series, its values are also given ;
in

Table 3.2.
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3.4.1. SELECTION OF PROGRESSION RATIO AND NUMBER OF SPEED STEPS

When the maximum and minimum spindle speeds are selected for
the machine tool being designed, the range ratio Rn = is fixed.
number of speed steps or progression ratio must be decided. With
the selection of one, the other is determined. It can easily be seen
from Fig. (3.9) that number of speed steps increases rapidly with a

decrease in progression ratio.

z T
IS
52
A
L8 //
LL
g L0 ’ /\»_\’E/
2 y &/f L]
36 .
B / A
232
. »n L
S /]
S 28 /A rd
8 24 / 0%
Vil
§ 20 / b A ,’\’If”
Y i ‘]/ I Hﬂ
16 7 // H
y V // \Q -
]2 /; LT Q’\Bg
A LA 1 ~ -
g HHALA o T T e =,
// LA //"" ’/” ’/::f:i—g"
LA AL e e T T 9=
2 s E8
112162 3 457 10 1620 30 50 100

A Range ratio R
Figure 3.9 Relationships between Speed Range Ratio,

Number of Speed Steps  and Progression ratio
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Prog[‘essio_n ratio must be selected in such a way that for a
given speed steps, it has to provide the speed range. If a smaller
progression ratio is selected for a given speed range, number of
speed steps is increased. This will increase the cost of gearbox, for
final decision, the following items should be taken into consideration

[2}:

1. Progression 1‘atiosY’= 1.26 and ;&1.&1 are widely used for gene-

ral purpose machine tools and give quite satisfactory operation.

2. Progression ratios V= 1.12 and %1.26 proved to be satis-
factory if used with change gears in the drive gear-train for automatic

and semi-automatic machine tools for mass production.

3. Large progression ratios;ﬂ=1.58 and sometimes ,w:1.78 are used

in small machine tools for machining small work diameters.

4. For heavy machine tools smaller progression ratiosy=1.26,}p=1_12

and sometimessﬂ:t% are used .

5. It is a good practice to select a number of speed steps 7

which has factors of 2 and 3. So that

7 = 281, 3% A (3.24)

£

where '{and E2 are whole numbers. The most frequently used values are:

Z =3, 4, 6, 8, 12, 18 and 24

The range ratio Rqand number of speed steps Z can vary between
quite large limits. According to the purpose of machine tool, the
nature of manufacturing process, the type of cutting tool to be used
and especially versatility of new machine tool these values must be
specified. If thé machine tool is more versatile and different kinds
of cutting tools are to be used, the range ratio must be larger for

efficient operation. For example, in cvlindrical grinding machines,
29



wheel spindle speed range ratio is Rn\<2 for wheel diameters varying
within the limits Rd\<2. On the other hand for a horizontal boring
machine, the range ratio of feed drive reaches Rs21000 in certain models.
For machine tools with a rotary cutting motion, number of
speed steps is taken as Z\<36.
The values of Rn and Z should be much smaller in special machine

tools, than in general purpose machine tools.

3.5.KINEMATIC ARRANGEMENT DIAGRAMS

The spindle drive gearbox should provide required number of
speed steps, with a given geometrical progression ratio to give the
required series of speeds.

Spindle speeds can be obtained either by simple gear trains on
two shafts or with compound gear trains. With simple gear trains,
which is also called single transmission, any spindle speed can be
obtained by engagement of proper gear pair. But if compound gear
trains are used which composes more than one transmission group,
consecutive engagement of gear pairs in each group must be provi-
ded to obtain any spindle speed. .Fig. 3.10 gives arrangemeﬁt of gears
and its simple representation for an 18-speed gearbox.

As it is mentioned before, because of its advantages, geometric
progression is used with compound gear trains in machine tools. For
the construction of kinematical arrangement diagrams, the items
mentioned in Section 3.2 are discussed in detail in following sub-

sections.
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3.5.1. NUMBER OF SPEED STEPS

The number of spindle speed steps is equal to the multiplication
of number of simple trains in each group. A group is the total
engagements between any consecutive shafts. Total number of
group in a gear box is equal to the total number of shafts minus
one. And simple train is just a transmission obtained by a gear pair.
Denoting the number of simple trains in each group by Pa, Pb, Pc..Pr
(where subindexes a, b, c,...r refers to transmission groups) number

of spindle speeds 7 is equal to

Z = P_.P_ P ..... P (3.25)

3.5.2. SPEED RANGE RATIO

Total transmission ratio of a compound gear train is equal to
the product of transmission ratios of simple train. Thus, maximum and

minimum transmission ratios of gear train can be calculated as

i = ] .1 A .. i (3.26)
max amax ~bmax ~Tcmax rmax
i, T TN I | I . (3.27)
min = amin “bmin  Tcmin rmin
Range ratio of the whole train is equal to:
Dax lmax
R = — = - = R_.R, .R ..... R (3.28)
n n_ . i . a“~"b’ ¢ c
min min
iamwx
UJhereR3 = 2 "% and similarly Rb, Rc, . . .Rr are the range ratios
C '
amin

of the transmission groups in the train.
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3.5.3. BASIC EQUATION FOR KINEMATIC ARRANGEMENT

To obtain a series of speeds use of multiplier transmission
groups is an important property of geometrical series of speeds. The
conditions to change the speeds of such a geometrical series are
determined by the kinematic arrangements of multiplier groups.

