Gear and Gear Unit Design: Theory and Practice
Prof. Rathindranath Maiti
Department of Mechanical Engineering
Indian Institute of Technology, Kharagpur

Lecture — 14
Gear Unit Design — 1st. Stage Pinion & Gear Design-I1 (Probable Dynamic Load
and Wear Load Capacity and Finalizing 1st. Stage Pinion & Gear Set)

We are continuing with design of general purpose industrial helical gear reduction unit
this is part one. In this lecture I shall cover gear unit design Ist stage pinion and gear
design, probable dynamic load and wear load capacity, and then I will finalize the 1st
stage pinion and gears. In more details the covering portion will be design of 1st stage
pinion and gear, estimation of wear load capacity, estimation of probable dynamic load at

tooth contact, comparison of wear load capacity and probable dynamic load.
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OQutline of the Lecture

» Design of 1%, Stage pinion and gear- Estimation of Wear Load Capacity
rEstimation of Probable Dynamic Load at Tooth Contact.
»Comparison of Wear Load Capacity and Probable Dynamic Load
rFinalizing 1**. Stage Module- (Considering Bearing ID)
»2, Stage Module Calculation

Finalizing Gear Dimensions/Data
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Finalizing 1st stage module considering bearing internal diameter ID 2nd stage module

calculation and then, finalizing gear dimensions or data.
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_9_“*5‘ n Steps: »Selection of number of stages for a Total
1%, Step (Recapitulation) Transmission Ratio [, = 37to40.

i

Considering two stage reduction, with 1500 rpm input speed, the

numbers of teeth of pinions and gears were selected as follows:

1%, Stage: /= e ol 476
7, 17

|

24 Stage: | 7 _Bl_g

Z 16

Therefore, total ratio becomes:

o .
f=lydy =y i 8L B4 7648193001
2716

Assembled plan view is of Which is accepted.
a Two stage gear box.
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Now , in the problem it is given that transmission ratio should be 37 to 40, and we have
already selected the stage ratios. We have selected 2 stage gearbox and we have

considered that, in 1st stage teeth number of pinion is 17 and gear is 81.

In 2nd stage it is that is the teeth number of pinion is 16 and depth number of gear is 131.
Although I have discussed, but here I would like to tell, usually it is not preferred that

transmission ratio should be more than 6 in 1 stage, but to make this gearbox within 2



stage we have taken in 2nd stage 8.19, this is allowable . 1st stage it should not be more
than 6 in any case, we could have go for 3 stage gearbox but, it would be expensive and

also design will be cumbersome, not it is not required rather this is one.

2nd 1s that we have not taken the exact ratio, it is fraction that is to avoid tooth hunting
which is after the repeated cycle; that means, if say 1st stage is 4; that means, every after
4 cycles there will be same pair in contact and that increases dynamics because, there
will be some sort of pitch error and surface error in gears, to avoid that we have taken in
fractions and ultimately our total transmission ratio has come 39.01. Which is acceptable
because, of the reason that usually in prime mover although we wanted at 1500 rpm, but
there will be plus minus 5 percent variations or maybe little less and as well, in output

also there will be some variations. So, this variation is acceptable in general purpose.

(Refer Slide Time: 04:32)
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Gear Design (1** Stage):
Step-2 Suggested Materials for Pinion & Gear (Recapitulation)

Pinion Gear Shaft

EN19A EN18A ENB

Ultimate Strength : 5, =940 MPa 5,=860MPa 5, =570 MPa

" & , =2 )
Vield Stength: S, =600MPa 5, =30MPa 5, 20MPa

BHN (Hardened

300-340 250-300
and Tempered) :
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now, the material already discussed in earlier lecture, that for pinion we have taken EN
19A that is European norms 19 A, and gear EN 18A and shaft EN 8. Now, 19A or there
are also there is ¢ d those are very close to EN 19, basic material is EN 19 only small
variation. So, even if it is EN 19 or EN 18 the properties will be same, whether it is a or
b etcetera. Now, for the material pinion EN 19 the ultimate strain this 940 MPa and yield
strength is 600 MPa, and renal hardness which can be raised to 300 to 340 before
hauving. And it will produce quite aqudate gears. Similarly, for EN 18 it is ultimate
strength is ache 860 MPa, and yield strength is 550 MPa, and hardness 250 to 300 which



could be raised to 300 to 340, but it is not required, usually the gla the gear may have
less hardness than the pinion that we will discuss later and shaft (Refer Time: 6:25) it is

not hardened, if necessary it can be hardened.

