
r\.iansoura Bllgine aring Joumal (MCJ) Vol. Hi, No.2, Dae. 199 J 

FLASH TEMPERATURE FOR WIN CIRCULAR ARC GEARS 

Ahmed M . M. fl Boh/oul 
Assoclale Professor, Facully of EngiftecriJl{]. 

Mansoum unlversi(y. Mansoura , EGyPT . 

J.,s:..J Y - .m-'JJ.J':"l.:..:.-1 ~'V"!-;J 'i J f .... ~ J J 

;";Jftl<Vl.ul;.L:.. ~ ",I; 

M. 71 

~1 lioJ . .,::..1.:.:..JI <.I\.;...)0 ;u.-:JI LJl.i....I..I;.; ~ .J~~I""; .1;..1.; ..,:11 J..I...-JI i"i V" iJ.>.iJ ~ .)1.>JJ1 ..... WI ;} .... ~.J' <.I! 

.Y--.)! ~ .:11;-, i,V,)J1 i.";I,L!I ,jL.YI,:..I~ JH";_dJJJ":"L:..J .)UJJ1 ..... UI '.,J.,.. ~.Jl ..Ij:~ ,-,1..l<...,.....!.u ~ (~ 
,-".......,JI j..J.1 t./'.J ..:..~I V" r,oJl 141 ~li..:..I~ Jf.J;';"" j$J o..IJ..,.:.11 .).).1 <......s;.;,~ "4-:5 ) ... ,a)'I'..) 1.i>.i ..!.l......-d l :}.).1 

t,......; • '~I' ..... L.:II 4--= .i...;.,)J.I......,}J1 ~Ij .~ .,....,.<..:Jl)aJ ............ J.)!,)! . ..:..l.:.:-..JJ i.,.;1.J....lI1 ....... .,.-l1 ,~I.)-c- ;;1.1 

Y t" ~l:..-, ~f t" iJi,.JJ1-r).;J\ '.JI~ o4-.rI iJ:..:J1 ~l..::J1 .,j\.;...'11 .M.<- dJ.i!J":"L......lJ ,j~)0 1 ,JJ,.) ~I 

i-".,.. 1..:.J' 0! ;,,"""""J!l ;""":"!.u v .. .hL......,p. J,..-.u dll.J ..:..L,.:.....:JI Js:J (Curve fllLlllg) J...<. ,oJ dJ .15 .. ~UI ~I .;..~ 

: t./'-' ~ t' ...:.1.r.-81 y, ..,J;..>JJl ....... ~li}? ~..,.1l .. t.1,.... (~! t" dljj"J '..u.'p .,.;.:.. JS'J ...)..>Jl1..,.UI 

611 = C P 0.9725 . NO·389 . mO.968 . pO.994 . CR"· 700 . /1'.193 

~,* I t.rll I»~.J J.,..-.....:JI '-'- ...... ~.J.)WJI v-')l.:J1 iJ .... 4 ... , ..,.,L-.o..i.,.i...,J ~!...,4 J.r-.: a..:.-, .I,j J!.i ... "WI ,;" 

, oU .:IJ.iS ... ,,:,,~.;I.:...'1I ~ "'; ~1 <.,....; ~ t' .;.....tI1 ...... :;cl! :A,..~..,JJ ,/,i No '.t":J r::~I"':'Ri.:JJ.iS . .,::..~I <.r' 

ABSTRACT ; 
. t,.-.;; ,)L.. y! 

T11C flash tcmperafure I.s one oj l.lIe Importm1l.Jaclors Jor euaulaHng lite scoring resIStance! of tile 
gear teetl t . Tn tile present paper. a numen:calisolulfOli of (he jlash temperature Jor \V IN circular · arc 
gear due to moving Ileat source Ls done trueing into account lhe parlilionin[] oj IIIC heat in the contact 
ZQile to ead,tooUt and al/llte varlDblesJor 1112 design of (il Ls lype of gears. TooU, load. speed oj 
rotatioll, module. radii of curva furc . Ilellx angle. gear ratio . number of /.cell i and contact ral.io 
are considered. The tl teOrelical res ults oj lite flash temperature are presented and d IScussed wllh 
[he above I;ariabtes. A curve fitung of the results is done Qlld the fol!wmg jormula deriued for 
Ule jlash temperature 

811 = C p 0.9725 . N O.389 . rrfJ·968 . pO.99-1 . C[?!)·706. /1'. 193 
This jOfTliuta represents a simple tool for Ule designer to calculale the flash temperature lite 
corresponding load canylng capaclly and life oj lite ge(J' are delcmllned. 11l.C stUdy also s hows 
that (I tere is a certain minimwH /Xl /ucjor fhe flash lemperalure wllh Ole cllange oj file gear rotiO. 

