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SHARING KNOWLEDGE

|. Dentatura teorica (senza gioco)

Nella prima parte viene trattata la
dentatura teorica (senza gioco)

www.KISSsoft.AG




Legge generale dell’ingranamento

Le velocita circonferenziali nel punto di
rotolamento C devono essere identiche.

La normale del fianco del dente nel punto
di contatto deve passare sempre per il

punto di rotolamento C. -«
;p{{. % \«J
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Legge generale dell'ingranamento

Flanke 3
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Velocita

Oy

* Velocita normali sono identici

/ | u)\
wg gelriehen B

* Velocita nella direzione della tangente
nel punto di contatto w,, w,

Velocita di strisciamento vy, = w,-w,

Strisciamento specifico
Ca= Vglw, = 1-Wy/w, (*3/'5)
a b

Cp=V ,"wb = 1-w,/w,
LUl w direk (leﬂf»ﬁwgmh’

* Fattore di strisciamento K, = v /v,
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Combinazioni di ingranaggi :
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Definizione dell’evolvente

Evolvente Diametro di base
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Caratteristiche della dentatura a
evolvente

* Fabbricazione semplice con utensile a fianco diritto
* Un unico utensile per n° di denti diversi

* Trasmissione del moto continuo anche con variazione
della distanza tra gli assi

* Lalinea d'ingranamento é diritta
* Direzione e modulo costante della forza normale

* Fianchi con curvatura convessa (sfavorevole per
pressione Hertz)
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Dentatura a evolvente ¢' ¢! (evquolowe su tutve.
Lo Yo stnidst s |

Dal diametro di base d, vengono generati
degli evolventi equidistanti con passo p,,

La linea d'ingranamento & tangente ai due
cerchi di base.

| diametri dei cerchi di base sono nel
rapporto del n° dei denti.
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Dentatura a evolvente

Se si cambia la distanza tra gli assi, |
cambiano soltanto la linea d’'ingranamento ‘
7|
e
—‘|>— N

e gli angoli d'ingranamento.

La dentatura ad evolvente & insensibile
alla variazione della distanza tra gli assi. Eingritfs-

lipien

.’]I
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Dentatura ad evolvente

Per la fabbricazione, un utensile di tipo M\\
cremagliera con angolo di profilo a viene R 3
ingranato sul cerchio primitivo r J.ff
d = d,/cos(a) K:>

| e

Dal passo sul cerchio primitivo p, viene

definito il modulo T T~ 5‘5 S ———
m, = p/n /L)
d=z*pfn = z2"m,
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Profilo di riferimento / s Lo tusit
o ST 7R e o
I W3 Y K Q:V\‘K A2
o o\ .O\ ‘\\’O()/w
%‘9 o , Woave  F
Utensile di tipo cremagliera
/ Profilo di riferimento utensile Piano di riferimento

oo Q’MWJ& :
et

Ingranaggio  Cilindro di riferimento  Cremagliera di riferimento

Relazione tra ingranaggio, profilo di riferimento e utensile

< sumtoppie (N edtile
X, Xf‘“k o) \A/ \/

www.KISSsoft. AG




Profilo di riferimento del ingranaggio (s.s3

e Sp €o w Tip line

v Patumline  Nep - Addendum
/ - /3 he - Dedendum

haf
P h P heq - Root form height
/ Pl hg A h P - Root rounding radius
v X Dok ' O, - Pressure angle at a point
: i Root line
_:L_JEMO = mm'tﬂ,{(aﬂt
Standard basic rack tooth profile

g

/
d,Mﬁ%fAQ P{O,&btauuz_,

Normalmente: h,,=1, hp>h,p per l'ingranaggio
Per il profilo di riferimento dellUTENSILE, altezza testa e piede sono
scambiati, cioé hy, (ingranaggio) uguale h,p, (utensile)
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Profilo di riferimento secondo IﬁN 867
Unce e25a ﬂL@ﬁfhW]L( 3

i Gegenprofil
!

Fattore altezza testa h,, = 1

l:l_‘ii "——\ ! ; ' Profilhezugslne
R A 2 AP =
3 — £ e { | - Berugsprofi
Fattore altezza piede hp =1 + ¢, 4 \ ', punine
Fattore altezza gioco di testa /\ i g Bl

=0.1+0.4 <tnelee i e g
Cp e xk comb'an v esshent. @f "3

Angolo di pressione o = 20° I

3
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i o Ao ceveriae)
Spostamento del profilo " ®
O

P - P: datum line

........

o
ge%

External

..

Internal gear teeth

ﬁx ef(kwl'(_‘/w 5}\ USer 5[7{38,&90 %ﬁ'ﬂﬂﬂyb

L'utensile viene spostato di x*m,, nella fabbricazione.
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Spostamento del profilo (x)

Dente a punta e piede largo Interferenza di taglio per piccoli x.
per grandi x.

Lo spostamento del profilo cambia la forma del dente

www.KISSsoft. AG




/&L w(-fa}‘\pw&, e P)o @py@fw‘tw Lo & Q&L G{,‘./errshe__

Spostamento del profilo

: @
Lo spostamento del profilo cambia la o i 8 7
forma del dente in maniera piu evidente . J.f\ .r"\ j/‘\
nelle ruote con pochi denti. ) ¢ ull
A A A
) \\ J i\ / \

- AA A A
~AIAAAA
- BAA A A
-|BAAAIA
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Si ha interferenza di taglio con un basso n° di denti.
Puo essere evitata aumentando lo spostamento.
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Strisciamento specificos¢ )
2\
s § sm 0 / 3 s 0
S . Sl N
0w P - 00 s g 00 S
/ E ‘: >
fusgfg?l E jéa;:!ﬁad ! A:FussRad1  E: KopfRad 1 A Fuss Rad | E: KopfRad 1
5m A ' o7 500 A e i R -
o Ei;ﬂﬂrjslmus 0o oo %\%riﬂs\ine 0 i mg]ngmlhlmiemm F00
x=-0.3 x=0.27 x=0.95
Lo strisciamento specifico € il rapporto tra la velocita di strisciamento e
la velocita in direzione della tangente alla forma del dente. E’ il criterio
per valutare 'usura.
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inea d’ingranamento
Herstell-Eingriffstinie 2 el
dya
Belriebs- gmﬁrsffnfe
124
X oy
¢ ,.-;"2 : Linea d'ingranamento
e S \N

tell-Eingrifistinie 1 <9
S / Cio 2l5 ~ %
0\\\\ p * 1 %\ q;’

1
La linea d’ingranamento & un segmento tangente ai due cerchi di base.
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Linea d’ingranamento

Ghp 0, Herstell-Eingriffstinie 2 ___—""
e B I e ;
— ‘____\— = N - dya
/// e
o= iebs- Eingriffsiinte
ay i ( o Belriebs- £ing
Gz i iy _—
L L
0:12 : Sl — & = q;l
# ' E NN
feu = o
/&raﬁlr 5 vz f Gq \\\ \
< erstell Fipdrifistinie 1 95 s
- o 1 B Ny
. 6'&\\"}/ / b o z=15 A
A7 o
(=t
A: Inizio del contatto C: Punto di rotolamento E: Fine del contatto
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£ (1) radia pat of the aktiv flank
/ ~“ ofgear1
; L0 (2) radia part of the aidi Fank
Il fianco attivo va dal P i ey
cerchio attivo al piede fino ¢ penen
/
al cerchio attivo alla testa.
/ Ko A
- /' line of action / ?‘E"\f’ //ﬁ_/) x:vr::::j::'d;
T, / f & .~ —— rafevencs cirda d,
S
@s R
aw(— langent 1o the piteh dircles
\\f,, — tiplorm cirde d,.,
N = aclive lip circ'e d,,,,

_—- pitch circle d,,

- reference circle ¢,
- aclive root circla dy
- base circle d,,

\a
Y - — rootcircle d,
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Diametro attivo al piede dy;