(Refer Slide Time: 06:33)
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Gear Design (1%t Stage):
Step-2  Design of Gears (Contd.):  1st. Stage (Cont) Verification for wear load:
M

- - Selected normal module (on beam strength
PSR (114 2 ¥ basis) for 1% Stageis 2.5 mm.
LA » / " F=KOd b
r NER\B W Qﬂ i
il I AN (4
b B L Y 27
]@' : . | b= =—= =Bt s
Z,+Z, | 81+17
Assembled plan view is of 2-stage gear box. h = 25 % 20)( 10: - 5)( 10‘ m
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Now, in 1st stage design selected normal module we have already taken 2.5mm here, I
would like to mention that allowable strength we have taken 2.5 times less than the yield
strength. Yield strength divided by 2.5 in both cases has been taken as the allowable
strength of the material, and Cv Fw etcetera has been taken and we have already selected
the module 2.5 mm is satisfactorily. Now, we shall calculate the allowable strength in
wears load or contact load. Which is expressed by Fw is expressed by K which is a factor
depends on material accuracy hardness etcetera, Qg that a ratio teeth number of the gears
and pinion it is related to the mo teeth number of gears and pinion, and dpp that is pitch
diameter of pinion 1st subscript for pitch 2nds sub subscript for pinion, and then b is the

active width of the gear this is we have considered for spur gear state tooth spur gab.

Now, this relations are Qg is given by twice teeth number of gears divided by summation
of pinion and gear teeth number, which comes to 1.653 and b is the active width of the
gear. We have considered the width factor size is equal to 20. So, 2.5 into 20 eh it comes

5 into 10 to the power minus 2 meter that is 50 mm.



(Refer Slide Time: 08:55)

17%25
b= 0% = 43456 % 10° m
0.978

For 300 BHN in gear and 350 BHN in
pinion K=1.8x10° Pas for 20° Involute.

F;r = KQ;.' dppb

F. =18x10°x1.653x43456x10” x50x10™ =6465N
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Now, dpp that is pitch diameter of pinion is 17 into 2.5 divided by cos beta we have
considered helical gear. So, we have taken 0.978 into 10 to the power 3, which becomes
43.456 into 10 to the power minus 3 meter . That is, it is 43.456 mm. For 300 BHN and
in gear and 350 BHN in pinion, K it can be taken as 1.8 into 10 to the power 6 pascals
for 20-degree involute. This is from available data in machine design books or design

data book.

Now, for this calculations therefore, it comes 1.8 into 10 to the power 6 into 1.653 into
43.456 into 10 to the power minus 3, which becomes into 50 into 10 to the power minus
3 that is b width. So, this becomes 6465 N so; that means, at the tooth contact safely we
can apply 6465 N load .



(Refer Slide Time: 10:30)

Gear Design (1% Stage):
Step-2 Design of Gears (Contd):  15L. Stage (Cont)

(| Probable dynamic load:

F:f = F:.'/Cr
F UG oar614w
d 43456

i
I = secfseca =27614xsecl 2’ xsec2(’
=27614x10223x1.064=300415 N

Assembled plan view is of 2-stage gear box.
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Now, we shall consider the probable dynamic load, one thing I would like to mention
that in earlier equation; that means, for wear load it is for helical gear cos cube cos beta
is the denominator, but here we have not considered, that is 0.978 we have not

considered for that wear load will be slightly more.