NOMENCLATURE 
English Alphabet 
D. semi · m<1J or axis of Ule elllpucaJ area or conLacl , m 
b scmJ • minor axJs or thc clliptlcal area of contact . m 
c speciflc heat of gear material. KJI KN. deg C 
c· and c· constant In Ule cqU<1Uons. 
C conslantln UlC nas h tempera ture equaUon and given In oppe ndlX I 
CR contact mUo I ove rlap mUo ) 
E Young's modulus of gear material. KPa 
P [ace w idUI of U1C gear. m 
C gear raUo 
j mechanical equivalent of heat, KN. m/KJ 
k dtJruslvlty of gear mnlerlal m2 I s 
K cons ta nt [or Ule equaUons 
m module . nI 

m canslant dependJng on Ule raUa '" I:;/{I 
N s peed o[ rotaUon of Ule pin Ian. number Q/ revolul!.ofis per min 
fl constant depending on Ule mUo ., £7{J 



M, 72 AIIIlled M, M, C::l Doldoul 

p Herl7.'s conlacl pressure. KPo. 
Po lhe max.lmum pressure exlsLs <lIthe eenler or the elllpUeaJ area of eonlact , KPo 
Pl lronsverse circular pilch, n! 

l' noml.:"11 tooUllood . KN 
q rate or gcncrated heat per un" area, per ul1lt Ume , KJ /rn2.s 
Q heot source 
rJ ond 1"2 pitch radIuS orthe plolan and tile wheel. nt 

R I . 112 . R.I' and R.2' pnnelpal raclll. of curvature at lhe contact polnt.m 
I UJne of mesh. 5 
ul and u2 cnt.ra.inment Velocity. m/s 
Vs slJdlng veloeJly . m/s 
x..y and z cartesian coordinate syslem 
xt pOSition of the e<:ntcr orlhc movIng heat source at time 
X moving coordinate system wh ose orlgln Is Uu: ccnter of heal source 
x· constantin Ule equallons 
7, 1 and Zz number of (eeU) of lhe plnlon and UII: wheel. 

Greek Afphabel 
a: pre'$Sun: anGle, dcgrFe 
~ helL'C Mgle • degree 
'/ speelfk weight of gear matertal. Kg/m3 

q and (2 rooLS of Ule quadraUc equaUon denn1ng the contact surfaces 
I") constant In lIlC equaUons 
o nash temperature. OC 
), constant In th e eQuaUons 

J.I coefTlelent of friction 
\l Poisson's raUo of Ul(~ gear materia.! 
~ constant In the equaUons 
PI prorue mdJus OrUle pinIon tOOUI. m 
P2 proruc radIus of Ule wheel looUl . m 
.6p mismatch In radius of curvature of the toolh profiles of the pi nion and of the wheel In 

transverse plane, 
(i coefficIent of local parUUon of heal 
IV angle bdwecn UIC planes containing the maximum or lhe minimum principal radius of 

curvature 
'VI auxiliary angle dependent on c! ami E2 
(I) angularvcloc.lly ofUlcgear rodIs 

INTRODUCTION 
Gear systems are being used more frequently al high speed and heavy load, and SCOring 

reSistance of gears has become an Imporlant factor In e\'aluaUng th eir strengUl Generally. 
scorIng Is considered to be rc1atl::d to Ule Ins ta.ntaneous temperature rise on tooth surface C .. luSed by 
frie Llonal heat . and lhls concept of nash temperature Is recommended by AGMA 2J7.01 a<; lhc most 
reliable means to detennlne the seor lng res istance. TIle tota l temperature In the contact js the 
slim of the bulk temperature of the gear and lhe flash temperature. 

The flrst IheoreUcal s tudy on the flash temperature caused hy frlcllon between two bodies was 
done by Slok In (1 937). He assumed onc- dimensional heal now which leads to a simple and 
eUiclent approldmale equation on nash tempcrature . A sImilar study was ruso done by Jaeger 
(19121. 

More detailed studies were done by Holm (1948). Bowden and Tabor l l 950 ) , and Nakada and 
HashImoto (1963). Archard 0958-1959) has also referred to both elastic and plastiC contact .The 
mosl recent studies were made by Synu"U (1967J who detennlncd U'e nash temperature and pfUtlUon 
of generated heat between two rubb lnc bod ies numerically. Tobe and !{alo (1974) examined 
unsteady concHUons In lIne conlacts In which Ule Intens lly and veloclly of the moving he;.1 source 
change Ins lantaneously at It moves th rough the contact . Terauchl and Mort (l974) col.s ldered 
effects of drnam le load on nash temperature under the Innuenee or different load - s)>eed 
conditions. 

Roylance and Alkaleb (1987) delennJned lhe su rface temperature com[loncnts. bulk and n~sh 
temperatureS. during a rour - brul operation. 
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Thc !nOlln purpose of the present wo rk Is to delermlne the ronnula of the nash temperature of th e 
W/ldhaber I Novlkov (W I N) circular - arc gcars aJ\l.Ilhe parLHloo of hcat Lo boUlleeth wlL'lln Ule 
contact bani.l . Also Ule Influ ences or the applied LooUI load. speed of rolallon . module . helIX angle, 
radII of curvature. gear raUo. number ofteeUI and COlllael ..,(10 are sludled . 

ANALYSIS OF THE FLASH TEMPERATVRE ON WIN CIRCUUlR - ARC GEARS 
I - WI N Clfculof - Arc Gears ; 

Wlldhaber Novlkov rW I N) circular-arc gears arc conforma l gears of convex concave looUl pro rile 
In trnnsverse plane a nd convex convex tooth pronJe In a:dill plane .. Contact Is UH:oreUcaJly at a 
polnl. whiCh under load becomes a n dUpse . The elllpUc..-u area of conlact moves tn a.x.Ial dLreclion 
Nong lhe lOCUI face at a fixed height above the rool 'of the tCCtil as SllOwn In Fig 11) . 