(e il diametro dove inizia il contatto con la ruota coniugata)

% ~~ 0 Herstell-Eingriffslinie 2 ___—="
a4, "‘——-5____“__‘" IR I . -

dyri
% T eiriebs- Eingriffstinie
a

o=
; m ;
# g Ve il N SN 9o \
s ol Herstell-Eingrifislinie 1+ Y N 6;0,;,,
o = N
. &9 TNy AP 5,
dysq Si trova tramite l'intersezione di d,, e la linea di contatto
www.KISSsoft. AG

e T il e awieca Loty

?‘;‘e ?;’EON% ?W_(_MLW%}Vn 0 Ipgan

Diametro di piede utilizzabile

(o diametro di forma al piede)

Cq - Pitch point of the generating gear T - Contact point between the generating line of
Ag — Starting point of meshing action and the base circle of the gear
Eg - End point of meshing Meapg - straight part of the tip flank of the tool

generaling profile

L'evolvente attivo finisce sul diametro attivo al piede dg; (chiamato
anche diametro di forma o diametro utilizzabile d,,)
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Formule di base

Diametro primitivo (o di riferimento) d = z*m, = z'm,/cos(f3)
Diametro di testa d, = d + 2*m,*h,p + 2'm,*x + 2*m,*k
Diametro di piede d; = d - 2*m,*hyp + 2"m*x

Diametro di rotolamento d,,, = 2*a*z,/(z,+2,)

Diametro di base d, = d*cos(o,)

Angolo d’ingranamento apparente tan(o,) = tan(c,)/cos(f)
* Angolo di pressione cos(a,,) = dy/d, = d*cos(a,)/d,

* Spessore del dente s, =m,*(n/2+2*x*tan(w,))

@
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e

Interasse

* Interasse di riferimento a,: (per £x = 0) &\L\k‘ﬂ”
ay=(z,+2,)/2*m,/cos(p) w@\\ca .

o
* |nterasse a:
a=(d, +d,,)/2 =ay* cos(a,)/ cos(o,)
<ayt+IX*m,

Linterasse risulta dalla somma dei raggi di rotolamento. La variazione
dell’ interasse & piu piccolo della variazione della somma di spostamenti.
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Modifica del diametro di testa

- N Fullkreis 2
/Z’/ZP\\\ Grungkreis 2> Kopfspiel
ey "‘*—._:\ =
Bezugsprofil —=<¢ L P T
Herstellwdlzbahn 2 \ i, - << o {2-151
52"{'& - ; \\c \\\H'ﬂz/
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| / X 1 i >
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A - .E‘ S Z Kopfkreise
Herstellwdlzbahn 1 . X : i ) 7 %
St ———— g 7,
‘“{fe‘ '5‘ o Al — . 75 7
o e el -
’ F;mqels Kopfspiel

/ Il diametro di testa viene ridotto per mantenere il gioco di testa nel caso
//, di somma di spostamento (£x) positiva.

[—-> Srma 5 \C.Sf\/mﬂ-e/v»q“;

el q_,amfw, g i
ﬁmsoft.AG

Dentatura elicoidale

Linea di fianchi sul

cilindro primitivo ~__ Cilindro primitivo

_ Asse di rotolamento

Linea del fianco nel piano
di riferimento

L'angolo d’elica B viene indicato sul cilindro primitivo.
Formula per altri cilindri: tan(f3,) = tan(p)*d,/d

e

www.KISSsoft. AG




S‘Q};O\/\}.«

Dentatura elicoidale PYEeY
Le dimensioni in direzione dell'altezza \/
del dente sono uguali nella sezione tutace /

apparente e normale.

In direzione dello spessore si cambiano
di cos(p):

m, = m,/cos(B)

p, = Po/c0s(p)

tan(o,) = tan(a,,)/cos(p3)
d = z*m /cos(p)

1

CoXAD APRDX Y
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Per dentature interne
Pinterasse, i diametri ed il n° denti sono negativi.
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Sovrametallo Schieitzugabe — /A “\\i& Protuberanzwerazeny  Utensile con
] protuberanza

Trochoiden-
schleife

diametro primitivo

Si usano utensili con protuberanza per evitare intagli di rettifica.
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Interferenza di ingranamento

Si ha interferenza di ingranamento
quando il contatto tra due denti & fuori
della parte evolvente del fianco, cioé sotto
il diametro di forma dFf (normalmente
anche sotto il diametro di base).

Nel caso di dentature interne, il diametro
di testa non pud essere pil piccolo del
diametro di base.
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Il. Dentatura con gioco

_ Nella seconda parte viene
i presentata la dentatura con
™ gioco.

%W/// /
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Gioco di dentatura

A S?//M/‘)A@
ARyt g |

Si ottiene gioco tra i fianchi / ~
aumentando la distanza tra gli assi i \
o riducendo lo spessore del dente. \ / |
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Gioco di dentatura

Lo spessore dente viene ridotto 3 H‘f
avvicinando I'utensile allingranaggio. !
Questa posizione si chiama spostamento ,f’f =
di fabbricazione xg. [\__ N
e <
Parallelamente anche il diametro di piede |
viene cambiato. I )
-
Ml =, o
Sy

o

| ~

>

> of
www.KISSsoft. AG
Utensile topping
,-—///

Un utensile topping taglia anche il [
diametro di testa. 5
Tramite I'avvicinarsi dell’ utensile al TP

ingranaggio anche il diametro di testa
viene cambiato. = /

Diametro di testa e di piede sono in il
correlazione tramite |'utensile. [

www.KISSsoft. AG




Tolleranza spessore dente DIN 3967

Scelta di una classe di tolleranza secondo DIN 3967
(per ingranaggi con modulo > 0.5 mm):

+ Casted rims a29, a30
+ Rims (normal backlash) a28
» Rims (tight backlash) bc26
+  Turbo gears (high temperatures) ab25
= Polymer machines c25, cd25
« Locomotive gear trains cd25
» Standard mechanical engineering,

Heavy machinery, not reversing b26
= Standard mechanical engineering,

Heavy machinery, reversing c25, c24, cd25, cd24, d25, d24, e25, e24
+  Automobiles d26
= Agricultural vehicles e27,e28
« Machine tools f24, f25
*  Printing machines f24, g24
+ Measuring gearboxes g22

www.KISSsoft. AG

Tolleranza spessore dente DIN 3967

Le lettere della sigla di tolleranza
danno l'informazione per la tolleranza
superiore.

Fa fir Toleronz-
A reihe 25 ¢

. _ly i . o
.a' & per il gioco piu grande, ,h‘ per &
gioco zero.

La cifra tra 21 e 30 indica la larghezza
del intervallo di tolleranza.

S

TR

|
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Tolleranza spessore dente 58405

Scelta di una classe di tolleranza secondo DIN 58405
(per piccoli ingranaggi);

Proposte secondo DIN 58405, parte 2: /
L
Material Process Tolerance of Tolerance of
center distance tooth thickness

Steel hardened grinding 5J 5f

Steel heat treated very fine milled 6J 6f

Light metal fine milled 7J 7f

Light metal fine milled 8J 8f
Steel/Laminated material very fine milled 6J 6e
Steel/Laminated material very fine milled 7J 7di7c

Light metal fine milled 8J 8d/8c
Polymers milled 9J 9e/9d

————=>Polymers injection molded 10J 10e
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Gioco tra i fianchi

Il gioco normale j, viene misurato nella 0,
direzione della normale sul fianco.

Il gioco primitivo j, si misura invece sul
diametro primitivo.
‘., - Il gioco radiale jr indica la distanza in

{ direzione assiale che c'é per far toccare le
\ ruote nei fianchi

- N i = (A HAn2)+2*Aa*tan(a,))/cos(B)

— Jn =]y "cos(a,,)*cos(f)

ir = ji/(2*tan(a,,))

\ o

N

W
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HL?_C:A.(/\-E g2 Lip e Wi depdt fram olu

con Tollexon T oINS sqe PP OrL
scov To (l{ (PRI e Aeclue P2 a(q
Gioco di dentura al collaudo \W Q Telas
Wi b dathov.