Now, probable dynamic load is Fd is equal to we are considering in the direction of
normal directions because, what the wear load strength we have calculated it is in the
direction of normal . So, we considered a the normal load that divided by the velocity
factor this velocity factor already we have calculated earlier. Now, the Ft which can be
given is 2T by dpp that is (Refer Time: 11:40) of pini pinion. So, 2 into 60 now here, as
we have considered the a factor of safety of 2 multi that we have multiplied with the
torque in calculation of gear teeth module. So, here also we consider the same load 2 into

60 divided by 43.456 into 10 to the power 3 which becomes 2761.4 N.

And in normal directions this load will be 3004.15N. This formula I have shown earlier
here, I would like to mention that helix angle we have considered the 12 degree, that is
nominal. It may need to refine, why we we shall finalize the dimensions and pressure

angle is 20 degree? So, that gives us 3004.15N in that normal directions.
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Gear Design (1** Stage):
Step-2 Design of Gears (Contd): 15t Stage (Cont)

Probable dynamic load:
.. Substituting the values of F and ¢, (=057) :

*1 F,=F Jc,=300415/0.57=52704 N
A ‘P‘!I Wear load capacity should be higher than probable
| B |_+| dynamic load. i.e., 1.15F, <[

115F, =1.15x5270.4 = 6061N
Itis less than [, (=6465 N)

i, -

Assembled plan view is of 2-stage gear box.

Therefore, 1% stage module 2.5 mm is safe.
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Now, already for 2.5 we have calculated the velocity factor is 0.57. Therefore, we get the
probable dynamic load in the normal directions 5270.4 N. Now, this is has in earlier
lecture, we have discussed that 1.15 times of the dynamic load should be less than the
wear load capacity. What does it mean? Actually I would say that due to the dynamics
load may increase up to calculated Fd into 1.15. This is although momentarily, but that
may cause damage to the surface even if there is no breakage, no damage at the root due
to the bending; to take care of that we have taken that, we consider that whatever the
surface capacity we should dynamic loads should not increase that now, in this case this
1.15Fd becomes 6061N and we have wear load capacity 6465N. So, this we should call

consider the design is satisfactory.

Now, here is the question if it is not satisfied, if the dynamic lord load part is more than
wear load capacity then, what would do? At 1st instant we can increase the hardness,
once the hardness is increased then K factor increases and therefore, the capacity load
carrying capacity wear load capacity also increases. So, for example, we have taken 350
BHN or for pinion, and 300 BHN for gear why it is like that? Actually, if we consider the
momentary radius of curvature, where the maximum contact load is coming the radius of

curvature of gear tooth will be more than the pinion tooth, if the ratio is high in the order

of 3, 4.



Therefore, we may not need that much hardness of the gear that is why 50 difference is
usual. Now, if this would not be satisfactory in that case, probably we could go for pinion
hardness 400 or 450 and gear had this 350 or 300. And with that the Key factor would
and wear load capacity would also increase, but we should Keep in mind in any case
dynamic load is not increasing rather, if we go for increasing the hardness, if the
hardness is 400 or so, then that hardened to be done after the hop cutting. This means
that if it is hardened after hop cutting, there will be distortion of the teeth there will be

distortion it is profile.

Usually a little more material is kept and then the gear after hardening, the pinion and
gears they are ground. Once it is ground then surface will be smooth as well as the core
strength will increase. So, in that way we may find in grinding also pitch error will be
less. So, dynamic load may decrease as well as, we are increasing the wear load carrying

capacity and dynamic load is decreasing.

So, that is one method that we can have satisfactory design, but we should keep in mind
that hardness process, grinding process they are expensive. So, looking into the purpose
sometimes what is done that width of the pinion, active width that is b it is slightly
increased. So, instead of here we have taken the factor is 20, in case of helical gear we
can go slightly more easily we can go for 25, if it is accurately cut. So, if we go for 25
then also the wear load capacity will increase, but the dynamic load is not going to

increase because, it is not dependent on the width.

So, this is another method whether for that it might be size will be slightly increase, but
cost may not increase that much because, we are not doing for hardening further or
grinding. Anyway, in this case the 1st is module 2.5 it is safe it is satisfactory but, we
will face another problem. When we will select the bearing before going into that let us

look into what are the major dimensions that to be decided once the module is calculated.



