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FLASH TEMPERATURE FOR W/N CIRCULAR ARC GEARS
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ABSTRACT

The flash temperalure s one Qf the Unporl.mu Jfuaclors for evaulating the scoring resistance of the
gear leetlt . In tle present paper. a numericallsolulion of the flash temperalure for W/N ctecular - arc
gear due lo moutng lheal source {s done (aing nlo accowst the partitioning of the heat in the contact
zone lo each (eoth and all the vanables for hé deslgn of this type of gears . Toolh load. speed of
rotation , module . radii of curuature , helix angle . gear ralio . rumber of teeth and conlact ratio
are constdered . The theoretical results of the flash (emperature are presepled and discussed with
the above variables . A curve filling of the results is done and the follwing formula derived for
the flash temperature

op=Cp097%5  NO.359 , mo.968 p0.994 . CR0.706 | (30.193
This fornuda represents a stmple tool for the designer lo calculate the flash lemiperature (he

corresponding load carrying capacily and life of (he geur are delermined . The study also shows
that there Is a certatn minomw value for the flash temperature with (e change of the geas ratio.

NOMENCLATURE

English Alphabet

a seml - major axds ol the elliptica) area ol contact . m
b semy - minor axds of Lthe clliptical area of conlact . m

c specillc heat of gear material, KJ/ KN . deg C

¢ and ¢*  conslant in e cquallons,

Cc conslant In Uhe flash termmperalure equalon and given In - appendix)
CR coatact ratio ( overlap rato }

£ Young's modulus of gear materlal . KPa

F face widlh ol Uic gear . m

G gear rado

J mechanien) equivalent of heat , KN, m/KJ

k dUTuslvity of gear matertal  m2 /s

K constant (or the equations

m module , n

m’ constant dependlng on Uie ralo = £5%,

N speed of rotation of e pinfon, nuwnber of revolullons per min
a coastant depending on (he ralla = gy
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p Hertz's contac! pressure . KPa

Po (he maximum pressurce exisls al Lthe cenler of the ellipUcal area ol conlact , KPa
P Lronsverse clrcular plich,  m

T normal lools lead . KN

q rale of generaled heal per unll area, per unit Ume | K6J /mZ.s

Q heal sourcc

ryandry  pltch radius of Lhe pindon and Lhe wheel .
R| . Ry . Ry’ and Ry"  princtpal radsi of curvalure at (he contacl point.m

£ thine of mesh. s

viand uy  cntradnment veloclly | m/s

Vg shiding velocily . m/s

xyandz carteslan coordinale system

X( posilon of the center of the moving heal source at time t

b’y moving coordinale systen whose origin Is the center of heal source
>

X constant In the equatlons

71 and zp - number ol teeth of the pinon and the wheel.

Greek Alphabel

a pressurc angle . degree
13 hellx angle , degree
¥ specific weight of gear material, Kg/m3

g1 and g2 rools of the quadralc equatlon deflning the conlact surfaces

constant In the equalons

flash temperature,.  OC

constanl {n {he cqualons

coelTiclent of IricUon

Polsson's ratfo of the gear materlal

constant fn the cqualons

profle radius of the pinlon tooth, m

profi¢ radtus of the wheel tooth . m

misraatch In radlus of curvalure of the (oolh profiies of the pinjon and of the wheet (n
transverse plang,

coelMelent of local parUUon of heat

anglc between the planes containing Lhe naxhmum or the miniimum prineipal radius of
curvalure

¥y auxdllary angle dependent on ¢y and g3

W angular velocity of Ure gear rad/s

%BEJ\‘CT—‘ )_.O:

<o

INTRODUCTION

Gear systeins are being used more (requently al high speed and heavy load, and scoring
resistance of gears has become an Imporlant faclor (n evaluating their strength . Generally,
scoring s considercd to be rclaled to the instantaneous temperature rise on tooth surface caused by
fricllona) heat , and thls concept of flash temperalure is recommended by AGMA 217.01 as the most
rellablc means Lo delermine the scor ing rcslsiance . The totad lemperatuce In the contact is the
sum of the bulk lemperature of the gear and Lhe flash temperalure .

The ficst LheorcUeal study on the flash temperature caused by friclon between two bodles was
done by Blok in (1937) . He assumcd one- dimensional heat flow whi¢h leads to a simple and
cffictent approximate equalion on Nosh lempesature . A similar study was also done by Jaeger
(1942).