Il gioco di dentatura al collaudo € il gioco
misurato quando gli ingranaggi sono
montati nel riduttore. Questo gioco &
normalmente pil piccolo del gioco teorico,
perché il non-parallelismo delle assi ed

errori di fabbricazione riducono il gioco.

www.KISSsoft.AG
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Il gioco al funzionamento

Il gioco di dentatura al funzionamento
considera in pit del gioco al collaudo: /

+ La temperatura (dilatazione ruote e ’
carcassa) /

* g, nel caso di ingr.sintetici, il rigonfiamento
tramite assorbimento d'acqua.

tan o

Ajg=r:-(ABG-a:G—A9R-aR)-2-COS F;

|
AJQ = [3111.([}.2.&"1—0’;&
cos
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lll. Tolleranze e misure di controllo

Nella terza parte vengono
presentate le tolleranze di
fabbricazione e il di controllo
dello spessore dente.

o VNIML 3 Sp il M/(_AM/() WASY o
QBT A

_=0NO
7a ‘t'\(d( 2.2))(“’ Vs www.KISSsoft. AG

Qualita degli ingranaggi

La qualita degli ingranaggi secondo ISO 1328 & simile alla
qualita secondo DIN 3961 o BS 436/ 2.

La qualita di dentatura raggiungibile dipende dal processo
di fabbricazione:

Processo di fabbricazione Qualita
Rettifica 2.7

Sbarbatura (Shaving) L §

Fresare (5)6...9
Piallare (5)6...9
Iniezione, Sinterizzazione 8...12
Fucinatura di precisione 8...10

Qualita secondo AGMA 390.03 = 17-Qualita secondo I1SO
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Deviazione del profilo

faxFhy =0
Kopf
links rechts
Priftereich
T . ke
a 7 Fulp 405 b
/
Fq Deviazione totale profilo
f; Deviazione forma profilo
fia Deviazione angolo profilo
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Deviazione linea fianco

kieinerer Wert von Olb oder m~—_

o Yokl i s
wi)| T
links 7 $ 5
L links WO pritereich——1
b
e Ul
rechts W02 20200 mmW’W
a b
Fg Deviazione linea fianco totale
f Deviazione di forma della linea fianco
B

fup Deviazione dell'angolo linea fianco
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Errori di rotolamento

] - NN
r L ‘ {,) B L-IZ'(
Fesc e I R A 3
' L agvY PR
1 A | " <‘: ‘E'\'\
Sy ST I N, AT
k. _ !Radumfang | S YA

E Deviazione rotolamento fianco singolo
fi Salto rotolamento fianco singolo

F’ Errore composto su due fianchi

f Salto composto su due fianchi
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Errori di passo

Deviazione singolo del passo

Deviazione del passo sulla linea
d’ingranamento

pe
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Deviazione concentricita

Deviazione concentricita

www.KISSsoft. AG

Intervallo dell’errore spessore dente

Intervallo dell’errore sullo spessore dente
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Controllo dello spessore dente

i

1

%

SR
—

’5\&1@(
|
L
||

I

Misura della quota

Wildhaber
o scartamento)

Misura dello
spessore
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Controllo del spessore dente

Mar

oL .1-/’

A
.

vl
L,

M
Durchmesser an den BerUhr-

punkten

Per ingranaggi elicoidali con un no. denti dispari ¢’ una differenza tra

la misura su rulli e su sfere.
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IV. Correzioni della dentatura

Nella quarta parte vengono
. presentate possibili correzioni
T della dentatura.

5
iy,

e
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Correzione del profilo

o]
C,

o o tip

dNa " »'A
. 2 .
deo - s o
e A g
o X @
: g
8
ds— "\ 2 B

— L L e
dN,-»—-l == C.. root

- —l————

dcg - lip relief datum diameter
Leg - lip relief -roll length

Ca - amount of tip relief

dgf - root relief datum diameter
Lef - root relief -roll length

Cof - amount of root relief

Per evitare il ‘urto di contatto® all'inizio o alla fine dell'ingranamento,
si puo fare una correzione del profilo alla testa o al piede del dente.
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Correzione del profilo

r s e

'
R K |
1.‘ % ;EIE‘\
\I'! ‘
\ i
\ TR
\ \
\ |‘¢‘g‘
\\\lo.
2,
VA

External gear teeth

Internal gear teeth

La correzione (del profilo) di testa si pud definire sul profilo di riferimento

con una curvatura al piede, quello al piede con una protuberanza. Si
puo fare la correzione alla fresatura o alla rettifica.
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1 | i S 3
Fuss

19. 2 1 i
Evolventen-
Prufdiagramm

*: Beginn Kopfkantenbruch tha 2023

Diagramma del profilo Profilo di riferimento dell'utensile con:

*  Protuberanza
*  Semi-toping (curvatura al piede)
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Procedimento di Generazione spostata

Per ottenere altre forme di piede, il ;
diametro di rotolamento di A
generazione puo essere spostato. \

Qui il modulo & stato cambiato da 6 a LY L
5.837 ed I'angolo di pressione da 20° b .
a 15° (il diametro di base rimane "‘.‘ T
uguale). I:'E X .
Altezza testa e piede, spostamento \
del profilo, vanno cambiati in modo ﬂ ‘

che anche lo spessore del dente | : L
rimanga identico. l‘ _______ Lo e

A
T
[
’/-"' o
/ [
I
il

I

|
. fg‘l
.13 www.KISSsoft. AG

Variazione spessore dente

Nel caso di combinazione di materali L
con resistenza molto differente, per \ i iy
esempio acciaio con sintetico, 1o B b / /\ .‘i
spessore del dente pud essere | B f
variato. | \ Pt o
Lo spostamento di profilo x viene ". /// -
cambiato, lasciando diametro di testa /‘ﬂ'/'i-- '
e di piede invariato, in modo che la ( \1! J
ruota in accaio diventa piu sottile. L L | Y—
T ‘iii,i—____"i _______________
|/ B
, S
o
! B~
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Bombatura / Spoglia d’estremita

be

Be i Bax i

Ceb)
Ce

by

Per ottenere una portata omogena lungo la larghezza della dentatura, si
puo introdurre per esempio una bombatura. Cosi vengono compensati

sia le deformazioni sia gli errori di fabbricazione.

www.KISSsoft. AG

Correzione con I’angolo d’elica

Una correzione dell'angolo d'elica pud compensare la deformazione
tramite la torsione. La correzione pud essere fatta in modo ideale

soltanto per un momento torcento esatto.

www.KISSsoft. AG
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Required safety factor

How can we define the

required safety factor?
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Using new calculation method

* A calculation method like ISO6336 defines how to calculate safety

factors but gives no value for necessary factors

* Proposal for safety factors for “normal” gears:

4 Slide 3
i 09.02.2016

root flank scoring
module > 2 1.4 1.0 1.8
module 1.0 - 2.0 142 0.9 1.8
module 0.5-1.0 |0.9 0.8 -
module < 0.5 0.5 0.5 -
www.KISSsoft. AG

Using new calculation method

* Select general factors including material values

* Make calculations with known gearboxes including critical ones

* Use the results to define necessary safety factors

* Use this factors to size new gearboxes and refine the factors with

increasing experience

Calculation

| Sides
| 09.02.2018

method

Experience
(know how)

Optimal
results

www.KISSsoft. AG




Using new calculation method

Given | Life time Safety factors Safety factors
Nominal load Nominal load Lifetime
Resulting
Using nominal Safety factors Lifetime Max. load
load and Standard Lifetime Sizing of torque
application factor | method in main | calculation without load
window of without load spectrum
KISSsoft spectrum
Using load Safety factors Lifetime Max. load
spectrum Safeties with Lifetime Sizing of torque
load spectrum calculation with | with load
load spectrum spectrum