(Refer Slide Time: 19:00)
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Gear Nomenclature : =

A=r +r,—
I, I BaseCircle Radii
be! by : A . 4, P.;f
Fp Tgg  Root or Dedendum Circle Radii b N
; Pg
[Ty Pitch Circle Radi g
Tog
Ty Tog  Tipor Addendum Circle Radii M
i i ]
A=r_+T_ Centre Distance - P, PITCH POINT
e pa =
a Pressure Angle
Py Circular Face Pitch
P Piteh Paint

p&g As subscript at second place stand
for pinion & gear respectively.
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First of all, the base circle which can be calculated from the al already it is shown that
will remain fixed. So, here I have shown in the gear and pinion in mace, and their the
base circle you can see from this nomenclature, parametric identification that base circles
and then route or dedendum circle radii. Here, it is interestingly you can see that base
circle of the pinion is above the root circle whereas; in case of gear it is below the root
circle. It is normal in opinion. If the teeth number is 17 or close to that even smaller then
base circle will be inside, but that portion what are the portion below the base circle that

1S not in use.

Then, we need to calculate the I have shown, the 2nd one is the root circle and dedendum
circle radii, and then pitch circle radii rpp rpg and then, rap rag is pitch or addendum
circle radius and then finally, the center distance rpp plus rpg. This is without any
corrections, if there is a correction still this center distance will be rpp rpg, but that pitch
circle radius of pinion and pitch circle radius of gear is not the standard one, that is we
need to calculate after the miss or gear tooth corrections both we should consider. In this
case we are not going to calculate or considering gear tooth corrections therefore, we will

consider this is the standard.

Then alpha is the pressure angle, and Pcf is the face pitch of the this is face pitch
because, normal pitch will be different in case of helical gear normal pitch will be

different ok. And p and g stands for the subscript in subscript stand for pinion and gears.



So, also it is shown that pitch point we had through which the load is acting. Then, we

will Consider that we will finalize now, what should be the module.

(Refer Slide Time: 22:12)
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Gear Design (1% Stage):
2% Step (Contd) It is found that 1% stage module 2.5 mm is safe.
= Zxm, 17x25
PCD of Pinion: / =~ "= =43.45 mm
" cosp o cosl2

Root diameter of Pinion :
dy,=d, ~2x(m,xd,)

=(43.45-2x2.5%1.25)=35.25 mm

Inner Diameter (ID) of Bearing close to the Pinion :
In normal course of design it should not be more
than 25 mm.
As recommended bearing life is 10,000 hrs. (higher
than normal), considering bearing ID at least 30 mm,
1¢t, Stage normal module is taken as 3 mm.
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In 1st stage we have calculated the module is 2.5 mm and also considering the wear load
and dynamic load, we have found that it is safe. But if we calculate now, that what is the
pitch circle diameter? This is coming 43.45 which already we have calculated earlier, and
if we consider the root diameter of pinion it is coming 35.25 mms. Root diameter is the
pitch circle diameter minus twice into dedendum. Dedendum again is equal to normal
module into dedendum factor. Dedendum factor in standard gears is 1.25. So, and
module we have considered 2.5. So, the diameter room diameter opinion comes as 35.25

mm.

Now, if we consider the bearing, this is the bearing this is tapered roller bearing it is
shown this is cut section. Now, this is the pinion root ok. So, this bearing has to rest on
the sholder of the shaft therefore, shaft should be something like that there should be
stepped down. Now, usually this chased down step down over the diameter not less than
7 mm, 10 mm is good, 10 mm or more is good. So, this means that this means that if we
consider the bearing ID so, we should not it should be around 25 mm 30 mm will be
difficult so, 25 mm. Now, we have considered the bearing life as recommended it should

be about 10000 hours.



Here, it can be mentioned of course, that de depends on the experience or you have one
should have some idea. 10000 hours is usually in higher side and an experienced
designers he at this moment we may consider that bearing ID 25 will not be more
enough, it should be at least 30 and if it is 30 mm to make it so, we need to increase the

root diameter of the pinion also.