More detalled studies were done by Holm (1948). Bowden and Tabor (1950 ), and Nakada and
Hashimoto (1963). Archard (1958-1959) has also referred (o both elastic and plastle conlact . The
most recent studies were made by Synmm {1967} who determined Ure flash temperalure and parilUon
of gencraled heat between Lwo rubbing bodies numerically. Tobe and Kalo (1974) examined
unstcady condiijons In lne conlacls In which the Intensily and veloclty of the maving hen! source
change Instanlaneously at It moves (hrough the contact . Terauchl and Morl {1974) col.stdered
cffects of dymamie load on flash lemperalure under e Inltuence of dillerent Joad - speed
condlllons.

Roylance and Alkaleb (1887} delermined the surface temnperalure componcuts, bulk and flash
lemperalures. during a four - ball operallon.
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The tnaln purpose of the present world Is Lo determiue the farmula of the Nash lemperature of the
wildhaber / Novilcov {W/N) clrcular - arc gears and Whe partillon of licat Lo bolh teeth within the
conlacl band . Also Uie InfTueoces of the applied ool 10ad . speed of rotation . modute . helix angle.
radlt of curvalure . gear ralio. number of tecth and conlact rallo are sludled.

ANALYSIS OF THE FLASH TEMPERATURE ON W/N CIRCULAR - ARC GEARS
1-W/N Cleculor - Arc Geors :

wiidhaber Novikov {W/N) clrcular-asc gears are conformal geacs of convex concave tooth profilc
fn transverse plane and convex convex tooth proflie In axial planc - Conlact ts UieoreUeally at a
polnt, which under load becomes an ellipse . The cillptcal aren of conlact moves In adal dircclion
along Ure tooth face at a fixed height above e rool of (he Leeth as shown In Fig (1] .

2 - Flash Temperolurs Equalions :

Lel the x- ax!s be the moving direction of the ellipsotdal heat source. y- axJs aleng the tooth
helght . The z- axis towards e inside of a semy-Infinile body, and the surface of the leelh arec z = 0.
The vate of heat q generated pec undl area in unil Ume distribules fromx =2 -3 lox=a.andy=-b (o
y= b . The beal source Js assumed Lo move aJong e toolh face in x- direction .

The quanuly of the hieat source is glven by the Hertzlan elasUe contact siress P(x.y) . sliding velocity
belween gear leeth vg and the coeflicienl of frictiony.

a(xy)=1/3 ¢ plxy) lvg! )
Consider Lhc case where the heat source moves on e surface of the semil - infinile body , and assume
Wie bulk Lesnperature 1o be zero . When a beat source @ is glven on e surface x= £, y=y al Ume (=1,
«Ure teraperature 0 at polnl {x. y. 2) and at Umc L= Is expressed In the lonn
( (x-X)2+y2+22 | )
2mycle(t-1) CXp Ak (t-T)
Fig (2) shows a heat source moving on the surface of Lhe tooth along the path of contact. U we take the
center of the elipsoldal heat source al the slarling ol ingshing (L = O} as the orgin of the x - axls . (he
cenler will be al x= x, at L=l. Usirg caualion (2}, Lhe tempcrature ol the point P (x.y, z) at t=L Is

oblajined by sumwnallon of lemperature rise caused by Uic heal source q Ax ¢ly dt al each instanl ftom
t=0 to L=t

1 l di X +a  yprb . ; ) 2, 52

e X, Y, Z, Y= —_ S . v Y. i _ - + -

0920 = oo OI t ,(L ,,_Ib a(x-fuyexo - Sgmy— ook
The surface temperalure at Ure polnt pix.y) {z<o) al tme t=lt

' t d!- X+a yi+b ( . 5
- - - X-x)2 +

O(x,y.1) = = - %, ~ )2+ Y _ -

by 2wyek oJ H xrja Y|.J‘b a(i-fyhexed 4k(1-1) }d-y o (4)

Introducing Uie lollowlng new variables duc Lo an Lnaginary singular point at tat
a-Lef A={t-02  then ot =-2xdx,

b- Let = XX e X = -
E AR then dx NR)\dﬁ,
- — *l—_ o (
c- Let n= Nk then dy=-2Jkidn,