Slide 5
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Gear failure

What can we do, if gears are

damaged?

www.KISSsoft.AG
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Pitting problems

* Decrease hertzian stress (bigger radius)
— Increase pressure angle
— Smaller module, more teeth

* Increase permissible stress
— Material with higher sigHIlim
— Higher quality
— Tooth flank modification

Slide 7
o 09022016 www.KISSsoft.AG

Root strength problem

*  Decrease root stress
— Bigger module
— Bigger radius at root (tip rounding of tool)
— Bigger helix angle

* Increase permissible stress
— Material with higher sigFlim
— Higher quality
— Tooth flank modification

Y Sides
09.02.2016 www.KISSsoft.AG
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Scuffin g pro blemis :

*  Decrease pressure at tip
— Profile modification

*  Decrease sliding speed
— Optimised profile shift (addendum modification)

*  Better lubrication
— Qil with better test results against scuffing
— Qil with higher viscosity
— Lower oil temperature

" Slide 9
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Noise and vibration

What are the sources of noise
and vibrations and what can we

do to avoid it?

i
" siide 10
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Decrease stiffness variation

* Variation in tooth stiffness generates

vibrations
Zahnfeder-
steitigkeit -
<4 Bt — Try to achive a contact ratio as
el whole number
— The best would be a whole
number for transverse and
overlap contact ratio
PR e, Treliteg - EIs_e try to get the total contact
) ratio as whole number

Q.g\a;\ncl\‘ A
N 6\%’1“ Qm\“n- )

Zahnfedersteifigkeit: Tooth pair stiffness, Drehweg: Rotation, zeitlich duchschnittlicher Wert von cs; time average value of cs

Slide 11
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Mio O NTH770
Avoid impact at start of mesh

* An impact at beginning of contact
generates noise

— Make profile correction to
avoid the impact

A = The profile correction can

S L0 Da QW\\- only be optimal for one load

\
\
\

Rad: Gear, Grundkreis: Base diameter, Getrieben: Driven, Treibend: Drive

Siide 12
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Noise vs. Module and helix angle

©
RS
\

AN

]

)

3
:ckpegel (08)

8

i

=]
!

8
I
1
\
[
8
=
| 3
Schalldry

o=t Zaama
]
T

mittterer Schatldruckpegel

=
L1

i

|

sp-eed ¥
Noise will increase with the module (=0, a=91.5mm) according Niemann

B —]
¢ a8
9

o 9217

I~ Helical gear -

Y
| 8

S

S Helical gears will also improve
B ] noise level according Niemann.

~

@™ ™
=

muttlerer Schaildruckpegel [ e 2020 205000

~
N

Modut m
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Noise vs. Profile modification

90

d8
- 85
8 Profile modification is reducing
‘o noise according Niemann.
&
g5 - "
5 21=22=25, B=0
5
g )
“y R e S L
s ar Profikarreklur —‘
K o i £, /5= 350 H/mm
=] o 160 K/mm

85— e la 50 N/mm -

\ | i
[ J
5025 50 100 200 N/mm 400

fifh ——=

mittlerer Schalldruckpegel: medium sound pressure level, ohne: without, Profilkorrektur: Profile modification

| slide 14
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Noise vs. Gear quality

gﬁg ‘ o Profile diagram DINASO

931 _: ﬂ"?, s Kool quality

wof- -+ f—t /f w , s
~ 908} o fie R /,g il 2024; {230, 35 pm:pe iGN
= s 7 w g
& = A
Soor— | - A — g Y P)
2 | ° R
S 0| I R H
=] a 1
5 o g . ¢
> 860 —rEh bt 2025 fosl] pm £

835 —— t—a Glolfschlitf - Giaftschitf —— = e i 7

; o Glalischifl- Kreuzschiff #2 fitin
800 — 4 T,,, t—a geschabl  — G
a I ?
%0 5 b
7 ¢ 5 5 > il 500 1599 2000 min' {000
Speed / rpm
% 7 High quality is decreasing noise

” \/—\ o according Niemann.

op—o] - = :

B o 414 JIS (A DN-Dualiiat 8)

15 K01 JI5 (20N-Cualitét 5) ~
& »
b ]
55 PR I
2000 7] %00 3200w 3600
Speed / rpm
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Noise vs. Bearings

a0 ’ 85
P / Bl
v 83

N
\

il
§ g5 - %8# )
g + =
= | il =
b/ | L " A £7r =
5 7 g =
s 82 / v4 i =
3 / 75} E
5 40 | =
S / ° Ball bearings a
= * Roller bearings
87 A o Plain bearings (2
i premtat s
76 i H axiate Vor-
&0 120 180 Wmm 240 spannfrolt - 500 2700 1800

Zabnkralt F/b LN

a b

The type of bearings and axial pretension has an influence on
noise according Niemann
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Layout of flank line modifications using
the KHp calculation method according
Annex E of ISO 6336-1
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Introduction

The face load factor K5, which in rating equations represents the load
distribution over the common face width in meshing gears, is one of the
most important items for a gear strength calculation.

- Wi _ maximum load per unit face width
B~y average load per unit face width

m

In the international standard for cylindrical gear rating, the ISO6336-1,
using method C, some formulas are proposed to get a value for this factor.

But as the formulas are simplified, the result is often not very realistic.

B s>
| Goo2206  Ulrich Kissling DMK 2015 www.KISSsoft.AG




Introduction

In the actual edition (2006 version) of the
ISO6336 standard for the load capacity
calculation of spur and helical gears a new
annex E was added:

"Analytical determination of load o Ny
distribution".

This annex is entirely based on the AGMA
927-A01 standard.

It is a well documented procedure to get a
direct and precise number for the face load
factor.

AGMA INFO! R\l:\'nﬂ._‘ SHEET

Ulrich Kissling DMK 2015 www.KISSsoft.AG

Theory: Determination of the load
distribution over the face width

The cause for the uneven load distribution over
the face width are flank line deviations in the
contact plane of two gears. Deviations are
caused mainly by elastic deformations of the
shaft, stiffness and clearance of bearings and
housing, manufacturing tolerances and thermal
deformations.

The determination of the load distribution is — as
documented in the gear theory — performed in
two steps. At first the gap in the tooth contact is
calculated. Then, using the tooth mesh stiffness
(c,p), the line load distribution is determined. This
approach is well documented in ISO6336-1.

o sice s
002206 Ulrich Kissling DMK 2015 www.KISSsoft. AG




Display of the gap and proposition for an optimum flank
line modification in KISSsoft

[P LR S ——r— _—r
;._1_2 < < Caladstions
= i 3 Coatana
| 2 Shaft [l = .
Caloudation Meshing
ashng Crindrcal goar -
‘ T
w RE O amm n
¥ 1nses
o mem -
/ Cperatng pich dameter 4. AT m
* Working presse anseerse sechion an EEE
Contact stiffness < 290 bfinjan
= ——— =]
Deformation [mi]
102 : P i Calculation A - Bending
e ! ! Cakautation A - Trsin
06m i ~———  Cakalation A - Total deformstion
0.an ] H ——  Calulation A - Optimal modification
2.0 — i
100 ]
2. \LLLLLU_L
. san — : i~ - Optimal flank li
Bending, torsion and a5 — Es pumal flank line
total deformation over s | madlification
. ET. —
the face width s 15m 2am 10.500 (hatChmg S|'!OWS the
AT gear body side)
| Sides ; T
03022016 Ulrich Kissling DMK 2015 www.KISSsoft. AG

Load distribution in the tooth contact and face load

factor Ky,
! o
E:ZEE(§E*Cgﬁ) Fgg
i
K = W maximum load per unit face width
HB — - o a
o W, average load per unit face width
wodgswioion )&l &A@ -
: ; Results B3
Line boad (atst) [N/} Medium deformation - Calculation A
250 A i i
2094 % wmax wm wimaxiwm [=KHE}
150 N i 262.95 Nfmm 162,70 Mimm 15161
1004 -
5‘JJ
bR S
il
-100
-150-
'Z’J’L Load distribution and numbers for the
250 SN SN S - .
0 «a:é 1 10 an maximum and mean line load and Ky,
Axial direction ¥ [mm

j ide 6
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Pinion shaft deformation

Deformabon

O<farmaton [am]

E
0 @ 10 1: 2
sl drecian ¥ [men]
o s TE S ¢
Geplum]
35 s
I”'i e i

122 i
+ B

= /
an

uj i
£
2

sy
120 82 a9 &0 1Zd
Wcith fram]
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shbbbst camosa
& 2BERERE
Bk voh ooy

This is the 1SO6336-1,
Annex E, proceeding.

