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Abstract. This article provides a detailed study in regardhe independent sets of teeth of engaged geaslsviieat
periodically come into mesh during the operatiom @ear drive. Taken into consideration is the irtgrae of a proper
choice of the teeth number of gear wheels, andthadelogy for calculating the teeth number in pogear drives in
terms of optimal operation is proposed. Furtherpghper discusses the influence of independentoetseshing teeth
on the strength and performance parameters ofdyeas.
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1. Introduction contact ratioey, which leads to a smaller load
On of the key factors that affect the capacity and less smooth operation of the geaedriv
performance characteristics of gear drives thahfor [1, 3]. The above facts will be illustrated with a
part of power trains is the optimal choice of teethpractical example of a cylindrical spur gear drive
number of the engaged gear wheels [13, 16]from the construction of a real industrial
Reducing the number of teeth of engaged wheelmstallation. The gear drive has been computer
leads to smaller and lighter gear drives, whicbfis calculated with the specialized in the area of
importance for the overall space consumption andnachine elements software system MITCalc
cost of the power train. An unfavourable effect of (Figures 1+7) after which the construction design
reducing the teeth number, particularly when ithas been optimized in the CAD environment of
comes to gear drives with straight teeth (Figure 8)Autodesk Inventor (Figure 8) [5, 9] with regard to
is the increase of specific sliding [7]. In thissea the following:
intense friction is observed, especially in those- predefined power and kinematics parameters —
points of the active teeth surface that are most Figure 1;
distant from the pitch point — the roots and tips ti - selected calculation standard, pinion and gear
of the teeth (Figure 5), which is a prerequisite fo  material, dimensions and further operational and
accelerated wear and heavier warming [1, 3, 7, 13]. production parameters — Figure 2;
Another disadvantage of reducing the teeth number type and geometry of the standardized gear cutter
is the subsequent diminishing of the transverse tool — Figure 3;

A = T
1.0 Options of basic input parameters

1,1‘ Transferred power Pw [kW] 1,500 1,483 <= Max. Pw
1,2‘ Speed (Pinion [ Gear) n [/min] 1395,0 765,0 i <=nl,n2
1,3‘ Torsional mement (Pinion / Gear) Mk [Nm] 10,27 18,51 Pw <= Mk,n
1,4? Transmission ratio [ from table i 1,80 *1,80 |v

1.5‘ Actual transmission ratio / deviation i 1,82 1,29%

Figure 1. Basic parameters for software calculatiba gear drive

2.0 Options of material, loading conditions, operational and production parameters

2.0 Material identification according standard : |DIN N
2.1‘ Material of the pinion : A...Carbon structural steel Ck 60 (Rm=740 MPa) heat treated -
2.2 Material of the gear : A...Carbon structural steel Ck 45 (Rm=5640 MPa) heat treated -
23 Loading of the gearbox, driving machine - examples B...Light shocks b
2.4? Loading of gearbox, driven machine - examples C...Moderate shocks v
2.5‘ Type of gearing mounting Double-sided non-symmetrically supported gearing - type 1 hd
26 Accuracy grade - IS01328 |Ra max|v max 6.......(Ra max.= 1,6 f v max. = 15) hd
2.}" Coefficient of one-off overloading KAS 2,00
2,8‘ Desired service life Lh 20000 [h]
2.9‘ Coefficient of safety (contact/bend) SH/SF 1,30 | 1,70

2.10 Automatic design Spur gearing Helical gearing |

Figure 2. Standard, operational and productionrpaters of the gear drive
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3.0 Parameters of the cutting tool and tooth profile