The situation can be explained by an example. Assume a gear
box having a speed range ratio Rgh is linked with a simple gear train
with constant transmission ratio (Fig. 3.11). The gear box provides

geometrical series of speeds from ni to nk.

Lo L]
12 3 4 p-1 P
J J
Figure 3.11  Structural Diagram Figure 3.12  Structural Diagram of a
of a Gear Train Lear Train with a Multiplier Group

Next a multiplier group is introduced to the train with Pnumber
of transmissions (Fig. 3.12). The multiplier group has the transmission

ratios of i, iy, Iy ...I, . with the engagement of first transmission in

the multiplier group, a spindle speed series can be obtained as
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n1,n2,n3_ ........

The engagement of second transmission gives another spindle speeds
series

k' Oar D

The ratio of elements in the second series to the elements in the first

oo Lz

series is always equal to T .

Hence te - Pax - Dok - g1 Py
i n ooooo

= = R . .p (3.29)
. K nk_1 n, n gb

Thus with the engagements of other transmissions in the multiplier group,

the similar ratios will be obtained. The following relationships concerning

the transmission ratios of the multiplier group can be stated

I i
1 2 3 p
= Ny Noygy Naggy & eeees n(p—l)k+1 (3.30)
2 3 p-1
= n1 angb nl(Rgb ¢) n (Rgb.ap) . nl(Rgb.«/J)

The transmission ratios in the multiplier group construct a

geometrical series with the progression ratio V,: = P ﬂ‘\’sb‘.
Thus the relationships exist hetween the transmission ratios

. ] .5 = 1. ) 2. . p-1
LIS PN U SN 1p l.n,oRgb.(soRgb) ...... (soRgb) (3.31)

Where Rgb is the speed range ratio of the whole transmission preceding
the multiplier group. Since each group is a multiplier group of the whole

transmission kinematically preceding it, the above equation is true for

all the groups which build up the gear box.
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3.5.4. CHARACTERISTIC OF A TRANSMISSION GROUP

The progression ratio of a transmission group can be expressed

simply as

v o= = (3.32)

Where z k is the total number of speed steps kinematically preceding the
given group which is equal to the characteristic of the group.
The general equation (3.31) can be expressed as follows for any

transmission group.

In the kinematic arrangement of simple transmissions the main group

is the first group in the whole complex with

The second transmission group, -so called first extension group-
has the characteristic of ><2= F’1
where P 1 is the number of transmissions in the main group. T

In the third group -the second extension group- the charac-
teristic is equal to ><3 =P . P2 where P2 is the number of transmissions

in the first extension group. A general equation can be laid down to

find the characteristic of any group in the gear box.

) e Pp (3.34)

In applying these equations to a whole transmission complex, it has

to be decided which group to be the main group, first extension group
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or second extension group etc. Equation (3.25) is also called the struc-
tural formula which the order of a,b,e, ... . ¢ subindexes give the main
first extension, second extension otc, groups. 5o knowing the number
of transmissions in each group, order of arrangement of groups and
characteristics of the groups kinematical arrangement, diagram can be

constructed and all the possible solutions are cbhtained.

3.6 DETERMINATION OF TRANSMISSION RATIOS

As explained in the previous sections, with given initial data
kinematical arrangement diagrams are constructed. Briefly, number of
speed steps Is factored out Lo determine number of Lransmission in
each group. Order of transmission groups in the drive is decided and
characteristic of each group is calculated with £q.{3.34). Now kinematic
arrangement diagram can be established and used for future calculatios.

All the transmission ratios are expressed in terms of progression
ratio and minimum transmission ratio. Not to Cause excessively large
diameters of gears minimum and maximum transmission ratios are limited.
These limits are accepted in 8ll practical applications. They are % for
minimum transmission ratio and 2/1 for maximum transmission ratio for

spur gears used in machine tools.

N

. — l 1 = -
finlim = 1 and Lnaxlim i (3.35)

It helical gearing is used maximum transmission ratio limit is increased to
2.5/1. And sometimes maximum limiting ratio of 4/1 is used in small
machine tools.

Generally accepted range of transmission ratios for tfeed gear boxes

is 1/5\<i\<2.8/'1.

The limiting range ratio is thus, established for a two shaft trans-

mission group as
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imixlim
Riim = I (3.36)
minlim

The minimum transmission ratio i min for the whole drive is calcu-
lated and expressed in the form of exponent of the progression ratio

of the series. Thus,
n
. 1
= DI = & .37
i, : = (3 )

Exponent E is taken from standard series of numbers to be used
in machine tools. Minimum transmission ratio of each group is determined
in such a manner that their product is equal to i min (3.27). They can
be expressed in the form i =P$?go that algebraic sum of exponents U
is equal to E

A general kinematic arrangement diagram is given in Fig. 3.13 and

explained below

Numb. of
group  shaft MNem transmission
1
I
Pl
Sl
1 P‘—|
! ;
1 >
S, S, ¢h s, LP(PZ-HP‘
I P,
H - PP T Py P P
53 SSV 12 %&1 2 Sa\#z 177
r
' 2
1 -—-g S PP P S (R-2)R B, S h-1inop Py
r YT Py 172 ) 10 -
Flgure 3.13 GeneralPﬁnematk:Arrangememt[ﬁagram
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The minimum transmission ratios of the groups are expressed with

letter S for simplicity, i.e.

S5 = i | .
minlim

S.o= i | .

1 nuu1llm1
S.= i | .