Gear shaft deformation

.............. y S

AN 1.7453
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Layout and optimization of flank line

modifications

Flank line modifications for nominal torque (no duty cycles)

The optimum flank line modification is just the inversion of the gap!

Gap analysis TRLAEe

Gap [um
\
140 \ P4
/

120
103 \/
8a+d )

60 /\\
404 \
Z.D*t,'

N\
b

L R e \‘*—r—"-—/
-120 6.0 2 6.
Wigth [mm]

fma = 0 pm / fHb = 0 pm:
wmax = 407.1366 N/mm  wm = 233.2786 N/mm

| sides ; e
09.02201%6  Ulrich Kissling

160 P e

a 120

Gap

Proposition
for optimum
flank line

modification
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Layout and optimization of flank line
modifications

Flank line modifications for nominal torgue (no duty cycles)

So providing a sizing function for the optimum flank line modification is easy...

[ sergmestcasers ZEIEN S ARG -
Tip and root rabef Tegth trace modifoston | . .
) | Sizing =
@ Exnct s20g macc. veth 150 6336-1 Agperdiv E (without mamsfachung alloence) T h
rovg .t 50 958 St - function If’,"_,\
| End relief 0 3o vt [S0 §335-1 sgpendn §
{  Consder manfacunng slcsances ., 0.0000 % |
i g
i Mosifcabon of ¢ Cewl 7 Ganr 2 ) | Propos|tlon
; Crowmng vaue [ “;JT M“f pm | for Optlmum
Rahus of gesming T2 3298504785 3298304754 -— k |
! Hhelbx angle murbfeathon vone fg 32143 5218 wn | ﬂan > 1ne, Feabed giater
modification. s o P
| oz Cooite || Remt || cocd |  E—
' Result —— i5a
mgi
g}‘;
&l
5
3
)}j
m-l
2 L
836049209 20496080
¢k Jmm]
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Comparison with TCA (Tooth Contact Analysis)

To be able to compare Annex E results with TCA, we added a new graphic,
extracting from TCA results the line load on the operating pitch diameter.

Contact analysis

Fiormal Fxce s daubions e oad)

We get this line load distribution (e

Eralaston 1] N .
T W TR left side of double helical , -
g e { ) Line load on the operating
o T pitch diameter
=) |
| | | <Here the result
RN | <with Annex E !
?
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Comparison with TCA (Tooth Contact Analysis)

Here we determined optimum flank line modification of the left side of the
double helical using Annex E, and compared with TCA.

Gear Flank  Type of modification value [um]  Factor 1 Hotad e ol St ~ CFEE
Gear 1 both  Tip refief, inear with transition radius 112.0000 2.1170 '.‘ — Ura bt [k 09
Gear 1 both  Helix angle modification, parallel -234.0000
Gear1 both  Crowning 23,0000
Gear 2 both  Tip relief, linear with transition radius 112.0000 0.1173 _———r
Gear 2 both  Helix angle madification, parallel -53.0000
Gear 2 both  Crowning 21,0000
Flank line modifications found with Annex E Line load with Annex E
Contoct ms B
Rormal e ave o) Il A e

|t i

Line load
found
with TCA:

Sli
02206 Ulrich Kissling DMK 2015 www.KISSsoft. AG

Flank line modifications for applications with duty cycles

Element Loadon a Radial mesh Tangential mesh
(Load case) pinion Speed misalignment fgs misalignment fy
no. Frequency | (kNm) (1/min) [mm] [mm]
1 0.980097 335 5.5 +-0.143 (5.6 mil) +-0.183 (7.2 mil)
2 0.019602 67.0 5.5 +-0.121 (4.8 mil) +-0.411 (16.2 mil)
3 0.000294 111.6 5.5 +-0.084 (3.3 mil) +-0.686 (27.0 mil)
4 0.000007 1116 5.5 +-0.078 (3.1 mil) +-0.754 (29.7 mil)
Total requested lifetime | 32°000 hours

Duty cycle with axis misalignment of a ship steering module

Loadcase | K.;(AGMA927) | Bendingsafety | Pitting safety
factor SF factor SH Loadcase | Damage (%)

1 2.22 2.96 1.38 1 0.00

2 2.23 2.73 1% 2 71.93

3 2.28 278 0.97 3 27.19

4 2.40 2.80 0.94 1 0.88
Ky SF, SH calculated individually for each load Damage (%) of the different load cases,
case with actual data and flank line modification when analyzing the overall lifetime using

Palmgren-Miner rule

Slide 12
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Finding the best crowning for a ship steering drive with

extreme duty cycle i Ll
. Hea 0 Ko Value fum]
Modification A gg ’{53 1‘3%
P tom ren Pom
| Gear Type of modification Value (min) [um] Fach Fact Value (max) [um] Factol um'-:i 5% 20.0m |
Pt ")U:m 2805 aﬁ; g
Gear 1 10,0000 400,0000 Desem e T |
R 23300.000 91 30.000
o -Jx‘.' L!JI 100, E
[ Optmize rocfessons T A e S iy o 110.003
[ N A 2301.03 382 120,
Cordiom | Remfs T W001.0% ar 130.003
2950000 i3 140.000
acfcaton 4 A3300.0M 57 1502.000
| tex  mocctrestioon Yok o) o] Pt 1 Ptz (o) ] Facan 1 fat ;;m:jé‘; iﬁg g:cm
| em1 Gy wom 0w | swg;az i;s]é i:;g;;
G v ; “”’:';E 2mi b).gﬂj
* K| g FEmom i:ﬁ 00
32W00.00 199 paal]
sncdeaton & N0 1556 000
| sex  toncfestiasn Vo ) Pl Pl kefad bl oy il ]‘ZD%;; }::: ol
1‘ a0 19, M09
| 2200030 13% 20N
| 4 A0IN1OW 1333 220000
| HE® ey B Troms
e - =4 o
1 G P ———— e ] Factn [ Yo Gl Fahn 1 Foutin 2 ""’»‘13 :g; :g':’!;
SoELIE X 138 p )
1 . 34001000 1234 Iman
{ om pE:i 3
- A< 2000 300 1M FEa
| pion 123 A0.00
| iRt Fartallad Parial bad br callafion w 132.0000 10000 %
| ramber o e o« z Rrpent b S frn : - .
| g st v b b g s i 813 s Table of the results:
remt | (cae )| ot The column ‘Value’ displays crowning value Cyin pm
= P T e e ID: Indicates the modification variant (-:-:- for No
Optimization Parameters (only crowning with Cb=10 .. 400; modification at all; 1:-:- for the first variant [C,=10];
step of 10 um) 2:-:- for the second variant [C,=20]

Result: Lifetime of actual solution 29'000 hours; with variant 29:-:- 305000 hours

Slide 13
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Finding the best crowning for a ship steering drive with
extreme duty cycle

Graphical display of the results

Facelood factor ¥

Minimum service fe ¥

Graphical representation of the optimization results:

Life time with duty cycle Ky of load case 4, based on Annex E For
For variant -:-:- to 40:-:- variant -:-:- to 40:-:-
Scale from 0 to 305’000 hours life time Scale from 1.85t0 2.78

Slide 14
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Conclusion

Annex E in ISO6336, "Analytical determination of load distribution” is
entirely based on the AGMA 927-A01 standard. It is a very useful method

to get a realistic value for the face load factor K, and much faster than
using contact analysis.