2 - F/o.sh Tempera/ure Equalions : 
Let Ule x- axis be lhe moving direction of tbe ellipsoidal heat soarce. y- a.xJs along the lootll 

height . Th e z- axlS towards Ule Ins ide of a seml·lnfln ltc body. and thc s urface of the (ceUI are 7, = O. 
The rate of heat q gene raled per unit area In unll LJme dlslribulcs from x ,. - <l to x = a . and y :: - b lo 
y .. b . The heat source Is assumed t.o movc along U)e lOOU1 face In x- dIrection. 
The qUi\l1Uty of U,e heat source Is gtven by lhc Hertzlan e1asUc contact Slress P(x,y) . sliding velocity 
be.tweclI gear teeth Vg and Ule coefficient of frle UOIlj.t . 

q(i<,y) = l /j Jl p(x.y) IVgl (J) 
Consider Lhe case where Ule heat source moves on Ule sun3ce of the senl.l. • Infinite body , and assume 
Ule bulk lemperature to be zero. When a heat source Q Is gillen on the surf<lCc X" X. y:::y at UOlc 1.1 , 

,UIC telilperature 0 at pol.nt Ix. y, z} and at Ume b.t IS ocprt$SCd to Ule fonn 
Q (X-x)2+y2+22 

a = 2~yck(t-i) exp (- 4k(t-1) ) (2) 

Fig (2) shows a heat souree movlng on Ule surface of Lhe tOOUI along the path of contacl. [[ we take Ule 
center of the cJUpsoldal heat source at UIC s larung of Illcshlng (t :: 0) as Ole ongln OrUle x. • axIS . Ule 
center will be al x. Xt at t=l. Using equallon (2). Ole tempcrature of tb e point P Ix.y. zl at t::t Is 
oblaJned by sumHlalion or temperature rIse caused by Ule heat source q <.Ix (Iy dl :.It each i.Ilstant from 
t:.o to t .. t 

I ' 
6(x,y, z,I)=-- f 

2It)'Ck 0 

_ x,.J.Oi YI.b _ 

dl f j - - - { (X-X)' + ~2 + Z'} -f.T q ( x - x" y, I) e x p - 4k(l-l dy dx 
xl,a y.,b 

The surrace temperature at Ule point p/..x.yl (z.oo) :ll Umc t .. l 

I ' 9(x,y,t). - f 
2ltyck 0 

_ xrt3 Yl~b 

~ f f - - - {- (x-x)' + y' } -
1-' q (x - x" y, I). x p 4k(t-l) .dy dx 

xra y,.b 
Inlrodue lng Ule follOwlng new variables due to an Imagin ary Singular point all .. l 
a - Let !. = (I _})'12, . then di = -2/.. d)', 

b- Let 

c- Let 

x-x 
~ • {4k}.' 

n _-'1.
" - {4fi).' 

then dx = - 2,{k}'d~, 

then dy = -2,{k1.d~, 

(3) 

(4) 

By subsUluUng Ulesc varia bles In Ole cquaUon (<1) and delc rmlnlng lhe Umlls of Integrations , we 
can obtai n Ole following equaUon 
t _ x-x,+a _ X-xCa 
'" - 21K1. ' ~,- 21K1. 

y,+b y,.b 
~". 21K1.' ~,= 2,{k\ 

4 VI ~u 'lu 

.' e (x, y, I). - f \d). f f q (x - x,-2,{k \~, 2 1K \~ , I _).2 ) e x p {-(~, + ~ 2» ) d~ d~ (5) 
1t)'C 0 ~, 'II 

If q Is the rale or generated heat belween thc conlacUng teelh and 41 Is Ule local paruUon or 
heal. Ule (I q Is Ihe ::1!nou nl of heat nowlng Illto tooth 1 (plnIOIl) and lh e rcmaJJl<.\er O ·¢') q 
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nows Into tooth 2lwheelJ . Then the surface tt:nlper<llurc rises of lwo tcdh ilJ'e obt<llncd from 
equ ;;lUon 15) as 

.fi ~u 1'Iu 

O,(X,y, I)= [ ..i- J AdA J J ~qexp{-(~'+~')}d~dd, (6) 
rr')'C 0 ~I 111 

4 -Ii ~u '1u 

e,(x',y,I)=[- J AdA J J (1-~)qexp{-(~'+~')}d"dd2 (7) 
n:)'C 0 ~''''I , 

where x'-x-xl 
The surface temperalures of both bodles;)J'c rC(julrcd 10 be t:quru <ll e;)cil point In contact. Thc bu nt 
temperatu res of boU} bodies arc assumed to be zcro, so Ule Imposed eomUUon ' s 

0, (X,y,l) = e, (x,y,l) (8) 
over the contact band , Thls' equaUon detennlnes Ule unknown runcllon~. 