2 m1n11m2 (3.38)
S = 1

r minlimr
S = 5..8 S S

"1 2°"3 r
The main group consisting of FH transmissions has a characteris-
tic of X1 = 1 The transmission ratios in the main group are calculated

to be

In the second group, the number(ﬂ’traﬂsmkﬁﬁonsisrﬂ and the
characteristic of the group is equal to XZ = Pq. The transmission

ratios of the group are

And by the same way the transmission ratios of the third group

are found to be

PP
S3, S3¢ 172, S, ¢
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The transmission ratios of the following groups can be found simi-

larly up to r'th group. Transmission ratios of the r'th group:

. DL 2p,p :
N G nE 1 I - y P oot 'p ~
v Srg 142 ey Sr(’c 152 TV, e ey Srkﬂ -

When these eguations are set up, they can be arrangad in any
order to obtain the same output speeds from the whole complex, and
number of transmissions in each group can be changed on the same kine-
matic arrangement of a stepped gear box. For a specified number of
transmission groups r and a specified number of transmissions in each
group there will be numerocus design options. For the structural diagram

there will be r! solutions, i.e.

If there are m groups with an equal number of transmissions in
r!

each, the number of design options will be reduced to 7

Arrangement order of the main, first, second .... groups also intro-
ducesr toption for sach kinematic diagram.
Each group may be considered as main group, first, second, or any ex-

tension group up to the last one. Therefore, total number of options

(r!)?

m

0 =)~

(3.44)

will be cbtained. For example for the structure 7 = 18 = 2x3x3 in which

r =3, and m = 2, the number of design options will he (31)°_ 18
2!



3.7. ANALYSIS AND RECOMMENDATIONS ON KINEMATIC ARRANGEMENT DIAGRAM

For a constant transmitted power, transmitted torque indirectly
proportionsl to the speed of the shaft (Eq. 3.45) if speed is decreased
the torque will increase which needs a greater shaft diameter and a
greater face width or module of the gear is required. For gear boxos
used in machine tools which covering a range of speed steps, certain
gears have to transmig considerably higher torques. Due tg highar
tooth loads, these gears have tg be larger than the others and require

more space.

1
II
Ul
a b

1

i

L1
I

iII1

n 72/

Figure 3.1 4 Kinematic Arrangement Diagrams of 6 Speed 3 Shaft Gearbo
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Let us consider the gear box with three shafts and 6 speeds as
discussed in Section 3.2. Figures (3.1a), (3.2a), (3.4) and (3.5) are re-
drawn In Fig. 3.14 to follow the discussions below pasily -

In the case of layout Fig. 3.14 a, the highest transmission ratios
occur in the second group. So that only the gears transmitting the
ratio Lx;5 and producing three lowest speeds, have to be stronger. In Fig.
3.16 b, the two lowest speeds are transmitted by two sets of gears, with
transmission ratios in‘i and LYM. For this layout, the highest transmission
ratio, i.e. the greatest speed change occurs in the first group. There-
fore the gears for reductionlr, must also be stronger. Similar situations
oceur also for the arrangements in Fig. 3.14 ¢ and d.

Another point is the numerical values of transmission ratios.

These transmission ratios and ranges should not exceed the limiting
values mentioned in Section 3.6. In the arrangements a and c , largest
. . 3 4 .
transmission range occur in the second group with Kf and ';” respectively.
4 3
It oceurs in the first groups with values of ¥ and Y respectively in
arrangements b and d. It is stated by Koenigsberger [1] that it is also
preferable to have the largest transmission range in the last group for
reasons of tooth strength and space requirements. This means that
thearetically, optimum arrangement is that shown in Fig. 3.14 a which
requires the smallest transmission range. |

In addition to the kinematic arrangement diagram speed charts are
constructed almost by the same way. The kinematic arrangement diagram
indicates the relationships between the transmission ratios of the group
transmissions but does not give the actual values of ratios and speeds.
Values of transmission ratios for all the transmissions in the drive and
speeds of all the shafts are determined by constructing the speed chart.
Kinematic arrangement diagram and speed chart of Ajax Lathe are shown

in Figures (3.1%) and (3.16).
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3.7.0. WEIGHT OF fHE DRIVE

the size of the gears in the transmissions of a gearhox increase

with an increase in the transmitted torque. The torque is equal to

T = 716 - n (3.45)
By taking logarithm, it is found

log T + log n = log 716 + log hp +  log n (3.406)

This equation is representad in (71 on a logarithmic graph (Fig. 2.17)

N
-
{

O}

ilo
~mf——-47m_

T

620 ———]-—log

leg 71,

>
o
L
I
3
>3
13'
log 1=0 Q/

Figure 3,17 Transmitbed Tara e ar .18 7 i
gure 3.1/ Transmitted Forque at Figure 3,18 Iransmibted Targue for
pach Spindle Speed o .
Diffarent Minimum Transmission Ratio

of Fach LGroup
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The horizontal line AB represents the value of (log 716 + log hp )
with the assumption of 7 = 1. If the efficiency of transmission groups
are same, line AC shows the transmitted power with losses. That graph
can be used to find the value of transmitted torque at any speed. The
vertical distance between line AC and speed point on the shaft is equal
to log T. In Fig. 3.17, maximum and minimum transmitted torgue is shown
for the third shaft.