3.1 Standardized tool \ 1, DIN 867 (a=20deg, hal=1.25, hf=1.0, rad=0,38, d0=0, anp=0deg, ca=0.25) |
3.2 addendum of tool hao™ 1,250 1,250 [madul]
3.3 Dedendum of tool hfo® 1,000 1,000 [modul]
3.4 Fillet radius of tool ral® 0,380 0,380 [modul]
3.5 Root fillet radius of tool o= 0,000 0,000 [modul]
3.6 Chamfer of root cha® 0,000 0,000 [modul]
3.7 Chamfer of root chb® 0,000 0,000 [modul]
3.8 Protuberance hight 0% 0,000 0,000 [modul]
3.9 Protuberance angle oLnp 0,000 0,000 [e1
3.10 Min. unit head clearance ca*min 0,3001 0,3001 [modul]
3.11‘ Unit head clearance ca* 0,3048 0,3048 < |[m0du|]
Redraw Pinion 500 Redraw Wheel Cha
4,00
3,00
2,00
1,00

<800 6,00 -400 0 2,00 / 400 500 8,00

200, o

Figure 3. Parameters of the gear cutter tool

10 Design of a module and geometry of toothing

— A B
= LI
..... =8 == ===
4.1‘ Number of teeth Pinion / Gear z 17 31 i==z71,22 |
4.2‘ Normal pressure angle o 20 [¢1
4.3‘ Base helix angle B 0 |
4.4: Setting of the ratio of the width of the pinion to its diameter 1 T TEminT
4.5 The ratio of the pinion width to its diameter Wd f max 1,05 <1,1
4.6‘ Module / Standardized value mn 4 4 " [mm]
4.7 Reference diameter Pinion / Gear di/dz 68,00 124,00 [mm]
4.8 Recommended width of gearing 40,1-74,8 [mm]
4.9‘ Face width (Pinion / Gear) b1/b2 60,00 ‘ 50,00 [mm]
4.10‘ Waorking face width bw 50 [mm]
4.11 The ratio of the pinion width to its diameter Wd [ max 0,88 ‘ <1,1
4.12 Working center distance [mm]
4.13‘ Approximate weight of the gearing [kq]
4.14‘ Minimum coefficient of safety

200 250
~
4.15 Normal backlash
4.16 - Recommended min. | max. value 0,059 0,235 [mm]
4.17 - Selected normal backlash jn 0,1370 [mm]

Figure 4. Geometric and strength parameters ofj¢lae drive

- determined permissible geometric and strength of the gear drive (Figure 7).
parameters — Figure 4; The negative effect of the drawbacks associated

- automatically calculated quality characterisfims  with reducing the teeth number in gear drives can
the entered addendum modification coefficientsbe shrink down by achieving an optimal
(1, Xo and 2x), from which is seen (Figure 5) combination between wheel materials, applied
that the specific slidingd() is biggest at the roots thermal treatment, selected addendum modification
of the teeth (point 5.10 of the software coefficients &; X;; X - points 5.6 and 5.7 on Figure
algorithm) and at the tips of the teeth of the two5), high production accuracy and quality of thehee
engaged wheels (point 5.11 of the softwaresurface and last but not least the number of
algorithm); independent sets of meshing teeth of the engaged

- calculated geometry (Figure 6) and load capacityvheels.

129



RECENT, Vol. 14, no. 2(38), July, 2013

N . . o S . o . .
2 B DA ki) (driving) wheel periodically contacts as many teeth
5.1 Types . . . .
52 - Permissible undercutting of teeth (min. value) -0,176 -0,548  |I=| -0,725 Of the Iarge (drlven) Wheel as pOSSI ble, since th IS

-
5.3‘ - Preventing undercutting of teeth (min. value) 0,000 0452 |I=| 0,452 Ieads to a Slgnlflcant decrease of the Inﬂuence of
5.4 - Prevents tapering of teath (min. value) 0,324 -0,582  |Z=| -0,259

L = . . .
5.5 Pion sddendum modifcaton coeficent seting ‘ ’ tooth geometry errors on wear, vibration, noise and
5.6 Addendum modification coefficient Pinion / Gear X 0,0000 0,0000 [modul] . . . .
5.7 Sum of addendum modification coefficients | min. value X 0,0000 > -0,083 [modul] SmOOth ness Of Operatlon Of the gear drlve ’ Wh ICh IS