By subsUtuting these vartabies in Ure cqualen (1) and delermnunlng (e Umils of inlegralions. we
can obtaln the lollowing cquation

£ - X-x+a E X-X-a
YT v T ovia
_ b _ b
RPN U P Wiy
4 v Eu My
.x6(x.y.t)=$_[ aan q (x- %2R 5, 2 VK An, t-A2) e xp {-(€2+02) } on o (5)
o &

it q fs the rale of generaled heal between the conlacling leeth and ¢ Is the local partiion of
heal. the ¢ q Is (e anount of heal Nowing Iilo tooth 1 (pinfon) and (he remaindec (1-9) g
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/ laAtnoload  b.Atfull load

d-Isemefric drawing for the mafing feefh
Fig(1)Geomelry of feeth profiles before and affer loading

Rgl2)Moving hedt source
along the foolh face
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Nows Inlo loolh 2 lwheel) . Then the surface temperature rises of (wo (ceth are ablalned (rom
equation {5) as

' EU Ny
0 (x.y.0) ]ldl [ | oaexplg+m? }dnug] (6)
IT‘(C &
Vi Sy My
0 (¥, yt)—[-—Jx [ Jo-®aexp{g+nt)ydnce], @
° & m.

where x'=x-xg
The surface temperalures of both bodlés arc requlred {0 be equal al cach point In contacl. The bulk
tempceratures of both bodies arc assomed (0 be zcro . so U tmpased condiUon Is

0 (X,Y,1) = By (X,y,) 8

over Lhe contlact band. Thls equation determines tie unknown funcliong.

J - Semi - Major ond Semf - Minor Axes of the Eliiplicof Area of Conloc! :

The cllipUcal arca of contact Is a funclon of the geometry of the surfaces in conlacl . the easUe
. conslanls of Lhe materal of the gears and the normal load on the gear tecth . The seml - major and
semt - mynor axcs of Lhe edipse are oBtalned from Herlz's conlact stress cqualons . The [ollowing
cquations for the principal radil of curvature of the su rfaccs at the conlact poinl are gblained.

¥ ap s consldcred ap={Ry-Rj)

Ri=py=cm=p (9

Ry=py=cCp (10)
r (1+1anf. cosx)3/2

'™ tan2p. sina(1+sino.r,/p,) (11)
r, (1+ 1anf. cosu)3/2

2 (12)

1an2p, sinx(1-sino.r,y/p,)

The rools ¢€) and ¢9 of the quadralic equatlon defining (e cllipteal arca ol contacl , are
dependent on R, Rp.R'[.R'3. and the angle y belween the planes containing the maxinum or
minJmum prinefpal  radil of curvalure and arc given by Use following cquallons

L,

El—_2 Hl+ Fl‘|+ R2+ Fl'2 (f3)
1 1 1 1 1 1 1 1 4

o=z l(m - m (- m+ U - w) (- ) cosaw]®? (14)

For WHdhaber - Novikov gears. y = 0
€1 and ¢ are relaled by the auxdliary angle y,. given by

Y= €os Yeyle) (15)
From the valucs of yy , Lhe constants m and il (n (he fellowing cquatlons are obtained (Roark.
1965: Tumoshenko and Goodier, 1984 )

1.5 PA
Ll ] (16)
£y
.1 1.5PA
b= [L2 7] (17)
g
1 1'\)2 1'1)2 1_
A";g—[ EII *E : ],forlhesmnc matertal =—E°—

4. Contact Pressure Disinbulion :
According to Hertz, the Inlensily of pressure, p. over Liie surface of contact Is represcnted by Uie
ordinatces of a scnu - elipsold constructed on the surface of conlact. thus
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p=r>o\/1 T 32 b2 (18)

The maximum pressure (pg) exlsts al the cenler of the sutface of conlact. Since the lota) teolh load
P. is cqual (o (tie volume of Lthe seml - ellipsold.