Fig. 3.18 is similar to Fig. 3.17, but only minimum transmission ratios
are shown with different values. Again the distance between line AC
and speed point represents the torque developed. 3 valuves for minimum
transmission ratios are shown on the figure. Broken line a k e represents
the situation for using maximum limiting transmission ratios for the first
and second groups and minimum limiting transmission ratios for the third
and fourth groups. For this option minimum transmitted torques gpp
obtained for the intermediate shafts. Even the weight may be at a
minimum it is stated [2] that group transmissions can not be used for the
first two links. pop the option of using minimum limiting transmission ratios
for the first and second groups and using maximum limiting transmission
ratios for the third and fourth groups develops maximum torques on the
intermediate shafts and is not advantageous. Therefore it is preferable
to follow the broken lines abede in designing a reduction train. The
transmission ratios are reduced to a smaller and smaller value as the
train approaches the spindle. And the transmission ratio between spindle
and preceeding shaft is taken equal to minimum limiting volve.

To reduce the weight of the drive, the number of transmissions in
the groups must decrease along the train from the electric motor to the

spindle. Thus, if

DO
8]
—

4 T PP Pl ee.. P (3.



It is advisable to apply

pa>pb>pc> seeee 2P (3.47)

Simple transmissions should be arranged nearer to the spindle. For
a total number of transmissions, this arrangemant ensures a larger num-
ber of transmissions with less weight and less transmissions with heavier
components, because the design torque increasss as the train approaches

to the spindle.

3.7.2. MINIMUM NUMBER OF TRANSMISSIONS

For a required number of speed steps
the number of speed stens in the transmissions are determined with

equation (3.25) Total number of transmission ,

. pa pb}pc+ {pr

will be minimum, if

T Pe ’y =T 1 (3.48)

If the number of transmission groups, I, is not specified, then minimum
number of transmissions will be obtained with p=2o0rp-=3. These are
actually the numbers of transmissions that is used for sliding gears [?].
Total number of gears used is twice the number of transmissions. But
with change gears two different transmissions are obtained with one pair

of gears.
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3.7.3. MINIMUM NUMBER OF TRANSMISSION GROUPS

Minimum number of transmission groups is obtained if the range

ratio of each group is equal for a specified range ratio Rn.

R = ?
R Ry Ry Ry weens B (3.28)
Ra = Pb:Pc: ...:Rr (3.49)

Gear boxes with uniform groups having p=2 or p=3 transmissions in
each group provide the minimum number of transmissions in all the groups
but at the same time, the maximumnumber of groups are required. Thus,to
reduce the number of transmissions, number of groups must be increased
ar vice versa.

For long reduction trains in heavy machine tools uniform groups
with minimum number of transmissions is used. But for a short reduction
gear train in high speed machine tool minimum number of groups is

preferred.

3.7.4. _CHARACTERISTIC OF GROUPS

The most advantageous kinematic arrangement of a gear drive is
obtained with increasing characteristic of the groups from electric motor

to the spindle. With the structural gquation

Z T Py.Dy.Pge e... P (3.25)



The characteristic of the groups must be

X <x2<x < e e. . <X (3.50)

When this order of group characteristics are used maximum speeds
of the intermediate shafts will be smaller for the same minimum speeds.
Ackerkan [2] states that if these order of characteristics are used, the
manufacturing accuracy of components will be less, dynamic loads, vibra-
tions, wear of components, friction losses will be reduced and the effi-

ciency is increased.

3.8 DETERMINATION OF GEAR TEETH NUMBERS

In the following two subsections Gray Method to find gear Leeth
numbers for a given gear ratio within the limits is discussed and the
method is explained to find gear teeth numbers for a given gear ratio
with a constant center distance.

Computer program uses Gray method to find gear teeth numbers
for minimum transmission ratic of each group. The other method is used
to find other gear teeth numbers in the same group for fixed center

distance.
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3.8.1. GRAY METHOD

This method is first introduced by Gray in 1953 and his study is
presented in [5]. Gray Method is the simplest to find gear teeth numbers.
Given gear ratio is multiplied with integer numbers and the product is

divided by the same integer number. That is

N XLR (3.51)

x being an integer and R is the required gear ratio. The multiplication
af xR is carried out until it approaches an integer number within speci-
fied error limits. Although the method is tedious for hand calculations,
it work effeciently with computer and gives accentable resulis.

For examples for a gear ratio of (082692, it is Tound

19

23

0.826087 with -0.100737 % error

and for a ratio of 0.25, it is easily found A g.25 with no error.
72

3.8.2. GEAR TEETH NUMBER CALCULATIONS FOR A FIXED CENTER DISTANCE

In design of a gear box when the kinematic arrangement diagram is
constructed, gear ratios in each group can be found on the diagram.
In construction of kinematic arrangement diagram, at the first stage
gear ratios and gear teeth numbers are found for the minimum transmi-
ssion ratics in each group. When these teeth numbers are calculated,
the center distance, which is proportional to the teeth number of driven

and driving gears is fixed. The teeth numbers of other gears in the

49



same group must also have the same center distance with the required
error range. Reddy [13] presentd a method for calculation of gear teeth
numbers for a fixed center distance. The advantage of corrected gears
are taken into account. By this way, total teeth number representing
the center distance can be changed within the limits of = 3 teeth.
Figure (3.19) shows two pairs of gears with the same center distance.

Gear teeth numbers are represented by A, B, C, D..