~ . . . .
e e e L [ e of crucial importance for its performance capacity.
5.9 Unit tooth thickness on the tip diameter sa* 0,6798 0,7451

-

5.10 Specific sliding on tooth roat 8ay/8e2 | -7,7008 -2,0288 <"="

5.11 Specific sliding on tooth tip SE1/9A2 10,6698 0,8862 12.0 1 Force conditions (forces acting on the toothing)

5.12 Sumof al spedific slidings Sum| 8| 11,3755 < min ﬁf 0 / <\V>

5.13 Safety coefficient for surface durability SH 1,44 ‘ 1,38 & \3/

5.14_Safety coefficient for bending durability SF 21,14 ‘ 17,66 — ¥ (\ N

5.15 Display of tooth and tool turn for: Pirion x|« 2 0 [ e ‘\\ -

0 | & 250 Refrash i
2 . . s 12.1 Tangential force Ft 302,02 [n]
] 80 12.2 Normal force Fn 321,41 ]
4 | 6 12.3 Axial force Fa 0,00 [n]
' 60 12.4 Radial force Fr 100,93 [N
€ ! 4 12.5 Bending moment Mo 0,00 0,00 [Nm]
N | , 40 12.6. Perpheral speed on the pitch ciameter v | vmax 497 <15 [m/s]
12.7 Specific load / Unit load wt | wt* 9,66 242 [N/mm | MPa]
10 0 &2 13.0 ™ Parameters of the chosen material
’ A h,: hr m 13.1 Density Ro 7870 7870 [kg/m*3]
; o, 13.2 Young's Modulus (Modulus of Elasticity) E 206 206 [GPa]
i 1 Sdt i 13.3 Tensile Strength, Ultimate Rm 740 640 [mPa]
13.4 Tensile Strength, Yield Rp0.2 240 390 [MPa]
13.5 Poison's Ratio 03 03
13.6 Contact Fatigue Limit SHIim 590 520 [MPa]
13.7 Bending Fatigue Limit SFlim 452 410 [MPa]
13.8 Tooth Hardness - Side VHY 235 200 [HV]
13.9 Tooth Hardness - Care Y 235 200 [HV]
13.10 Base Number of Load Cycles in Contact NHIim | 500E+07 | 5,00E+07
13.11 Wohler Curve Exponent for Contact qH 10 10
13.12 Base Number of Load Cycles in Bend NElim 3,00E+06 3,00E+06
13.13 Wohler Curve Exponent for Bend

Figure 7. Strength parameters of the gear drive

A=A L1

A

6.1 MNumber of teeth Pinion / Gear z 17 ‘ 31
6.2 Face width (Pinion / Gear) b 0 | 50 [mm]
6.3 Mormal module mn 4 [mm]
6.4 Transverse module mt 4,0000 [mm]
6.5 Circular pitch p 12,566 [mm]
6.6 Transverse circular pitch pt 12,566 [mm] -
6.7 Base circular pitch pth 11,809 [mm] 3
6.8 Center distance (pitch) a 96,0000 [mm] !!"
6.9 Center distance (production) av 96,0000 [mm]
6.10 Center distance (working) aw 96,2003 [mm]
6.11 Pressure angle o 20,00 °1
6.12 Transverse pressure angle ot 20,0000 1
6.13 Pressure angle at the pitch eylinder owwm 20,0000 o1
6.14 Transverse pressure angle at the pitch cylinder ot 20,0000 1
6.15 Helix angle B 0,00 1
6.16 Base helix angle pb 0,0000 [°1
6.17 Tip diameter da 75,9622 131,9622 [mm]
6.18 Reference diameter d 68,0000 124,0000 [mm]
6.19 Base diameter db 63,8991 116,5219 [mm] a
6.20 Root diameter df 58,0000 114,0000 [mm]
6.21 Operating pitch diameter dw 68,0000 124,0000 [mm]
6.22 Addendum ha 3,9811 3,811 [mm] BRil-id
6.23 Dedendum hf 5,0000 5,0000 [mm]
6.24 Tooth thickness on the tip diameter sna 32,7193 2,9805 [mm] L
6.25 Tooth thickness on the tip diameter sta 2,7193 2,9805 [mm] it
.26 Tooth thickness on the pitch diameter sn 6,2832 6,2832 [mm]
6.27 Tooth thickness on the pitch diameter st 6,2832 6,2832 [mm]
6. 28 Tooth thickness on the root diameter sb 6,2236 74756 [mm]
6. 29 Unit tooth thickness on the tip diameter sa* 10,6798 0,7451 [modull
Figure 6. Basic geometry of the gear drive