This means, there is no way we have to go for higher module, although on the strain
basis design on wear load design it is 2.5 is enough, but we are going for 3 module
considering the internal diameter of the bearing at the 1st stage also I would like to
mention here that, as this pinion is very close to this bearing this bearing will have more
load than the other side bearing therefore, 25 keeping the diameter 25 may be a risk that

is why 3 module is.
So, 1st stage module 3 mm now, we should calculate the 2nd stage module also.
(Refer Slide Time: 26:34)

Gear Design (1* Stage):

"Gears for 2, Stage and Centre Distances :

29, Step (Contd.):

Estimated 1. Stage moduleis 11, =3 mm

Gear_Design for 2, Stage

Torque= Design torque for first stage x
(Reduction) Ratio of 1%, Stage.

Bl i v
rl. ' T:d = ?‘rd X (Z;:I/zﬂ]] = rm’ X (ZZ /ZI)
=60x(81/17)=60x4.76=285.6 Nm

Assembled plan view is of 2-stage gear box.

Following the same prooedure asin 1 stage
the 2", Stage module is selected as:

m,=4mm
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Now, for the 2nd stage 1st stage module is 3 mm, for 2nd stage the torque will be design
torque for Ist stage multiplied the ratio of 1st stage. In this case this is we have
considered the torque in the shaft. Which is output shaft in this case t twice d; that
means, we are no this is designed of for the gear to design for the 2nd stage. So, 1st stage
torque need now, we are considering the torque of this shaft intermediate shaft. This shaft
this torque is nothing but this T2d means 2nd shaft and this is Tid is the input torque here
and that multiplied by this ratio gear ratio 1st stage, which gives 60 into 80 one pie by 17



that becomes 285.6 Nm; that means, the torque here is 285.6 Nm. So, we have to design
the 2nd stage gears that is Z 3 into Z 4 these 2 sets on the basis of the torque on the
pinion to 285.6 Nm.

So, in the same procedure if it is calculated we the calculation is done in the same
maintaining the same procedure, and it was found probably 3.5 mm would be quite
satisfactory for the 2nd stage, but if we look into the size of the gear box if it is 3 mm,
and if we give this is 3.5 there will be there is a possibility that here, the gear will foul.
So, we have taken for the 2nd stage 4 mm. So, we have finalized the 2nd stage module is

4 mm.

(Refer Slide Time: 29:30)
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Dimensions of n I Table :
2nd, STD[) (Contd.)
With a suitable selection of helix angle, f, = f, =11°26'52", for which
cos ff = cos B, =0.98 and centre distances become:

I 5 LErT)xm, (748Dx3_ 983
b | 2xcos i 23098 2x098 —
li - and
E\ h 74+ Z)xm,  (16+13] 147 :
+ ! A.:(?‘+7")x'n"- =( Bl E = L =300 mm
/ 2xcos ff, 2x098  2x0.98

Assembled plan view is of 2-stage gear box.
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Now, helix angle, Helix angle we have considered it is 12 now, if we give this is 12 then,
the factor at the denominator that cos beta which is coming into the pitch circle diameter
as well as, in the center distance. We will find that number and that that value will be a

fraction, which is not desired. It is to be mentioned for standard gearbox.

Industrial gearbox usually the center distance kept multiple of 10 mm; however, multiple
of 5 mm is 0so also acceptable, but other odd values are not normally accepted. Now, we
have intentionally chosen the teeth number in such a way, with this value a slight
modification in helix angle will get the center distance very square value. Now, what we
have considered that cos beta 1 and beta 2; that means, helix angle in 1st stage and 2nd

stage both are equal and 11-degree 26 minute 52 seconds for which cos beta 1 and cos



beta 2 becomes 0.98, but here I would like to mention, it is not necessary that we have to

give the helix angle same for both stage, it may be different.