Figure 3.19  Two Gear Pairs Representing a Hroup

By use of corrected gears new center distance, c' will be equal

to one of the followings:

c' =c
H

c =c =1

c'=c*? (3.52}
c'=c+3



With theprogressin ratio o,

ratio is equal to,

D/E . DB
A/B AR
cC= A +nB

cC - A =2B
C-n _ B
TR O R

c _ B
w1 o= A

and

Ct'= D +E

C' - D=L

C' - D_E

D D

ct - B
5 - Y75

Substitution of equations (3.56)

S

=0

the ratio of second to first transmissions

(3.53)

(3.54)

(3.55)

and (3.55) into equation (3.53) gives



Differentiating equation (3.56) and writing in error form, it is found

SO Sa

AD

AD by (3.57)
D

(,O

- 1 + )

—

With an assumption of s” » gear teeth numbers can be found. Assume
0 : Ay .
1% error ony, 25 equals 0.01.
/
w

4D

Dmax - DL+ D)
(3.58)

_ _AD

Pmin p(L —D*)

For the specified error limit, gear teeth number must lie Betweean
D max and D min, if no integer number exists between D max and D min,
no gear pair can be found for the value of (;0 within the error limit.

with the use of equations (3.57) and (3.58) for a given gear ratio,
specified center distance and error range gear teeth numbers of second
and other gear pairs can be found. This method is used in the computer
program to find gear teeth numhers of transmissions gxcaert the minimum
transmission ratio in all the groups and satisfactory results are

obtained.

3.9 ERROR ON SPINDLE SPFEDS

Because of the errors introduced on the gear ratio with the cal-
culated teeth numbers, the spindle speeds will have an error. The total
error on spindle speed is equal to the errors of gear pairs providing
the spindle speed. This error range is also standardized. DIN 804

specifies the limits with £2%. And T180/R229 and Indian standards put

the deviation +2% aond -3%. Any speed can be written as

r
n = n, Il ¢

W i =1 ki 7 TP
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Where nw is equal to any output speed
ni is the input speed
r is the total group number
pj Is the total transmission number in group j

The value of ‘fjk*&is calculated to be ( 3.33)

(3.60)

With the calculations based on gear teeth numberlpjkj will con-

tain an error Ae ., .
Ik

Taking the logarithms of eaquation (3.59)

r
log nw = leg n o+ 2 loq

. (k.-"—“l,2,3,..,.p ) (3.61)
J=1

0oL
Jk3J J 5
Differentiating and writing in error form, it is obtained

A n, -
z . 0%

k3
- | — kL =2 1,2,3,00 0000 (3.62)
" j::1 &}

Jk
Denoting the percentage error on spindle speed and percentage

errar on gear ratio by

e - 2y 100
nw nw
(3.63)
Ay ..
s T o %3 v 100
Jrd Jk
It is found that,
- _
e = X e . K. = 1,2,3 ... p. 3.64
LS (k4 Py ( :

The individual errors on gear ratio will have a maximum and minimum

value in each group, such that

(8jkj)max
(3.65)

. , < 0
(Sjkj)mln
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Thus total percentage error on spindle speed will have maximum

minimum values

r r
€ = E . . = b S
nwmax (jzl Ejkj)max j=1 (ijcj)max> 0
and )
£ r (3.66)
€ . pussy At . B . foiad \j . . .
nwmin (jil'l ejkj )mln N ( Gk min 0

Hence, total range of percentage error in spindle spaeds will be equal
to (Enw max - Enw min ). This error range should be less than 5% for
150/R229 and less than 4% for DIN 804. This renge of error is calculated
and printed out at the end of results of each option in the computer

pProgram.
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3.10 DYNAMIC PROPERTIES

Any gear train must be checked against torsional natura
frequencies. Torsional natural frequencies depend on the stiffness and
inertia of each component included in the gear train. Gears are only
one of these components. These problems can be overcomed by using a
number of different techniques but considerable time is required.
Especially at the stage of kinematic arrangement design or selection, it
is hard to reach a solution. The following two sections deal with finding
a proportional value of elasticity and inertia of a gear box during kine-
matical analysis, which can be used as determining factors in comparison

of options.

3.10.1 ELASTICITY OF GEAR BOX

Marchelek [21] mentiond about a criteria to determine the torsio-
nal elasticity of a gear train. Dynamic properties of a gea-r box are
determined mainly by its torsional stiffness. By establishing an equiva-
lent system, these properties can be analysed. Torsional Stiffnes—;s can

be described as the resistance against. deflection under a torsional mo-

ment. Torsional stiffness coefficient is defined by

(3.67)

@[3

Reflected values of stiffness coefficient with respect to any

speed is obtained by dividing this coefficient with the square of the

ratio of shaft speed to the speed of reflected shart.



k.

K. = J
i (3.68
Jjs J_ng )
; N ij‘ _ shaft speed
Jm T no T motor speed (3.69)
Elasticity is defined as the reciprocal of stiffness
0
€ =5 (3.70)
and similarly reflected glasticity is calculated as
@, = (e s 1. 2
p J)( Jm ) (3.71)

e’OlS’HCI'Ly

Total coefficient of torsional sbiffness for a gear box can be

written as
e, = E e. = 2 (e.)(i.) (3.72)

The smaller the value of product ofejand ((jm) > the total
reflected elasticity will be the smaller. Smaller the elasticity coefficient,
smaller will be the torsional deflection for a given torsional moment.