These measures themselves are once aga
relied to efficiency and cost, therefore an overall s s
view on the problem reveals a closed loop in which o 2
the mechanical design engineer and the production
technology engineer are expected to reach an Figure 8. Cylindrical spur gear drive
optimal solution regarding the performance of the 7=17z=31,m=4mm
gear drive. Regarding the concept of independent ) €Xtermal engagement; b) internal engagement
sets of meshing teeth it should be noted that
whenever applicable they are supposed to be
arranged in such a way, that each tooth of thelsm

Strength calculation and geometry definition of
Fyllndncal gear drives is based on the requirement
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for sufficient contact stress safety of the toothwhere: h - limiting height coefficient (the height
profiles. Preliminary determination of the number ¢ iha straight-line portion - Figure 5) of the temt

of teeth &) of the small and the number .Of teets) ( tool profile; h, - addendum height coefficient;
of the large wheel can be done in various ways —

through general recommendations formed on « + zBinla
’ _ . ) . o —h _h - 5)

previous experience, reference materials, induistria Xmin = —hg 5 (

and information catalogues, specialized software o ] o ]

CAD systems, as well as via certain methodologiedS the minimum shift coefficient, determined by the

[1, 5, 6, 8, 9]. Below is presented a short alfonit requirement for preventing undercutting of 'Fhe

consisting of four steps, which can be used tdeeth;a - pressure angle of the cutter tool profile,

calculate a cylindrical spur gear drive [3, 4]: which is coincident with the pressure angle of the
gear wheel teeth, when measured on the pitch

1) Calculation of the pitch diameter of the  diameter (Figures 3, 4 and 6).
small wheel (it is assumed the small wheel is the

driving one): 4) Determination of the teeth number of the
large (driven) wheel:
T 1
dp = fy Eé—ld“'u—EKH ; 1) z,=2z.u (6)
bay G P

The gear drive is a three-link mechanism and as
where:fy - generalized coefficient for preliminary such the transmission ratio can be expressed from
calculation of gear drivest; - torque transmitted the kinematics relation between the mobile links

from the input (driving) shaft of the small wheel)(  (the gear wheelg andz):

(in the software calculated example the torque is i:ﬂ:i:ﬁ =

designated witMk - Figure 1);yyq - the ratio of > oV , (7)
2 M2 V2

the small wheel width to its diametegye -

permissible contact stress: transmission number;
Ku - generalized coefficient of gear drive load.

where:w;, andw, are the angular velocities; and
n, - the revolutions per minutey; andV, - the
peripheral velocities of the wheels (Figures 7 @nd
2) Calculation of the normal module of the When determining the transmission ratio the
wheels of the gear drive: rotation direction of the wheels has to be takea in
ey [d account. In the case of unidirectional rotation
m:h :M, ) (corresponding to internally engaged gear drives) -
Wm WUm Figure 8b, the angular velocities of both wheels

where: b, - working face width;y,, - coefficient have the same mathematical sign:

depending on the type and load of the gear drive. L _ 0

[ P >1, (8)
3) Determination of the teeth number of the ) 2_ o _
small whedl: on the other side with contra directional rotation
d; EosB (corresponding to externally engaged gear drives) -
21:1—, (3) Figure &, the angular velocities have opposite
m mathematical signs:
where: 3 - teeth slope angle in respect to the _ Wy
geometric axis of the wheel. = —E <1. 9