2
P:3— nab p, (19)
from (s expression the maxhnum pressure. Pg Is found to be
P
po= 1.5 b (20)

5 - Sliding and Enfrolnment Velocilies :
According to Dyson, Evans and Soldic (1986) Whe entraJnment veloclty §s Lhe mean of the
surface veloclles rteJative to e point ol contact ; thus -

up = wr (cot2p + cos2u)!/2, } (21)

w . .
up = 5( 1 -G (py-%X") wrsina
are e componenls of e entratnment velocity. The absolule magnitude ol Lthe sliding velocity Is
vs= w(1-G"Y(p;-x") (22)

4 - Time of Meshing :
Contact rallo for W/N circular - arc gears 18 equal Lo toolh advance / lransverse circular plich
(Fig(3-a))

CR . P, =F 1anp (23)
By dividing the equalon (23) by Lhe vclocity
CR . 'P = l[ . (24)

tp = Ume of meshing lor single pair = 1/Nz
[ = tolal Ume of meshing = Ume of meshing (or single pair + (olo) Uae of meshing for double pair
(2t")
CR.tp=1p+2t*
~2t* =CR. tp - tp = 1/Nz (CR -1)
Then. Ume of meshing for a double pair (n contact al Uhe start or cudd of contact is .
= 1/2Nz{CR-1) (25)

and the lime ol meshlag at any zone of conlact Is given tn Fig (3 -b).

CALCULATION OF THE FLASH JEMPERATURE

The flash lemperature on W/N clrculgr-are gear leeth caused by [ricdonal heat can be obtatned by
substiluting the equalons (1).(16). {17).(18). (22) and {24) to equalons (6) and(7) and then relatlng
equalion {8). This solullon Js [ound numnerically. The meshing Ume (s divided into short Intervals
At and the unknown funclon § Is detenmmined slep by step (rom (=0 to any (bme tet; that is .In the
casc of t= Jat (j=1.2.3......). equation (6) for pinion can be approximated in the following
polynominals {Chency and Kincald {1980} and Gerald (1978)).

0,(x ¥, JA()—[;‘Y: ):I[(K G+ (Vrat- o-0s0) 1], (26)
[Kr— «J Datdl Xy, G-0a g { XLy, G At Jexp{-(€2+72)) dy d§]| (27)

[, 4\F\J)At¢(x,yJA1 )q (X, ia 0] (28)
Applylng the (rapezoidal rule to the equation of (K],

NI
[=2n3 S+ s (29
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Figl3-a)Contact ratio

Figt3.b)Time of meshing along tre footh face
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wherc

§ A .
[si= [ V(a1 6 thi. (=086 q (& Ihe, (i-0) 81 expf- (€2 + (Ihy)2) ) &),
Also a[?plylng Lhe (ropezoldal rule Lo the equallon of sj

[ 1 N2
Si=7he m2=1 (Qm + gm-1)]1 (30)

[qm=.\}(j-r)A| ¢ { mhz, thy, {j-r) Aty q {mh2, thr, -r)8 1) exp { - [ (Mh2)2 « ()2 ]} ]

Similanly, for the whee)

0y, y, jA 1) = [ :? DK+ Ky (Vrac- Va1, (21)
r=1
ﬁu u - . ar .

[ke=a | VGO8 {1 0(%, v, (080} G (£, v, (-181) expl-(E2n2)] dn d&]; (32)
[ico = aNm jat{1-0(x.y. (A0 a (X.v.il) ], (33)
Applying Lhe LraPczosdal rule to the equalion of |Kr)y
[K.=21"E€(S| + 501, (34)

iz
where l

&y - -
[s1=af Vst (1-9(% h, (0801 a (X, 11, (008 expl-(E2 (h1)3) c& ),

Also applying the trapczolklal rule to the equation of [$4)7

1 N2
[St=3 1 5 @n * Gm-n]2 (35)
=1
whera "

[qm = \f (-0)at { V- ¢( mh2, Ihy, (-r)AD} q { mhgz, Ihi, (j-r)at} exp{-[( mh2)2+ ( In1)2} } ]2

Fror these equalions and equation (8). ¢{x', y. JAU can be determined.

A flow chart of Uie calculations Is shown in Fig (4).The loop concenyng J Is for he meshing
time, the loop concerning M Is for the position over the cliptical arca of contact along Lhe (ooth
face x-direction and loop L concerndng the second dimenslon of the elliplical area of contact along
the tooth height In y-direction . In the case of calculatlons J=400,M=50 and L<50 to lasure a
maxdmum accuracy . This wortk §s progranuned with Forlran and run an te VAX Compuler system
under VMS operatlng systern.