J - Semi - Major and Semi - Minor Axes ol/he Eli/plical Area of Conlacf : 
TIle eUlpueaJ area or contact Is a funcUon of Ule geometry of Ule 5UntlCCS In contact, Ole cJasUc 

, consLanls of the m<llel1aJ of the gears and the noml:U load on Ule gCOlT teeth. The semi - major and 
semi - mJnor a.xes of Ule e Ulpse are oHlalned from Herp: 's contact slress equ ... Uons, TIle followtng 
equaUons (or Ole prtnclpal radU of curvature of lhe surfaces at U1C contact point are obl.a1ned. 
Ii Ap Is eonsltlered; 6P"iRrR,l 

RI=PI =c·m= p 

A2 = P2=CPI 

(I (1+ lanp , COScr.)312 
R' , = --'-::':,--==-'-'-='----,

lan2p. sina(1+sina"l/pt) 

(9) 

(10) 

(11) 

r2 (I + lanp . cosa)3/2 
~= M tan 2p. sino'( 1 -Sina ' (2/P2) 

The roots £) and £2 of lhe quadrauc equaUon defining th e clHpUcOl ) arc;) of contact, are 
dependenl on RI ,RZ,R' I.R'Z, and the angle,!' betwecn the plancs contaIning thc maximum or 
minJmum principal rndll of curvalurc and arc given by Ul e following cquaLlons 

1[1 1 11 ] 
€I = ~ ~+ w;-+ A2+ R'2 (13) 

1[' 1 11 1 1 1 I 
<' ="2 (R;"- R';")2+( R,- R',)2.+2(R;"- R';")(R, - R',)COS2'1'] O.S (14) 

For Wlldhabcr - NOVlkov gcars . ., _ 0 
£1 and £2 are relaled by Ule aux1lla.ry angle 'til' gtvcn by 

'1',= COS " (",e ,) (15) 
From Ule valu es of", ' Ule constanlS m <lJld ri In the follOWIng cQuaUons are oblaIned (Roark, 

J965: Tll1loshenko and Goodier, 1984 ) 

a = m [ l.!,PA J'~ (16) 

b = n' [ 1.5 PAJ'~ (17) 
e, 

1 ' -U,2 l-ul 
A=-2" [---e;-+ E2 ], for tile srune materiaJ 

4. Conlael P,essufo Dislribulion : 
According to Hertz, Ule Inlenslty of pressu re, p, over the su rface of contact IS rcprese n(ed by the 

ordlnatcs of a scmJ - elUpsold constructed 00 the surface of conL~cl. U1US 
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P=Po~ I Xa: - \~ (18) 
TIle maxlrnurn pressure (Po) ex is ts at Ule center of the surface of contact. Since the Lolal lOOUl load 
P. Is cquallo the volume of Ule Semi - ellipsoid. 

2 
P") " " b Po (19) 
from thls Cl\,.1lresSl0R. lhc maxhnum pressure. Po Is found to be 

p 
Po· l.5-

b 
(20) 

no 

5 • Sliding and Enllolnment Velocilies : 
According to Dyson. Evans and Soldh: (J 986J Ule enlr.lJnmenl velOCity Is Ule mean of the 

s urface vclodUes rclaUvc to Ule puint of co~tact : thus . 

Ut =:r (cot2~ ... COS2a)~!2, . 1 
U2 = 2" ( 1 - G-!) (p) - X ). (1)1 Sill a} 

(21 ) 

are the component~ of the entra1(lment velOCity. The absolute magnitude of the sliding l1eloclly Is 

vs. '" ( 1 - G" ) (PI - x') (22) 

6 • TIme of Meshing : 
Contact mUo for WIN circular - arc gc~j's Is equal to tooth advance I transvcrse drcular pitch 

IF" ls(3-a)) 

CR . P, • F I. np (23) 
By dividing the equoUon (23) by lhe velocity 

CR ' Ip. t, (24) 
tp = time of meshlng for single pair .. I/Nz 
tt .. lotal Ume of meshIng., Ume of mes hJng for Single pair -i- lola) Ume of mesh ing for double pi'IJr 
12t ') 
CR . Ip • Ip + 21' 
:,21'· CR. Ip - Ip. liN, ICR-1) 
TIl en, Ume ofmcshlng for a doublc paIr In contact at U1C start or cl!d of contact Js • 
t'. 1/2Nz (CR - 1 ) (25) 
an~ Ute lime of meshing at any 'Zone of eonLacl _Is given In Fig 13 -b). 

CALCULAffON OF THE FLASH TEMPERATURE 
TIle nash temperature on WIN circular-arc gCaT teeth c<lused by frlcUonal heat can be obtained by 
subsUluUng Ule equallons 0).(16). (17).(18). (221 and (24) to eq uaUons (6) and(7) and then relatlng 
equaUon (8). ThiS soluUon Is found numerically. The meshing UllIe Is divided Into short Intervals 
ot and the unknown funeUon t Is dctennlned step by s tep from t .. O to any time t-t; that is .in the 
case of t .. JOt U=] .2.3 ..... .1. equation (6) for p inion can be approx:lmalcd In the following 
polynORllnais (Cheney and KIncaid (1 960) 3Jld Gcrald (1978)). 

e (i, y, j6t) • [ .l.. tl(K,_, + K,) ({;M - --I (,-1)61 ) 1], (26) 
I 1t"(C r_1 

[K,.4 i" ;"--1 (j-,)61 91 x', y, (j-,)61) q I , ', y, (j -') 61 I «pl -( ~2 + ~2 )} d~ dd I (27) 

o " 
[Ko = 4 {; ..[j6t$1 x',y, j 6 t) q (x',y, j 61}]1 (28) 