The minimum allowable number of teeth, of
gear wheels is limited by the requirements for ~ The transmission numbemn)(is a ratio of
preventing undercutting at the root and tapering ageometric parameters of the gear drive and is
the tip of the teeth, for known manufacturing therefore always positive:

technology and cutter tool parameters. In case the d, 2z
gear wheels are manufactured with a rack-type u:d_:z_>1' (10)
cutter tool the minimum allowable number of teeth 14
is determined by [2]: where:d; andd, are the pitch diameterg; andz
X% are the teeth numbers of the engaged wheels
Zmin :M, (4)  (Figures 4, 6 and 8).
sin“a
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The relation between the peripheral veloaity The aim of the present article is To clarify
and the angular velocity of the engaged wheels in the significance of the problem regarding the prope
the gear drive is expressed as: application of the concept of independent sets of
_ meshing teeth in engaged gear wheels, as well as to
Vl,2 —T[lez mlz, (11) Ing I gag g w Wi

elaborate the problem in detail and designate its
where:d; , = miZ; , - pitch diameters;p = 30dy /1t effect on strength and performance parameters of
- revolutions per minute. gear drives during their operation.
After substitution of (11) in (7), the following
formula for the transmission ratio is resulted [2]: 2. Exposure
. W z 2.1. Independent sets of meshing teeth in gear
lgp=——=*—=. (12) drives
2 According to [18] the essence of independent
From the above expressions (7+12) it can besets of meshing teeth in gear drives can be
concluded, that the absolute value of thepresented in the following way:

transmission ratio equals the transmission number: For a cylindrical gear drive, calculated using
. V. d- z equations (1, 2, 3 and 6), the values below have
|||:u:v_1:ni:&:d_2:?2>l' (13)  been obtained:
2 M2 W O 2 -z, = 9 - number of teeth for the small wheel;

The proper choice of the teeth numbers of the z, = 15 - number of teeth for the large wheel;
gear wheelsz; and z is directly linked to the -uy=1.67= 1.7 - transmission number of the gear
number of independent sets of meshing teeth in the drive.
particular gear drive. This choice is also onehaf t Each tooth of both wheels has been assigned a
main prerequisites for designing gear drives withcertain number (Figure 9). In the starting positién
optimal properties regarding load capacity, the gear drive, denoted with = 0, toothNel of the
longevity, wear, heating, noise and vibration [10]. small wheel (marked in blue) is in contact with
The concept of independent sets of meshingoothNel of the large wheel (marked in red). When
teeth is known in the literature, but the lattaskle  the gear drive is set in motion in the specified
fundamental explanations and detailed informationdirection, after each full revolution of the small
about its essence, application and significancd,[3, wheel n,, it is tracked which tooth of the large
10+18]. As a result in the design process of geagheel will contact tootiNel of the small wheel.
drives this important principle is often neglectad
underestimated.

LA W L L M- .l'l_ﬂ _'ﬂ_--n'

I - S 4 o/
N Ce8a, NP o8, N N
- o - = - L] k-4 X L= 4 C - =
4% 4 4 B I -
o . - b ﬁﬂ"‘“- B.:"2= ﬁ_“'h_' -Eb!‘q" N e
n=0 n=1 n=2 n=3 n=4 n=>5

Figure 9. Teeth meshing sequence for a cylindsgpal gear drive witl; = 9 andz, = 15
at every full revolution of the small wheel