The elasticities of elements used in machine tool drives are given

by [21]. For a toothed gear, it is equal to

) 1
€ = K rad/kg-cn (3.73)
bD*Cos ?q

. -6
where K =24 x 10 cn?/kg for steel spur gears
b - width of gear, cm
O - outside diameter of gear , cm

d - pressure angle, degree
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Gutside diameter is related to module and number of toet

by
Dz m(N +2)

-2

(3.74)
The face widi!

i

1 of gear is also proportional to the outside diameter (19)
bh~d = m({N-+2)

(3.75)

(O3]

3y assuming a 2

f3° pressure angle and a unit module

, the equation
(3.73) bhecomes:

e . ) K

2.71793 x 107°
<3 —_— T T A
(N +2) 3

S50 the tc

\

1. S
whal refl

lected elasticity will be nroportional Lo

v _jm

e

3.
J=1 (N +2)3 (

] —s J=n 1. ,
e, ~ 2.71793 x 10

~J
~J

This proportional refiected elasticity is calculated for each
spindle speed in computer program and can t

32 USeK

.
a5

i

a determining
factor in the selection of options,

Bush {107 in his paper says that anobther measure of dynamic
characteristic is the sum af the largest gear rat

105 i each mesh

=1
D = > i .) .
jflf . max’ 7]

(3.78)

This dynamic criteria is required to be smatl for an increased
static stiffness



3.10.2 INERTIA OF GEAR BOX

In torsional vibration anciysis of rotating systems, rotation of
masses about their centres of mass is the concern. Therefore, the polar
moment of inertia of the mass is the parameter used instead of the mass.
It is, generally, referred as the "inertia" for simplicity. For a given
drive torque the acceleration will be maximum when the inertia is mini-
mum. In machine tool drives to obtain a wide frequency response the
acceleration must be maximum [24]. 1t is, therefore, desirable to mini-
mize the inertia.

Cauivalent or reflected inertia of a gear box is ohtained by mulli-
plying the actual inertia of gear with the square of the ratio of shaft

speed Lo reflected shaft speed.

i jmis given by equation (3.69

Inertia of a gear is given by

Cof b

m D2 (3.80)

With the same assumpbions as in Section 3.10.1

b LD = M(N+2)

mo~ S NP 2) 7L My 2)



m o lr4; ME(N +2) 8 (3.81)
T .2 T2 3 (n42)t, ME(n+2)?

8 4

T2 M5 +2) 5 3.82)
T . 35 MY(N +2) (

With this formula, a proportional value of reflected inertia can

be calculated on the assumption of a unit module

I 4 5 1 2
Ir ~ (N H+2) '(ljm) (3.83)

For cach spindle speed these refioctod inertias are calculated to

be usad in the selection of gear arrangement diagram.
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CHAPTER 4

4.7. INTRODUCTION

The calculations involved in determining the kinematical arrange-
ments of gearboxes are complicated and laboricus as shown in the
pravious chapter.

It is the aim of this chapter to automate the procedure and to
nake the kinematical arrangement, which satisfy certain requirements,
available to the designer in his final decision.

Section 4.2 introduces the features of the computer program pre-
pared for this purposa. In Section 4.3 , the use of the program is
illustrated with the examples chosen from existing machine tools

available in the market.

4.2. COMPUTER PROGRAM

The computer program consists of main and subprograms. [t is in-
teractive and highly user oriented. By giving proper answers to the
questions asked by the program, the user is enabled to obtain all possi-
ble arrangements of the Gearbox. IT at any stage of the process, the
user daes not know what to do, by typing 7: messages are typed out on
the terminal to guide the user in the rest of the pProcess,

The simplified flow charts and description of the program are
given in Appendix (4.1).

Upon initiating the program, a message on how to set up /'n/ouz"

data is typed out on the terminal. The input data to the program con-
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tains number of speed steps, either two of the minimum spead, maximum
speed or progression ratio, number of total shafts, number of shafts
with one transmission and motor speed. Limitations on minimum and maxi-
mum transmission ratios on minimum and maximum teeth numbers, percen-
tage error in gear ratio and percentage error in output speed may also
be given at this stage.

Once the data is set up, it can be saved for further use or for
further minor changes in the requirements of the gear box. At this
stage, the user has the opportunity to check the input values, to
change the previous input data, to change the lmitations on kinematic
values of the gearbox.

with the command "CONT', program controls the input data against
unlogical values. If it is found user is asked Lo correct the data, if not,
program continues to perform the following functions:

- calculate probable order of arrangoment

- factorize number of speed steps
- equalize factored speed number with the shaft numboer

calculate probable speed distribution and eliminate the same ones

After these calculations, minimum transmission ratio of ee;ch aroup is
calculated in such a manner that minimum limiting transmission ratio is
assigned to the last group and it is increased up to the First group.
Minimum transmission ratios as well as the minimum spead calculated
according to these ratios are byped out on the terminal for camparison
purpose. At Lhis point, the following options appesar on the Lerminal,

RAT - To enter the required minimum transmission ratios of cach

group from the terminal
POUW - To enter the powers of progression ratio for calculations of

minimum transmission ratios
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CAL - To assume the previously calculated transmission ratios

If entered RAT' or 'POW, the user is guided by typing out the cal-

culated values on the terminal. 1f 'CONT' Is used directly without entering
the other options, previously stored minimum transmission ratios are

taken by the program. With the use of command 'CONT', the minimum
transmission ratios are controliod against the values which are out of

set lmits of minimum and maximum transmission ratics. If values out of

)

limits are found, user asked to change the transmission ratios. If not,

o

teath numbers for minimum transmission ratios of each group are calcu-
lated with Gray Method.