THEORETICAL RESULTS AND DISCUSSION
1- Effect of Toolh load:

Fig (5) shows Lhe change of Lhe Nash temperature divided by Lhe coeficient of friction with the
changc of the applled tooth load at different running cond#tions ani gear varlables (speed. medule,
radll of curvature, conlact ratlo. helix angle. gear ratlo and number of Leeth). From Lhls figure )t Js
clearly shiown that the flash temperalure Inereases wilh frncrease of Uie applled Looth load for all
running conditlons and gear varfables. Il Is noticed thal e quaniily of the heal generated and
lemiperalure increased with incrcase of applicd toolh load and thls could Le attributed to the
ncrease ol Herlzian area of contact and conlact pressure uader load. This ts indicated fn Fig (6).

A curve filUng for these resulls has been found using Grapher Solt ware which gives Use {ollowing
equaton

0/ = ( 0.01-0.177) P(0.802-0.979) (36)

cs of constants given in Uhis cquation depend on the varlety of Uic running condjtlons and gear
varlables. The {itting equatlon for cach curve is indfcaled In Fig (5).
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| Stor! |

Inpul dala
v, ¢, E. k. v, Ja, lable of y,, m, n*

Fead variables

Load, Speed, Module, Helix angle, Radius of curvalure p,
Mismatch, Contac! ratio, Gear ralio, Number of leeth

[ Calculale the radii of curvalure in transverse and axial planes |

| Calculals the sliding velocily ]

[ _Calcuiate the meshing tme for the looth |

[ Calculale the meshing lime for single and double zone of looth conlacls |

Loop J “— _Delermine the iime step |

| For double zone of looth coniacl put p = p/2 |

]

|_Caleulale the semi major and semi minor axis of the elliptical area of contact 3, b |
|
Delermine the himils ol inlegrahons
Calculate the siep value along the semi major axis.a
Calcvlate the step value along Ihe semi minor axis, b
|
Solution ol the equalions
L $u My
A2 [ ] e qexp((Z+n?))dna],
él ol '

6, (X y, 1) = [i/c

Do,

a7 reraexp (Een? ) on e,
ST
8, (x~y. l)= O03(x,y,1)
|
Loop L J| Coniiniie J
|

———Loop M——————— Continue |
I
‘De{ermine the value of ¢—|

By (. y, )=
v =l |

|Dcternu'ne the flash temperature 6 |

= | Contnue |

e

Write the owput data |

|
I Continue j

| IOE l
Fig (4) Muin flow chart

End
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2- Effoct of Speed of Rolalion :

Fig (7) shows (he ehange of the Nash temperalure divided by Lhe coeflicient of Iricllon wilh Lhc
change of the speed of rolallon al different running condltions and gear variables (looth load.
module. radil of curvalure, hellx angle. contact ratfe. gear rallo and number of Lecth). From ils
figurc It can be shown What Uhe flash temperaluse Increases with a decrcasing rate of Increasce with
jncrease of Lhe speed of rotallon. This could be explalned as follows :

WK Lhe titcrease of rolating speed, the silding veloelty Increases which accocdingly Increases Lhe
amount of heal (cquallonl) and the Nash (eaiperature. On (hie other hand, with te Increase of speed
of rolation the Ume of conlact belween teeth along the path of toolh contact decreases. which
decreases {he flash lemperatore. ) : )

_A curve fiting Tor these resulls has been found using Grapher sofl ware and which gives the
following equatlion

Ofw = ( 1.1-152.2) N(0-321-0.39) (37)
Ranges of conslants glven in Wyis equation depend on lie varlely of the gear vartables and running
condJuons. The [itling equation for each curve is Indicated In Flg(7) .

3- Elfect of Module :

Fig {8) shows e change of Whe Nash tenperature divided by the coelliclent of [riction with
the change of the module at duTerent running conditions and geas variables . Jt s nollced that wilh
fncrcase of module the Nash temperalure and Ihe amount of heal Increrase for all running
condlUons and gear variables, This may be due to (he (ncreasc of Heriztan contacl pressure and area
of contact Fig{9) (heal generalion tncreascs).