After the first revolution meshing occurs the gear drive, the meshing cycle will repeat i@ th
between tooti\Nel and toothNel0, after the second same manner. The stated above demonstrates that
— betweenNel andNe4, after the third — between when the gear drive is in operation tod#1 of the
Nel andNel3, after the fourth — betweel and  small wheel will periodically mesh with teeifl,

Ne7. After the fifth revolution toottNel of the small  Ne4, No7, Noe10 andNel3 of the large wheel but will
wheel once again contacts todthl of the large never contact any of the other 10 teeth. Trackirg t
wheel, which corresponds to the starting positibn ocontact sequence for the rest of the teeth of the
the gear drive. If we continue rotating the whexls small wheel (fromNe2 to Ne9) with the teeth of the
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large wheel reveals a certain relation, which is It can be proven thabCD(a,b)is equal to the
presented in Table 1. The letté&xsB andC designate last remainder that was not zero:

the indepen_dent sets of meshing teeth. When th'e GCD(a,b):rN_l;tO. (20)
gears are driven a tooth from one set never comes i )
contact with a tooth from another set. Example: fora = 9 andb = 15 the Euclidean

algorithm is expressed by the following series of

Table 1. Independent sets of meshing teeth equations:

Teeth of the Teeth of the (n=0) 15=9l +6:

small wheelNe large wheelNe B B _
A 1-7-4 1-10-4-13-7 (n=1) 9=@+3 21)
B 2-8-5 2-11-5-14-8 (n=2) 6=R+0;
C 3-9-6 3-12-6-15-9 — Np=3,

2.2. Calculating the number of independent sets which confirms the empirical result fdi, for the

of meshing teeth in the gear drive discussed gear drive.

The number of independent sets of meshing The Euc_:lidean algorithm can easi_ly be
teeth in a gear drive is designated with In the implemented in all programming languages in order

example abovéN, = 3. In mathematical form the to use it in custom software solutions for geavelri

factorN, is equal to the greatest common divisor ofd€sign or to modify existing software products
2, andz [4]. serving this purpose. An example for such a product

In the algorithm for determinindNa that is is MITCalc, specialized in machine elements and
presented below the abbreviati@CD (Greatest mechanical transmissions calculations [5, 9]. One o
Common Divisor)is used; it is worth mentioning the possible options for software implementation of

> U ) . . )
that other abbreviations such @&CF (Greatest e Euclidean algorithm is to use timeod (%)
Common Factor)and HCF (Highest Common operator, which returns the remainder from the
Factor) are equal in meaning and are often found irdiViSion of two numbers:
literature: M =rh—2 modry_; . (22)
NA(zl,zz):GCD(zl,zz). (24) The example below demonstrates one possible
The fastest way to find th&sCD of two solution for an algorithmic function that finds the

numbersa andb is to use the Euclidean algorithm, GCD 0f two numbers, implemented inC
This algorithm is iterative, i.e. the solution is Programming language:

reached afteN steps [17]. First of all two positive int GCD(int a,int b)
variablesr,,; andr,, need to be defined, with the {
condition that: int tenp;
M-1<Th-2. (15) ?’hl le (bt =0)
The initial values (i.e. byn = 0) of these t enp=b;
variables are namely the numbarandb for which b=a%;
theGCD s to be calculated: | a=tenp;
rp=a rp=b. (16) return(a);
The aim of the algorithm is to increment b

(n=0;1; 2; ...) and on every step to find an integer

coefficienta, which when solving equation (17): Freeware ready-made solutions for finding the

GCD are accessible on the web, many of them are

-2 = -100h + 1y (17)  to be found under the form oflava Apple{19].
allows fulfilling the inequality: In some literature sources thd, factor is
defined as the product of simple multipliers that a
fn<fn-1- (18)  common to the number of teeth of both gear wheels
After a certain number of repetitions= N, the  z andz, [18]:

remainderr, equals zero: 2=9=3x3:

v =0, (19) 2, =15 =3 x 5; (23)
at which point the algorithm is stopped. = Np=3.
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