Basically the algorithm is a one-dimensional contact analysis, providing
good information about the load distribution over the face width.

The procedure is very helpful, when for a gear pair the optimum flank line
modifications have to be found.

;% Slide 15
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Sizing the gear micro geometry —
Step by Step
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Layout of the Micro Geometry

The last phase in sizing a gear pair is to specify the flank line and profile
modifications (also known as the "micro geometry").

To do so, the primary objective for which optimization has to be achieved:
noise, service life, scuffing, micropitting or efficiency must be selected.

The calculation method for proving the effects achieved by micro geometry,
the contact analysis under load ("Loaded Tooth Contact Analysis", or LTCA),
is complex and time-consuming.

Contact anatysis 8

Horwal Farce distdution (ine bad)

Unfortunately, the interpretation of LTCA results is
not easy. All modifications applied on mating gears
are interacting, so the decision of which
modification to add or to change is difficult.

N side2
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Layout process of a gear set

Stage |
Define Raw Dimensions
a, b

(a: Centre distance)
(b: Face width)

¥

Stage Il

Define Macro Geometry

m.. 2,0, B, x, haP, hfP, ...

v

Stage [11

Define Micro Geometry

Step 1: Theoretical flank
line modifications

Step 2: Additional crowning
to compensate
tolerances

Step 3: Profile modifications

Slide 3
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Stage |

Layout process of a gear set: Stage |

Input Stage | Optimisation aims

* Load, ratio Define Raw Dimensions *+ Weight

» Available space L g ; 4—| - Manufacturing costs

+ Material selection ab + Fitting into given space
« Design rules (b/mp, ...) (a: Centre distance)

(b: Face width)

202201 Ulrich Kissling DMK 2015 www.KISSsoft.AG

Lay out of: Raw dimensions i cu e

[ Rough sizng [A koug siemg
o e o i e [
| Cmtmers | meaits : Ents ;| S,
= |
sebv gl 2t reterance drcle # Aoy = @ | | |almnl Bufrwnl ey [rml
| | 32500 34,447
1 varag rade 2.0000 { 26200 58.585
| 3138 3790 .35
| Coater distance 2 a0000 Fn i b= 3T 71380 3804 1625462 e |
| 314 +1.583 .00 1623318 882 |
| | Seminal rotiodmintionn + % W 43000 14600 | 0009 Wy asm sz 273 |
| | 26300 50599 4500 1625.384 20751 |
{ S eSS SR (s | 0L 00 nse 4s0 1530579 nms {
i @ SL30 4500 162503 2Lt
{ Virimum e | 3B.00 016 5000 1822118 21153
| | 262008 81363 1000 1629.216 a2
Sumdber of teeth, gear T a u 2 Lo 4 0t 00 58 4500 15300 2am
| i Pe bl a2 4500 1623264 21.468
bo faceradh to rorwal modds b, 6.0900 208000 ] | WeLowW 46550 S0 18525 219
{ =000 §9.543 4000 1626473 zar
| 2avaacmicin to. e fimeter, gear 1 b/d. 19900 16000 | 0w wse 5000 1625.400 nws
| 2500 ngs 5300 1887 22548
| | ametoemidth o conter ditanca b/ n.396m €.7000 262008 suzm 500 sz 287
| 1 w2.000 SLISH 4500 150275 770 |
| v | 237.000 i3z 4000 2 3420 |
ATep L= i 7o 55.100 3000 73697
| | 3400 8351 5000 D%
= ==wmra 314000 44400 3.500 201
1 31000 £7.736 4500 23979
| ot a0 o 5500 2200
| 203010 51567 3.000 24220
‘ 63000 S0.195 3500 24583 1
| 262.000 1205 5.000 24995 I
. ] " | 283010 31438 3500 B
Performances achieved by a raw sizing function |z 2z 25
| n7.000 73028 4500 3an2 |
! w2000 42397 3.000 554 I
n | 17TL000 36.561 5.500 26400 |:
l t I | h | 1000 sns83 3000 5650 |
l'] a yp'ca Examp e ere | 2,000 63.500 3.500 %330
237010 77.519 5.300 252
262.000 64.930 5500 IR ‘
. h 1 5 | 237000 s 3000 23503
elg i i 4 g 224.000 91201 5.500 1627.11% 34214 |
3687 36770 2.000 1525.679 41091 |
1 27018 91370 5.805 1625.793 41214
. . . | waoly $0.310 s2i9 1623308 “21 |
a. I mm » - mm | e i 5000 1503550 44555
! | 2076 135.300 560 18233R2 7736
Cost variation in th of: 34-100 % | :
ost variation in the range or. = (V] } o] [ veen | [ colatme |[_cew

(with the same torque capacity)

S5a201  Ulrich Kissling DMK 2015 Www.KISSsoft. AG




Stage Il

Layout process of a gear set: Stage I]

Input Stage Il

* Load, ratio Define Macro Geometry

Optimisation aims

* Tarque capacity

v

* Centre distance a

« Face width b mp, Z, d, B. x, haP, hfP, ..

* Lifetime
+ Safety factors

v

* Material + High efficiency
» High tooth profile
Bt O Kissling DMK 2015 www.KISSsoft. AG
Lay out of: Macro Geometry
: m‘“ i "i",‘,‘j‘!'m
Ll - 1500 — ] 17.621
SN | ‘ ' % % 0 "l
= ] ' ptia
| : . .
Performances achieved by a Macro Geometry sizing function
In a typical example here
Torque capacity: 1020-1740 Nm =» 58-100%;
Losses: 0.12 - 0.50% = 42-100%
Micropitting Slam: 0.7-2.7 = 26-100% etc.
(with the same centre distance a and face width b)
0902 DMK 2015 www.KISSsoft AG
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Layout of the Micro Geometry

The last phase in sizing a gear pair is to specify the flank line and profile
modifications (also known as the "micro geometry").

To do so, the primary objective for which optimization has to be achieved:
noise, service life, scuffing, micropitting or efficiency must be selected.

The calculation method for proving the effects achieved by micro geometry,
the contact analysis under load ("Loaded Tooth Contact Analysis", or LTCA),
is complex and time-consuming.

Contact analysis (%]

Mormel force disty bution (ine bad) B R T

Unfortunately, the interpretation of LTCA results is
not easy. All modifications applied on mating gears
are interacting, so the decision of which
modification to add or to change is difficult.

Slide 8
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Stage Il

Layout process of a gear set: Stage III

Input Stage IlI Optimisation aims
» Macro geometry Define Micro Geometry + Even load distribution
» Manufacturing tolerances | 4 <4—| - Compensate alignment
* Shaft + Bearing Step 1: Theoretical flank errors by tolerances
* Housing deformation line modifications + Noise, vibrations, losses,
Step 2: Additional crowning scoring, micropitting, ..
to compensate
tolerances
Step 3: Profile modifications

Slide 10
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Layout of the Micro Geometry

For a targeted sizing of the micro geometry, a step-by-step approach should
be used, first specifying the flank line modification and then the profile
modification.