Now, according to that this center distance the 1st stage center distance Al this is
calculated Z1 plus Z2 into module Ist stage divided by 2 I t into cos of 1st sta stage helix
angle. So, this becomes 98 into 3 divided by 2 into 0.98, which 150 mm a very good
value. Similarly, if we calculate for 2nd stage that becomes 300 mm the calculation is

shown. So, that is also a good value this is the 2nd stage.

(Refer Slide Time: 31:49)
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Dimension: n r Table: 2 Step (Contd):
First Stage Second Stage
SLN Descripti iy o
k \ bk Pinion CGiear Pinion Gear
: /) » Number of Teeth 17 81 16 131
2 Profile 20 Invelute Full Depth, Un corrected
——
3 m,, Normal module Jmm 4 mm
4. |p . Helix Angle [
f 1172652 11°26'52
RH LH LH [ RH
5 Addendum Height (mm ) f,, i, |.[}XW,, 30 4.0
[ Dedendum Height (mm) .fl.f xm I.ESxm,l 375 50
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Dimension n r Ti ;
2%, Step (Contd)

With a suitable selection of helix angle, f = f, = 11"26'52", for which
cos 3, = cos 3, =0.98 and centre distances become:

(@ Z)xmy (17+81)x3_ 98x3

| = = =150 mm’
2xcos 2x098  2x098 e
;J! and
WP+ 7,42 6+13 a7
- A3:[7"+?'l)xm “ H-l |)X4 l X4 —3”“!‘.‘?}1?

2xc0s §, 2098 2x098

Assembled plan view is of 2-stage gear box.
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And then, we calculate the gear data or gear dimensions these are in the tabular tabular
form. This with the drawing and also the below material this data is provided. This is for
the manufacturers and as well for also for further design, what we find the 1st stage
pinion is pinion teeth number is 17 and gear is 81, 2nd stage 16 131. Pressure angle 20
degree a stage module 3 mm, 2nd stage module 4 mm, and helix angle both are same for

both stages which is 11-degree 26 minute 52 seconds.

And now, in 1st stage we have taken pinion is right hand gear is left hand, and 2nd stage
pinion is left hand. Now, 2nd stage; that means, intermediate shaft both gear and pinion
in the same direction of helix that is an important act that you we shall discuss a little
later . In the next lectures and; obviously, this pinion and gear should be in the opposite
direction. So, it is right hand and addendum height is 3 mm ah. In case of 1st stage 2nd
stage 4 mm dedendum height is 3.75 and 2nd stage 5 and the pitch circle diameter 52.4
pinion and gear to 247.96 l1st stage. 2nd stage 65.306 and 534.69 and so on, this

addendum diameter materials face width.

(Refer Slide Time: 34:04)
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Dimensions of Gears and Gear data Table (contd...): 2" Step (Contd):

First Stage Second Stage
51 No. Description — - — =
Pinion Gear Pinion Gear
T g Pitch Cirele Diameter (PCD) (mm) 52.04 247.96 65,306 534.69
8 . Addendumor Tip Diameter (mm) 58.04 253.96 73.30 542.70
d,
9. d Dedendum or Root Diameter (mm) 44.54 240.46 55.30 52470
10. b , Face width. (mm) 63 hi 68 63
11. Materal ENI19A | EN18A | EN19A | ENIBA
12. Surface Hardness (BHN) 350 300 350 300
(Through Hardened)
p and g may be added o subseript of Nomenclature to indicate pinion and gear respectively. Similarly 1 and 2 can
be added 1o indicate stage of Gear,
End of Step 2. Now the 1<, Layout of pinions and gears in mesh is done (&tgu)

and Rough shape to the shafts are given

-~
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Now, another thing it is to be noted that width of the pinion is usually taken 5 mm more
than the gear whereas, gear width is exactly taken as what we have calculated for the
active contact length. Now, I shall discuss later why we take the 5 mm more in case of
pinion later, and surface har hardness for pinion it is 350 and for gear it is 300 in both

stages. So, this is end of step 2 and now, we need to make a layout of the gear and



pinions. So, that we can find out the, what will be the shape of these shafts before going

into the next step of calculations.

Thank you.