Applying lhe Lrapc7..oh..laJ mle to UlC cquallon of II{rl j. 
NI 

[ k,=2h , ~ (s,+s"il , I., (29) 



MOII .~ouro Ennillcerillg Jounlui (MEJ ) Vol. Hi, NO.2, I)ec, 199 1 

- --\ V. wr 

~F----j 
FigI3_a)[onlad ralio 

" , 

Figl3...b) Time of meshing along fte Iooth face 

AI. 17 



M. 78 Ahmed M. M. EI Uahloul 

whe re 

o 
Also applyIng the lrOlpelOldOlI rule: 10 the eqllalJon or sl 

[ 
1 N2 

SI"'2h2 L (Qm +Qm.l)]l 
m .. 1 . 

(30) 

[ qm ' "(j-r) 0 1 * {mh"IIl' , (j - r) Ol} q {mh', Ih ', (j -r )01) exp { - [ (mh,)' + (lh1)'] }], 
Simila rly, ror Ule wheel 

2 -
e,(x', y, j 0 <) = [- t(K,_, + K,) (~- " (r-I)OI ) 11 , 

rcyc 1= 1 

[K,= 4 ~J r" "(j-r)61 ( 1- N x', y, (j-r)ol)) q (x', y, (j-r)ol) exp{- {I;'+ ~ ')} d~ dl;l, 

Applying the trapezoidal rule to the equaUon or IKrl2 
N, 

[ K, .2 1" L' (S , + S,_' )] ' 
1; 1 

where 

[ 51 = 4 't "(j-r)ol {1- ~{x', Ih' , (j-r)ol)) q {x-, Ih' , {j-r)ol} exp{-{!;'+ (lhl)'I ) dl;], 
o 

Also applying the lrapezoldal rule to Ule eQU :ltlon of lS!h 

(31 ) 

(32) 

(33) 

(34) 

1 N2 
[5, '2' 1>, L (q rn + 'Im-,)], (35) 

m=l 
where 

[qrn . "(j-r)OI{ 1- ~(mh',lh " (j-I)ol)) q { mh" II", (i-r)61) exp{-I( mh,)'+ ( Ih,)'])], 

From these equaUons and equaUon (8). t(x', y. JAli can be delemllned. 
A now chaiL of lhe caJeulaUons Is shown In Fig (41.The loop conccmlng J Is for Ule meshlng 

Ume. the loop concerning M Is for Ule posilion ovcr Ule eUipUcal area or contact aJong the tooUl 
face x-dlrecUon and loop L coocemlng Ule second dimension of Ule elUpUcaJ Olrea of contact along 
Ule teoUI height In y·dlreetlon . Tn Ule case or r.alculatJons J",400.M=50 and L ... 50 to Insure a 
maximum accuracy. This work Is prograJllUled wlUI Fortran and run on Ule VAX Computer system 
under VMS operating system. 

THEORETICAL RESULTS AND DISCUSSION 
1- Effecl or Toolh foad: 

rig (5) shows the change or the nDSh temperature divided by the coemcle nl of {rlcUon wlUI Ul e 
ehange of the applied tooth 100"1d at (Ufrerellt running conditions rul(l gear variables (speed. module. 
radII of curvatu re, conlaet raUo, hclL~ angle. gear raUo and number or teeUI). From Ul is figure JI Is 
clearly s hown thal lhe nash temperature Increases willi Increase of Ule applJed tOOUI load ror aJl 
running conditions and gear varIables. It Is noUced that th e quan ti ty or t he heat generated and 
temperature Increased WIUI Increase or applicd tooth load and th is could be attributed to lhe 
increase or ButJ:lan area of eontacl and cOI\taet pressure under load. 11llS Is Ind icated In Fig (G). 

A curve fIlUng ror these resulls hOlS bee n found using Crapher Son ware which gives UIC follOWing 
ertuaLJo n 

e/~ = ( 0.01-0.177) P (0.80' -0,9 79) (3 6) 
Ranges or constants given In Ul[S cquallon dcpend on th e varIety of the running condilions and geru
vo.rlnbles. The mUng equaUon for each curve Is indicated In FIg (5) . 
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I Siorl J 

fnputdata 
Y; c, E, k, U, J,a, table of Ifl ' nt, n' 

Read variables 
Load, Speed, Module, Helix angle, Radius of curvature PI. 