Found teeth numbers with transmission ratios, percentage error
and minimum speed are typed out on the terminal to be checked by the
user. If the percentage error on minimum spend is not within the limits
two options will be available to change gear teeth numbers or transmi-
ssion ratios,

RAP ~ To reenter preceeding options RAT or POW

TET - To enter gear teeth numbers for minimum transmission ratio

of any group
Command 'CONT' is used to continue. At this stage, the program is ready
to provide all of the possible kinematic arrangements. The user is asked
to give one of the following answer for printouts

ALL - To get all of the possible arrangements

REC - To get only recommended arrangemaents
It is left to the wish of the user to store the cutput data on disk ar
not. Then the program continues and assumes a speed distribution from
the created matrix. According to the speed distribution, the probability
matrix for order of arrangements isrearranged to give only different

arrangements.
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1@ program assumes Lhe first order of arrangemaent and is ready
to calculate all of the parometers related Lo kinematic arrangement {or
all of the possible and different arrangements. The program iterates
all possibilities one Ly one. Tho results related to the kinematic
arrangement. of gearbox  ave typed cut on the terminal and stored on
disk If stated at the earlv stage.

According to the resuits obtained, the user may want some minor
changes or modifications in speed distribution or in foeth numbers.
Hence, the following options are made available:

ANY - T continue with the same spead distribotion Ly oressing

any key

CHN - To assums the next speed distribution from the matrix

TET - To change goar teeth numbers of any transmission in am y
group

SEE - To type out the preceeding resuslts on rerminal

EX - To exit from the loop for possible artangements

Py

By pressing any key on the berminal keyboard, the iteration continues
with assuming another order of arrangemont for the same speed

1 I

distribution. By the same way  ali of the possible order of ar rangements
are traced out for the same speed distribution. For the next iterati
the program assumes next speed distribution ond continues ue to the

compietion of speed distribution matrix.

During the oxecution of iterations, if the user enters the option

"TET' and then the option 'SEEY the user will have the chance to
snalyse the kinematic arrangement disgram of an existing gearbox and

compare the resulbs with the solution provided by the P OGTanm.
IFoption "o entered the program types oul proportional elasti-
city and inertia, percentags error ranga on outpul speeds and maximum

gear ralio of all the executed options for o OMpariaon purposes.  Program
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turns back to the beginning. If again 'EX' is typed, the execution of

program terminatoes.

A3 RLUSTRATIVE EXAMPLES

To show the use and Integrity of the comnuter program 6 examples
are presented. The examplos ave Laken from previous titorature and

from the machine tools available in the markot.

EXAMPLES 1 and 2

As it is explained in the preceeding chaphers, kKinematical arranqge-
are
mant diagrams traditionally prepsred with graphical methods, Germar
prepared kinematical arrangement, diagrams for 18 spoed 3 shafts and
12 speed 3 shafts gosr boxes given in reference {11, His resulls are re-
drawn in Figures (6.1) and (4.2) reaspechively,

The compuler program run with suitable inpub data to gbtain the
similar sclutions for the two gear boxes abave. The input data for the
bwo examples are given in Tabiles (4.1) and (4.3). The results of the com-
puter program can be seen in Tables (4.2) and (4.4). With the use of the
information given under the heading "Power of Progression Ratig"
(PAW.of Prog. RL.) the similar kinematical arrangement diagrams can be
drawn. For comparison purpose, the ootion numbers of aubtpulb results

: o .

are written on top of cach diagram (Figures 4.1 and h.2)
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Table 4.2

cont'd.

OPTION 2 ax arriaN 3
APTINN i

GRUP SPEO POYLOF GRUP  SPED PuwW.OF GRUP  SPCO Pud.ng
HUMS NUML PRGLDT HUMd NUMY PRGWRT RUSE NUML PRGL

1 2 n 1 2 0 1 2 0

1 3 ~

2 B 0 2 3 N 2 3 al

2 I3 1

A t2 7

3 2 0 3 ] A 3 B n

’ 1 3

12 2 3
DPTLOM [ DPYTON 5 0PTION 6 =
GRUP  SPEQ PLWLOF GRUP  SPED PUdL.OF GRUP  SPED puw.OF
HUML MU PRG.RT MU U PRGGRT HUME PRGGRT

1 > 0 1 2 ] 1 > 0

3 1 a

p 3 0 2 3 0 2 3 f

1 O 3

? L2 6

3 3 0 3 3 G 3 B! o

b 2 1

12 % >

r
! .

opTIng 7 apT 0N a apron 2 3
oRup SPEQ PV GRUP SPED POW.OF oRp SETD DU
MU MUMS PRGRT HUMEB s PRG.AT My RV PEG.RT

1 3 0 L 3 0 1 3 0

1 2 [&]

2 5 12

2 > 0 2 2 0 2 ? 0

3 9 L

3 3 0 3 3 0 2 3 0

I . L 2

12 2 K
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Table 4.2 cont'd.