Curve fltting for the obtalned resvlts was doac and the [olowing relatonship belween the Nash
lemperalure divided by the coelMefenl of friclion and Uie module has been obtained.

o/u = ( 1494-259172) m(0-3-0.979) (38)
The ranges of constants in this equallon depend on Lhe varety of the running condltions and geas
varfables and the equation fos cach condition Is Indicated on Lhe appropriate curve shown (n Fig(8).

d-Etfec! of Helix Angle ;

Fig(10) shows the change of Uie (lash lemperatore dtvided by Lhe coelliclent of [riction wilh the
change of 1he helix angle al diferent running condUons and gear variables . These curves show that
NMash temperature slightly Increases with laereasc of the hellx angle of W/N circular arc gear at al
running condlUons and gear varlables . This may be due Lo Lhe following:

WIth Increase of heltx angle the Ienglh of (ooth face Incceases, accompanied by an fncrease of
accumulaled heat gencrallon and lemperalurce due {0 increase of lolal time of mesh. On the other
hand, with ncrease of hellx angle. the Hertzlan contact pressuce and zrca of conlact decreases as
shown in Figl11) which decreases the heal generallon and the Nash temperaluce. Accordingly, e
(lash temperalure slightlly Increases with the increasce of the hellx angle .

A curve filng for these resulls has been found giving the following equalion

0/n = ( 63.9-2463) 0(0.0619-0.279) (39)
Ranges of constants given (u this equation depend on the varlely ol Lhe gear varjables and the
rurning conditons. The Niting equalon for each curve is Indlcaled In Flg(10}).

5- Effecl of Rodius of Curvaluie :

Fig(12) shows the change of the Nash temperature divided oy the coeffictent of {riction wilh Lhe
change of the radius of curvalure ol Lhe plrdon Looll §n (he transverse plane for W/N clrcular - arc
gears at dWeren( running condillons and gear vacdiables. ILIs very clear that Lhe flash temperature
increases wilk the increase of e radlus of curvature. The rale of Increase I5 high (or the smaliest
vaJue of the radlus of curvature and decreases with an lacrease of the radius of curvalare. This may
be becauss. wilh increase of the radius of curvalure of the pinlon tooth, all radll of curvalure of Ue
pinlon and whecl teelh Sncrease, dimensions of the tooUs Inercase. and the contact pressure and
Hertztan arca of contact increase as slhiown in FIg(13). Accordingly. the quantily of the heat
gencration and Uie (Jash temperalure Increase,

Curve filtng lor the oblalned resulls was done and Whe followlng cquallon was oblalned

8/u = { 1322-839710) p0.735-1 (40)
The ranges of constants in Lhls equalion depend on the vanely of the running condittors and gear
vartables and the equauon for each condllion Is indicated al iLs allolled curve shown h1 Figl12).
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Complete formn of Lhe Mash (emperature equatlon was deriven. This equalion contains applied
Loothy Joad. speed of rotalon. module. radlus of curualure of {he pinion tooils, conlacl ralo and hellx
angle,

o = C P 09725 NO.38 mD968 ;0994 (CRO-706 [0.193 (51)
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APPENDIX 1 .
Value of the Constant"C"intheFlashTemperature cquation

Condition A Condition 3 Condition C Coudiliopn D Cnl.luiiion o
G =0.25 C G=0.3S C G=1 C G=1l C G=5 C
= L7y =29l = 2/ = 2/Z) = 2907
12/48 1.428 16732 | 2497 505 5.405 54018 9.444|  T0N4 25.06
15/60 1.137 24/48 1.649 35738 1824 -66/22 7.675 85/17 20.43
18172 0.9434 30/60 1.31 45/45 2.949 _ 7224 7.014 90/18 )8.84
Condition A : [ a1 40kN, N = L0C00 7pm, m =002m, B =450, p, = 006m.  CR=1.4 and G=0.25
Condition B : P =30kN, N =7000 /pm, 1 =0012m PB=38° p) =003m. CR=13 =8  G=05
Condition C : I'= 20KkN, N = 4000 rpm, @ = 0.006m, =309y =0012m, CR=1.2 and G=1
Condition D 1 P = 12.5KN, N = 2500 rpm,  m = 0.004m, B =20 Py = 0.006m, CR=1.125 and G=)
Condition E : D = SKN, N = 1000 rpm. m = 0.002n, B=10% 0y = 0002, CR=105 ad G=5