A three-step process is proposed to perform a targeted sizing:
Step 1: Layout of the theoretical flank line modifications

Step 2: Including flank line manufacturing tolerances
Step 3: Layout profile modifications

Slide 11
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Step 1: Layout of the theoretical flank line
modifications

Tipand roctrelisf | Touth troce arodficaian
@ Badt szingin acc. with 150 §336-1 Appsndie € {eitho st mamafacturing allowancs)
| Croning In scc. it [S0 5336-1 Appendx 3
| End relief in 20c. with [S0 6336 Appendind |
Conader mamnfachiing slewanes ., 00000 %
Modiication of 7 Gearl v Gear2 |
| Crowning velue [ 35295 3529 pm |
| sty e s e o i Proposition for an optimal flank line
T Ao — st B - modification to get uniform load
distribution for a single stage load
po = Input gear stage of the two-stage-
o et e e : ( nputg g g
e foad (Nim, e o3 ] industrial gearbox)
14704 “ HFDJ
1300 - 1400
H N ol
] Mot i3]
1190-j 1150
1120- 1120
lDS‘?‘I IC‘SOl
980 980
9104 qmj
Bao ERSE e 840 L el
320 —lé.o L] u'.lo Ei.ﬂ -]éﬂ -160 0 160 320
Width [mm] Width [mm]

Load distribution before sizing Load distribution after sizing

o side 2
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Step 2: Including flank line manufacturing
tolerances

Main manufacturing tolerances having impact on the load distribution
(according 1SO6336) are:

- f,, for the lead variation of the gears (fi,11+fuor2)
f .. for the axis misalignment in the contact plane)

According 1ISO6336-1, Annex E, K, has to be calculated five times: Without
tolerance, than with +f,, & +f_., iy & -fra, frp & e -fip & ~fna- The
highest K,,—value found will be used in the load capacity calculations.

Slide 13
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Step 2: Including flank line manufacturing
tolerances

When no expertise is available, the following procedure can be applied.
In ISO 6336-1, Annex B, for gears having a flank line modification to
compensate for deformation, the crowning amount

C, = figr (1)

is proposed.

When such an additional modification is applied, clearly the load distribution
over the face width as obtained in step 1 is not anymore uniform distributed.
Therefore the face load factor K, will increase. The goal is to avoid edge
contact in all possible combination of deviations.

ANTS
b
Slide 14
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Step 2: Including flank line manufacturing
tolerances

For all five combinations (0, +f, & +f.., +fiyp & “fra frp & Hinas fip & Fra)s

the line load distribution in the operating pitch diameter has to be calculated
and checked for edge contact).

Frce Joud dtitmtion. i3 SELIELH 2 = R 2
Line load [N/mm}
- *Ljneigaﬂw ma =0 /fHb = 0 pm
1530 Line load (wbt; =278pm/fHb =23
5 Line load (wbt) fma = 27.8 pm / fHb = -23 pm
1440 T N — Line load (wbt) fma = -27.8'um / fHb = 23 pm
1350 S e Line load (wbt) fma = -27.8 um / fHb = -23 um
1260 RN
1170/ N\
1080-{’
900
810
720 |
T T T T
-320 -160 0 160 320
Width [mm]

Load distribution with different manufacturing deviation values.

Slide 15
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Step 3: Profile modifications

When the flank line modification is defined, the third step is to specify the
profile modifications. Important features such as noise, losses, micropitting,
scoring and wear can be improved by profile modifications. Therefore the
layout criteria must be defined. Then the corresponding strategy is used.

Layout for low-noise:

Meshing i (S i Tacemission Brer . T

Transmission aror [im] c

e S
-26.0 H
-28 nJ, \ f

o] i
/ ‘31.) ‘I I
/ wi |
/ -36.0+ H
i’ -33.0-5 \ !
| . -40,01 _r 'HJ‘ e

e
-6.0-40-20 0 20 4.0 60
Angle of rataticn (Gear &) [¢]

Contact shock: Gear pair meshing and path of contact E S i
calculated with LTCA, showing the prolonged contact PPTE: Peak-to-Peak Transmission error
at start and end of the mesh.

8 side 15
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Step 3: Use of a ‘modification sizing’ tool
to find optimum design

Optimization of profile modifications in a case-by-case manner
is extremely time-consuming and demanding.

“Analysis of modification variants” tool: Profile crowning variants

| Cross-vary value and coefficent 1/2
Base medificatons {da net change]

No. Gear Hank Type of modification Value [pm]

1 Gear L both Crowming 15.0000
1 Gear L both Helix angle modification, paralel 57.0000
1 Gear 2 both Crosaing 14.0000
1 Gear 2 both Helix angle modification, paraiel 40.0000

Tab. I: Contains all modifications which will not be changed

lo. Gear Sme Flank Type of modification Humber of step: Value {min) [pr Value {max} [pr
I - thoth  Profilz oowning (barreling) 7 40.0000 100.0000
\
| 2bath  Profile crowning (bamreling) 7 25.0000 83.0000

Tab. Il: Definition of modifications which will be varied (here: Profile crowning)

Slide 17
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Step 3: Use of a ‘modification sizing’ tool
to find optimum design

p — ; 3
[#] Modifications sizing L T f i
ConditionsI | Conditions@l | Results | Graphics | Grafik Il
=
{Mr. | PPTE [Um Ouree (Mmm2] Slam n s8 Gear 1: Value [p Gear 1: Factor
[ 5633 1791456 1421 98881  3.180 2.009 0.0
1 2680 1405.849 2050  99.150 5.362 40.000 0.200
2 2680 1405849 2050  99.150 5.362 40.000
5 3 25680 1405.849 2050  99.150 35.362 42.000
Table with 4 | |4 2680 1405343 2050  99.150 5.362 40.000
BRE 2680 1405.849 2050  99.150 5.362 43.000
5 2.680 1405.849 2050  99.150 5.362 43,000
num bered 7 2.630 1405.849 2050  99.150  5.362 40.000
. 8 2.017 1482.830 2185  99.208  5.262 50,000
VarlantS and 3 2017 1482.830 2185  99.208 5.262 50.000
i 10 2.017 1482.830 2.185 99.208 5.262 50,000
1 2017 1482830 2185  99.208  5.262 50,000
selected main i | |12 2.017 1482830 2.185 99.208 5.262 50.000 173
| |13 2017 1482.830 2185  99.208  5.262 50.000]_
results il | 1s 2017 1482830 2185  99.203 5.262 50.000
0| 1.659 1553.785 2259  99.247 5.183 60.000
16 1.659 1553.785 2.259  99.247 5.183 50.000
| 17 1.659 1553.785 2.250  99.247 5.133 50.000
i | 18 1.659 1553.785 2.259  99.247 5.183 60.000
i | |19 1.659 1553.785 2.250  99.247 5.183 60.000
g |20 1.659 1553.785 2.259  99.247 5.183 60.000
21 1.659 1553.785 2.259  99.247 5.183 60.000
2 2.450 1617.688 2.316  99.277 5122 70.000
23 2,430 1617.688 2.316  99.277 5.122 70.000
24 2.450 1617.688 2.316  99.277 5.122 70.000
25 2,450 1617.688 2.316  99.277 5.122 70.000
% 2450 1617.688 2.316  99.277 5.122 70.000
27 2,450 1617.688 2.316  99.277 5.122 70.000
28 2.48n 1617.688  2.316 99.277 5122 70000
Reportlength  Shortform  ~ | Results | Ca
Slide 18
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Step 3: Use of a ‘modification sizing’ tool
to find optimum design

Radar chartl Radar chart2

Pﬁ-agmmakh'msmss'cnmr '; |Effidency TR b

Two charts with results (PPTE and efficiency) of 25 modification variants
Red: At 100 precent load; Blue: At 75 precent load

Slide 19
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Step 3: Use of a ‘modification sizing’ tool
to find optimum design

“Analysis of modification variants” tool: Tip relief variants

¥ Cross-vary value and ooeffigent 112
Base modifications {do not change)

IN;:. Gw Fank ) '.!i-pe of modification Value [pm]

L Gear L both Crovaning 15.0000
| L Gearl both Helix angle modification, parallel 57.0000
; L Gear 2 bath Crovaning 14.0000