DET L bo = SIIRDH i OPTION 12
GRUP  SPEU PORLUF GRUP  SPrp GRUP SPEL pul. i
MUTS RO LR MUMB NUMD HUMG  BUTs pRGLR g
1 3 Q 1 3 0 1 3 0
Z 1 fH
R 2 I
2 z 0 2 2 a ? 2 n
1 G : \
3 ! 0 3 3 0 ! 3 n
6O
. 3 1
2 5 7
aPT IO 13 o NPTION 14w OP1 108 15
GRUP - SPEh POW.0F GRUP  SPED POY.OF GRUP  SPED PUM.OE
HUMB HUML PRGLRT MUML MUME PRGLRT MU B PrGLE ]
! K 0 1 3 0 1 3 0
1 2 .
2 “ 12
2 3 n ? 3 o ? 3 o
J /} l
& 12 by
3 2 0 3 2 0 N 5 o
9 1 3
s OPTION 16 el NPT10N 17 QPT 10N LR
GRUP . SPFU POW.OF GRUP  SPED  Pu.CF GRUP  SPED PUW.OF
NUIE MUMEG PROLRT MUMB MUMB PRGLRT NUME HUD
1 3 0 1 3 0 1 3 0
3 1 8
[# 2 L
2 3 0 2 3 o ? 3 0
1 6 2
2 ? 4
3 2 0 3 2 e 3 2 0
9 3 1




Table 4.3 Computer inpub Dala for Sxamr
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Table 4.4

cont'd.

aprian

OPTionN

OPTL0N

GRUP PUW. OF GRUP  SPED puw.nr SPEL PUMLOE
MUuME PRG.RT UMD B PRG.RT U PRG.RT
i 2 0 1 2 0 1 2 o

I 3 5
2 2 0 2 2 0 2 2 0
2 6 1
3 3 0N 3 3 0 3 3 0
4 1 2 H
o P A
e - 4
0T on P HPrInNy S DPTION & ¢
GRUP  SPED Plu.0OF GRUP  SBZD Paw, 0
MUMEB  NU™S PrGLRT RUME My PEGLRT
1 P o 1 2 Q 1 e (
2 1 4
7 2 0 2 2 0 ? 2 0
! 5 3
3 3 0 3 3 0 3 3 o]
4 2 1
R 4 2
.
apT N 7 OPTICN 9 oPT LN 9 x
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1 3 n i 3 0 1 3 0
1 Z 4
e 4 2
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Table 4.4 cont'd.

aOpring

DPTION

aPTINN 1o apT1ION 11 aerron 1z
SPED POW.AR GRUP  Spry Uil O
Ny NUMB MUYy epounT
1 N ~ I 3 0 | 3 3
2 1 4
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2 2 0 2 2 0 2 2 0
1 6] 7z
1 b 8} 3 2 0 3 2 9
" 3 ]
4
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EXAMPLES 3 and &

Koenigsberger [1]

18 speed 5 shafts ant 12 speed 5 shalts gear hoxes. He gave tho
gear Leeth numbers and calculatod percentage error on each outout
speed. Speed charts e

and (4.4) respectively for the two gaar noxes

The relevant input dato and limita iions are o

4.5y and {(4.7). The resolis of ¢ cmputer oprogram and
above examples ace given in Tablos (.6} and (4.9).
Comparison of the resulis show that prepared computer progrem

givas minimum tecth numbers within specified Hmnits, Percent age arror
ranges on outosul

eds are smaller than the actuo! arrangaments giver
by [1].

[ analysaod the kinematical arrangement. diagrams

Soant gear teeth numbers are given in Figures (4.3)
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Table 6.8 cont'd.
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ST RO
. \,(,{1 (11\1

LGION

AND CONG

I the provious chiapters, the thoory of kinomatical arrangomerit,

diagrams are discussed. The construction of kinomatical arrangoment

diagrams in tha provious works woere done by graphical mothods, As it
is menbioned, thero are many possible solutions and with graphical

mebthods all of the solutions can not bo obbained for larce numbor of
shafts.

Inve

igations on the examples given in the proceeding chantoer
roved that all of Lthe possible and different solutions can be obtained
by use of computer programs. With the use of these rosults, kinemoatic
arcangement diagrams can be droawn withoulb any difficuity. And obthor
parametors related ho kinemalic arrangaement diagroms are coloulated.

H

Recommended oplions are presentod according to pireset Hmitations.

In construction of kinematical avrangement diagrams, determination

of Ltransmission numboers between the groups and order of avranaoment,

ol groups is critical. When these valuos are established transmission

ratios of Lthe groups aro delermined by baking ninimum bransmission

atios of each group into account.
With the oxampies glvon, it 1s shown Bhat the bost kinematical

arrangement is obtained when Lhe order of arrangoment is parallel to

- r [

the order of groups in the gear box. IE is option 12, for the o

epeed disbribution of 5322 and with Uhe order of arrangoment Tx2x3.

N T T e i P! R Thycnesey ivpyes
wWRdmu goar racios in the groups. Theso rosu
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Informative, desicive and error messages are inserted into the pro-
gram to ald the user in the design process and inpub valuss are con-
trofled against uniogical values

The inputs and oulpubs are pub in an organizad
resuils easily,

The recommended options are found which da not contaln gear
ratios cut of lmits. Other proporties mentioned at ove and related to

kKinematical errangement diagroms are calculated and it is left to Lhe

hetween recommencerd

user to select one kinematic arrangemeant

options according bo the roguired constraints.

5.2 SLIGGESTIONG FOR FUTURE WGRK

The work prosented in this thesis can be oxtonded Lo vhie followina

»a complete design package for goar bhoxes.

_ﬁ
-
=
o
3

A- To increase the range rabio of output speads following modifi-
cations on the kinematic arrangement diagrams can he done
- use of two geomebvic progression ratio for the same kinematic

diegram

arvangament

- use of broken geomotrical series

- use of overlaoping speed steps

8- T
bending strength desinn surface fatigue, strength design, shaft desi ign,
bearing selection, lubricant selection and torsional analysis, all must bo

integrated with the prepared computer program.

o
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