Mismatch, Contact ratio, Gear ralio. Number of tee th 

Calculate the radii 0 ·curvature in transverse and axial lanes 

Calculale the sliding velocily 

Catculate Ihe meshin lime for the loo/h I 

I f.!...<1'cvlafe Ihe meshing time lor sinqle and double zone of loath con/acts 
I 

r-LoopJ Determine tile time step 
I 

For double zone of tooth contact I)ut 1)- 12 
I 

CalCulate Ihe semi major and semi minor axis 01 the elliptical area of contact a, b 

Determine Ihe limils of integrallons 
Calculate Ihe step value along Ihe semi major axis. a 
Calculate the step value along til e semi minor axis , b 

Solution of the equations 
,'7 (v 'Iv 

OJ Ix: y, I) . [~ J Ad), I I ~ qe x p {-W+1l'}} dry d~Jl 
nyc 0 ~I rr, 
4 .r; ~u rru 

II·¢} q. x p {·I?'. ry'}} dry d;J, 0, Ix: y, t) • [ - J Ad).. I I , Jr)C 0 
~ , '1/ 

OJ Ix'. y, I} . e, Ix: y, f) 

Loop L 

Loop M 

COlllilllle I 

Comi,we I 
I 

IDelerl1'Jille {he val:le o[ ¢J 
I 

I Determine Ihe flash lemperaturc 6 I 

I Write 

I 
COlltlnue 

I 
lhe Otr/pW 

COlllinrre 
_1 
T~ 
~ 

I 

aata I 

I 

Fig (4) Maill flow charI 
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20 Effect 01 Speed of Rolotion : 
Fig {7} shows lhe change of the nash lelllilcralurc dlvldcd by the coelTlclen l of frl cUon wil h Lhc 

change oC l he s peed of tolotlon 01 dJITcrcn\ running condlUons and gear variables (looth load. 
module. radII of curvature. h tllx angle. contacl rallo, gear ra tio <'I nct number of Lcethl. From lhls 
ngurc It can be s hown ll!a llhe nash lelllpet.llure Increases WI UI a decreasing rale of Increase wil li 
Increase of lhe s~ed oC rola llon. Tills could be e:q)Ia.lncd as follows : 
With lhe Inc rease oC rola Ung s peed. Ule sliding velOCity Incrcases whiCh accordingly Increases the 
.amoun t oC heal (equa tion II and lhe flas h leUiperalul e. On lhe olher hand . wllh Ule Inerc;)SC of speed 
of rOlatlon the IIme .of contact belween teeth along the pat h of tooth contact dec reases . whIch 
decreases the nush tcmpera ture. ' . . 

,A curve ftwng for these resulls has bee n found us ing Grapher son ware and which gives the 
foJlowlng equ ation 
O/~ = ( 1.1-152.2) N(O.' ''·O '''') (37) 
Ranges of constants given In U11s equation depend on he variety of the gear variables and runnJng 
ccndJUons. TIle filling cqua Uon for each curve Is Lndlcaled In Flgj7} , 

Jo Effect of Modulo: 
Fig 18) s hows Ule change Or Ule Oash temperature dIvided by the coeffielenl of CncUon with 

the change of Ule modu le al different runnJng conditions and gear var1ablC5 . It IS noUeed that ... 1lh 
Increase of module lhe nash temperalure and tbe amoun t of henl In crcrase for all runnIng 
eondlUons and gear variab les. ThIs may be due'l o Ule Increase of HeTl7. lan conlact pressure and area 
of contacl Flg(91 (ileal genern Uon lncreascs) . 

Cu rve mu.ng for the obtained results was uone and the follOWing reJalionshlp between the nash 
temperature divided by U' c codDclcol of frl cllon and Ule modu le has bcen obtain cd. 

e/~ = ( 14 94-259 172) m(0.8 · 0.919) (38) 
The ranges of cons ta nts In lhls eQuaUon depend on lhe var1cty of lh e running condlUon$ and geM 
variables and lhe equnUon for c<lch condlUon Is Indicated on Ihe appropria te CUJVC s hown In Flg!S). 

doEtfed 01 Helix Angle: 
FJ,q(10) shows the change of Ule nas h temperature divided by lhe coeffiCient o f fr lcUon w1\..h tlte 
change of the heiLx angle at dUJ"erenl runnIng condlUons and gear varlables . These eul'\:c.s sho\\/ UUlt 
nash temperature sUghtly Increases WIUI Incrcase of Ihe helLx <lngle of WIN c Ircular arc gear at all 
running condlUons and gear varlnblcs . 'fills may be due to Ule [ollowlng: 
WIth Increase of helL-x angle UIC length or looth face Increases. a,ecompanlt"d by an Inere<lsc of 
accumulated heat genera llon and temperalure du e to increas e of tolalllmc of mes h . On Ul e other 
hand, with lncrcnse or helLx nngle. Ule }-I erlzl;m contact pressu re and area. oC contact decreases as 
s ho\vn In FIg(ll) which decreases the heal gene ra llon and OI C flash telllper<l tuce. Accordingly. Ul e 
nash temperaLure sltghLJy Incre<\ses w(U) 1I11~ Increase oflhe helix angle . 

A curvc OtU ng Cor U\eSe resulls has been fo und givIng the follo\v1ng equal10n 
e/~ = ( 63.9·2463) ~ (0.06 19 . 0.279) (39) 
Ranges of constants given In this equalloll de pend on lhe va riety of the ge ar varIables and the 
rurullng condlUons. The mUng equaUon for eaeh curve Is IndIcated In F'lg( 101. 