L Gear2 Both Helix angle modification, parailel 40.0000

Tab. I: Contains all modifications which will not be changed

_ Conditions I Conditions IT |_Results | Graphics ' Grafik I |

No. | Gear Synchronize with Flank Type of modificatic Number of step Value (min) [ Value (max} Factor 1 {min] Factor 1 (max) F
1 Gear 1 1both  Tip relief, arc-like 15 10.0000 150.0000 0.2000 2.5000

2 Gear 2 1both  Tip relief, arc-like 15 10.0000 150.0000 0.2000 2.5000

Tab. II: Definition of modifications which will be varied (here arc-like tip relief)

Slide 20
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Step 3: Use of a

to find optimum design

‘modification sizing’ tool

Paal to peak transmission error [ym] Gear 1: Factorl
e g g‘é! 2500
] ee 170 12 @i 4
1 TR - i
90 B8 MY B2 yig gy 1o 183 1B
* | & - 53 1 i i s . T 0 1
N EEEEEE S
W @O0 O op oo we B Bt 6 18 1gg 2T
b " %g Wi o : 0 24
1 § ? los 3% 297 0000
5.0 “‘ 5] iﬂ 2 ; 18 194 208
1 4 éa 7 ‘ s M
ey oo 3 U [T
3.7 e 89 iSf 5T, T 33 163
. 30 it {}3 %‘i‘; 148
w —— — —
2.0 30.0 1.0 1508
Gear 1: Value [pm]
Display of 225 solutions, when the parameters (Tip relief (“Value mm”) and
Length (“Factor 1") of an arc-like tip relief are varied.
Here: Peak-to-Peak-Transmission-Error (PPTE )
[ side 21 : i
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Step 3: Use of a ‘modification sizing’ tool

to find optimum design

Masmum Hertzian pressure [fiimm?]

o
?
300 =
| 61 77
|
- § 62
| g
\ ;
32 s -4
20— 1 g B g
0 3 49 9 g
I 1 3 g ‘E‘% §§
IEEEEE R
; § 846
;
10 —F———— e ————— T 4
a3 500 100 1503

Gear 1: Value [pm]

Display of 225 solutions, when the parameters (Tip relief (“Value mm”) and
Length (“Factor 17} of an arc-like tip relief are varied.

Here: Maximum Hertzian Pressure
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Step 3: Use of a ‘modification sizing’ tool
to find optimum design

Efficizncy Gear 1: Factorl
99.400 2.500
. A ”‘El

m {8 A
93.300 —
T 7 1.250
i 173
99.200 172
- 171 L
| . 170 185 200
99.100 ,-é 169 18 19 0.000
7 §§ ig 168 183 198 213
99.000 — 0o i 167 182 197 22
1 14 ﬁ LT 66 181 qg5 211
93900 —
93.300 ) T T 1
0.0 50.0 0%} 150.0

Gear L: Value [pm]

Display of 225 solutions, when the parameters (Tip relief (“Value mm”) and
Length (“Factor 1") of an arc-like tip relief are varied.

Here: Efficiency
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Step 3: Use of a ‘modification sizing’ tool
to find optimum design

Safety against migropiting ([SO TR 15144 Method A) Gear 1: Factorl
260 ?! 2500
] g w18 1P

1 1;9 139 148 182 17 192 W7 I
o W0 HoEOH U
210 MO8 W o 0 o 19 14 o1 an o Y
;‘3 P 83 E 12 i 38 3 203 2
- o 57 =
T o % U2 187 w2 uz
- J: aQ 7 nE
S o2 oo 5 . UL 186 201 215" 000
g 17 iow P ow WO o g
o t 6 6 p
g oa N . 1918 19 gy
— 5 76 1B g5y
1.10 62 22 91 g 0168 183 qeg
' @ g 12 151 213
g 2 130 152 8 1 W 3
0.9 50.0 100.0 1500

Gear 1: Value [pm]

Display of 225 solutions, when the parameters (Tip relief (“Value mm”") and
Length (“Factor 1") of an arc-like tip relief are varied.

Here; Safety factor against Micropitting

8 sice 24
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Step 3: Use of a ‘modification sizing’ tool
to find optimum design

Safety againgt tooth flank fracture (IS0 OTR 19042-1) Gear A Gear 1: Factorl
1300 l 2.500
4 B
I ;E ¢
uw— 4 v 8% on 1250
o ) . 32 4, H Ea 1;,}_! ﬁ% l?; oW .
— o G
g T £8 5,«3 #.;‘ ;3%
m 76 4 7T
(S 5 GE 54 e
8700 —1 T i 137 g5 e i =
i 165 kg 22
- 196 211
1,500 ~ =% R i e |
2.8 50.0 103.0 1528
Gear 1: Value [pm]
Display of 225 solutions, when the parameters (Tip relief (“Value mm") and
Length (“Factor 1") of an arc-like tip relief are varied.
Here: Safety factor against Tooth Flank Fracture (TFF)
| Siide25 :
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Step 3: Finish

End of Step 3:

- Make a first selection of best variants (profile modifications)
- Check the LTCA results of these variants

- Choose the best over all variant

- Recheck load distribution *)

Method is successfully tested:

The time used by the design engineer to find optimum
modifications for both stages of a gearbox was 15 minutes.

*) Normally the load distibution as defined in Step 2 is tipically
not much changed by the added profile modifications.

B sie s
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Considering housing and/or planet carrier
stiffness

In any KISSsys model the housing stiffness can be considered using a
stiffness matrix imported from a FEM software. The resulting housing
deformation at the bearing positions are shown in a results table. The
deformations are assigned to the bearings (typically outer ring) in the shaft
calculation and considered in the gear contact analysis.

b1 b2 bl b2 b1 bz Bearing outer ring
shaftl s1 51 2 52 s 53 displacements in mm
wr 0.21515 0.24219 0.2166 0.24505 0.22307 w.2:86 (X, y: horizontal;
uy 0.14555 0.052544 -0.18155 0,17393 0.12539 027237 Z: vertical)
ur 0.3207 0.31393 0.11315 0.10758 -0.21719 -0.21053
I sice27
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Example: Use of the 3-step-procedure
with a industrial 2-stage gearbox

For a typical industrial two-stage parallel shaft
reducer the modifications are optimized using
the 3-step method. The process is repeated
twice, with and without considering housing
stiffness, to get an indication on the influence
of the housing.

First the load distributions of the two gear pairs without modifications are
calculated. The face load factors are calculated according to Annex E in
ISO6336-1, using the axis deformations from the shaft calculation.

o Kﬂp KH|3
Gear Pair
Without housing deformation With housing deformation
HSS (High speed stage) 1.17 1.16
HSS (Low speed stage) 1.30 1.32

Face load factors without flank line modifications

B sice2s
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Proposed layout procedure Step 1 to 3

- The time used by the design engineer to find optimum
modifications for both stages was 15 minutes.

- The optimum flank line modifications as defined in Step 1
are only slightly different when housing stiffness is
considered (only 10% change in the helix angle modification
value).

-The additional modifications in Step 2 and the profile
modifications in Step 3 are identical with and without
consideration of housing stiffness.

-The additional crowning added in Step 2 to compensate for
manufacturing tolerances is much bigger (5 times) than the
difference between modifications in Step 1 used to
compensate shaft deflection with and without considering
housing stiffness. Therefore, for practice-oriented solutions
the influence of the housing stiffness is so small that it is
negligible.

Slide 29
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Conclusion

Optimization of flank line and profile modifications for a specific application
is not an easy task. The three-step methodology has proven highly
successful since it was introduced two years ago. The layout of the
modifications for an industrial gearbox shows that for a gearbox with
parallel shafts including external forces acting on it, the housing
deformations have an insignificant influence on the resulting gap in the
meshing of the gears.

This method can also be used in applications such as wind power, ship
transmission systems, or helicopters in which it is demanding to define the
modifications due to the extreme load spectrum or high housing deflections.

ssa20  Ulrich Kissling DMK 2015 www.KISSsoft.AG

. |
AT

i




THANK YOU
for your attention!
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