5 · Ineet 01 Rodiul 01 CUrvO/UfO: 
f'lg!l2) shows thc change of lIle nash lempcrnlure dIvided by the coeffiCient of [ricllon with lhe 

change of Ole radius of curvatu re of lbe plnJon tooth in the tri\ll.Svcrsc p.lane for WIN Circular 0 arc 
genrs a t dlD'eren t runnlng eondillons and gear vnriables. IllS vc ry clear l hat t he nash lempernlure 
Increases wIth Ule Inc re<lse of the radIuS of curvntu re. The mle. of Increase IS high for lhe smallest 
value of the radiUS oC curvature and decreases with all Inc rease of the rad Ius of curvature, TIlls may 
be because. WIUI lnc rcase of th e radIus of cun'ature oC Ih e pInIon looth . all radII or curvature of UIC 
pinIon and wheel teeth Increase. dImenSions of the tooUl Inc rcase. and the contact pressu re and 
Hertzlan a rea of contact Inc reasc as s llOwn In Flg(l3). Accordingly. the qu a.ntity o f the heat 
ge ncratlon Dnd the nash temperature Increasc . 

Curve fllllng for the obtained resu lts was done and the followIng cqunUon was obtained 

e/~ = ( 1322·89710) p(o.m.l) (40) 
Thc ranges of constants In t hIs equation depend on the va rle ly o( the ru nning condltlOl"'; and gear 
va riables and Ihe equaUon (or eaeh condttlon Is Indicated at Its alloUed CUf\'e s hoWTl In Fig(12). 



M. 82 A/lmeel M. /If. £1 Boilioul 

71XXJ 
5000 

1000 

500 

100 

50 

Z~Z' ""I~' 
A ____ ~I" 

~ 
V V,,," 

V _ !."}2-, 
.§ / 1~ " 

\!jJ' , , 
, 

1':!.'~_ 
[ ---.-- 3<;/1<; . ---./ · --~ S/LS . 

/" ---
V- -
l--/ sl./'" 

"""0 :::§ 
r-- .. /21 

EZ:t f-" n/" 
7? 

7t;f 1:"_ 

I-- E f--- ::!f~,:" 

0.391 
8/)1= 15" N 

111.'l{,N -1.38 H 9 , 

S&.{,~~~' 
f--- - -- - Q3S9 -31.91 H _ _ _ - -

~-----o.3S8 -- 3D,LSN ---- -- . -
0.391 

IS.29 N _ ._.- -

-- - -- -- -- --;", i 
H).99~ N ._ . 

,- '- '_ ·0.388 : -- - S·G N .-'-1 ---- - - - i -- -
",,, 

s .2SGN 
U)) N 3&' I 
) .98SI-I0.38S 

, 

l.'16ND~ ----- ,- ;:\7No'1':~ - -----
==-===7" N'(" :l-:"::C-~---'f" 

o -I II)J) 21)J) 40iXJ 60(1) 80XJ 1()XO 
Speed of rota/ion, rpm 

Figl71[hange cflhe flash tempera/(re divi:fed by !he 
coefficient of fricfiCfllfJ/{J1 with speed of rotalOn at 
different running conditions and gwr vanabtes _ 
Condilions A, a ,CtD ~E "It gW'l'lin ~ix I 

- - - - -- -



8 

'" '" 7 '" , 
~ , 
~6 
& .., 
'b 
:!l 5 ;-, .,. 
." .\i. 4 
'" "" 

3 ' t-
~ 

hV 
2 

7f 
2 

/ 
~ 

~ 
~.Y 

r::.~ .... '" 
'/ "'i ",,\ 

~' . 
'" \'l~ 

,~ 

/ // 
y/ 

- '<>9.0/ 
/ 

/, /' 
l'i 

, 
2 4 6 8 10 12 14 16 18 20 

Module, 10-3 m 

f ig(9)[hange of the eWphcal area ofconfad""th /he 
module at dffere7f Illmry cr;rdilions. 

71XO 
51XO i 1 1 'oJI"'~ 

eIJlS:~ 

l.., t-+' I" ''';,;., !!l:::':'B 0 .. ~''\.'Of;) 0_-
:::t... 11\ ,<,\ 1. - 091\ __ 

" " 
~~ ~11.;.!Jl--n qo;,f __ ~ I~~-

1 
Hodule .10 

Figl8 )[hange of /he flash temperature dilided IJy /he coef. 
ficient of fnchon with /he module atdifferenllllnning condi. 
hans and gear variables.Condif~>s AB .C.O,r. "r~ tjvtn " 1Ippt<"~~ I 

~ 

" 0 

" 0 
0 

a 
~ 
~ 

;; 
• , ,. 
'0 

~ , 
3 
0 

" '" :: 
~ 
0 

-
.~ 

" 0 ,., 
" • 0 

~ 
~ -

" 
" ~ 



15, 
'" " "C 
»1) 1 

r\ 
r-

'11 r-l 
"0 1 

~" r-

~ -~ 9 
'" .9-
Ed 

7 

r-
5 51~ 

-
, 

J J 

I--

I~ 

I~ 

I'--

I 
1
10 15 20 

~ 
~ <. 

I' VI, 

I'----... B 
'---. r---. 

Jo/60 

c 
-!5/ {S 

0 

I I 
72h~ 

, 
25 30 35 40 

Helix angle ,deg. 
Fig(11)(hange of the elliphcal area of em lad with !he 
helix angle afdifferenf running conditions. 

-

45 

7000 
5000 

'-' o 

<::-
'" 

r--A z,lz,=I2/" B/I1- ,,,,.,nom 
IS/60 1806.Zno.w ,s 
18/1'2 1320.7 9 

f--- 8 IS/)2 IOlInO
J6 1 

P 
_ _______ ------ -- c-: - ------ - - ---

1. 1. /
t
8 56',1 /J 0.206 

) ------ ----------I--=- - _-~I'!'-- ___ ~'t'_Il.~:::'=_fg;,-~-+_=d .,.. -- - --- ---= 1000 

I-- = 
I ~ 1:,, _ . _._"/''-_._ '79-I6n,"~S'_ 'f-- ' -= 

[ 
_ _ ._ . .E! )~.- _._.176 .. 7!:......f!°J28 

~. _ _ ._.3.M. _ _ _ .0:"fJ ,:,IJ.:'-j-. -~ 

500 

10, 
o,Q "/IS ".' n .. ., 

F:.. 66/ 21 71.1/1 0.0692 

'1 _ _ ___ 72/2' tJ.9Gf]
0'i7L3 

: 

5"10 15 20 25 30 35 40 45 
Helix angle , deg. 

Figl10 !Change of the flash iemperaim! dMded 0/ the (Get 
ficient of frichml BIll lidh the helix angle at different runlt 
mg condlflons and gear vanables : COfldit;CI1s A,B,C <1 M 0 <Ire 

give" in <l pperodix I . 

" ~ ., 

~ 

3 
o 
Q 

~ 

'" .~ 

5' 
o 
o 



N 

~" , ., 
,-

~ 
"e; 

, 

5 

~5 

'" ;g4 
.Q. 

"" C.j 

3 , 
2 2 

r 

~ / 

V 
? 

,..-·C 
0 

hI1~1~ 
.-1 

-- V 

/" "I" 
./ 

V 
LS/ lS 

"i" -
_ . 

- . . 

1m 15m 2m 25m 3m 
RCldius ofcurvalure, mefer 

Fig 1131Change of /he elliptical ama ofconlad Wllh!he raJius 
of curvalum of/heplnion 100M aldifferenl Nnning com i_ 
hans. 

--- ----._-- -- -------.--~----

71JOi 

5<XXJ 

) 

) ~ . p J,O.'" 
,1"< I 1311'= ",\0 

I-- 1 \1/~ '6 1\,"'6P~Q; .-
A ___ IS/f.O 

}-' ,~ 11 'S't;~1S (- :9SS 0"" - ~r.---- ).~e.0;'!. ---
,~I---' ,.P,_--f.--- £0.'" I 
'vO, c:c 8 ---- _ >'!'2' ;1),';----

r- ... 14/~'b ___ - 301.:12.£ 1----

~ 
'" 
1000 --- ---

.-'" 10/'00 --
00 _ -_- ---- "",e-... 11Ll~ __ ~ 

,,/" _.t-.-.!-./ n09',l. -' 500 

'r-~ t.------ 1~~~.--..- _. _ _ ~)~._. _.-·~E.s_1J-e~9S ---
r"+-+...,.:;;.--~ L'S/~S._·- .--- p,.OOl 
[..-.. __ . .;.-- \%\S\ 

?at 0 '0'0 {11 n~':l~ \.00' 

11/"::: 
100 

k - - -

50 o 

Po.ns 
1111 ,-;;-;-:=;:=----

f- E 10(.':'--- _-c,ilsff.lPiLl_--

;t ;~r:~3({~T;----r~;fL'T--
10

1m 15m 2m 25m 3m 
Radius of curvature 7 mefer 

Figh 2IChange of /he flash fernperahn divided by /he c(effi::i. 
enl of fridionll3/illwi/h /he radius ofcurvalure of the pinion 
Ioo/h aldifferent running conditions and gear variables. 
Cor>dilions A,B.C,D ,md 'E are given in "pp~n diJ,; I 

~ 

" " o 

; 
<;' 
~ =. 
;; 
• -=. 

<5 
~ 

" ~ 

" '" ~ -
~ -? 

~ 
-~ 

" • c 
:g 

'" '" ~ 



. - ._--.- ----- ._-------.-.- ----------- ------. _ . . ---_ ... __ . 

Numbt' 01 tnlhl1/Zl:.G 
.La. 1.0.. li. ~ ~ 2!! 1l. SO 90 
72 60 52' 5 .36 jO 2, 20 ' If 
11 .!i lL 1.1 II W. Sl. ~ 70 

'" a'8 J1 28 2<; 12 20 19 16 It. li! , . 
- - M -, "2 A 

~ 7 Sc:-

" ,~ 

z 
g 

" ~ j ____ ____ _ - --- -L ~ 
g ---- -- ,/ ,..., I ... 
! 6 Timt, 'i --is ,~ 

u 

~ Sliding velocity ~ [, ~ , 

i' 
w t-:- ------ --:;."..;: ,- --- "'" 

............ / 
~/ 

~ 

J 

lk:;::A~~~~~~~I-_-_~- -~j2 
, I I I 1. 1 I I ! ! I J I 
0.25 OJ 05 I 2 J" OJ 

CUI f"~ 
FigllS)Change of !he elliptical area ofcon/acf.s/Jding 
velocity aro Iotal meshing time with the gear ratio 
at different running (Or~:hhons. 

. ~ 
~ 

" E 

~ ~ 
~ 

1 

I 

-----,. - . 

71XXJ • .lL 1> JJ I'- "- l'l 
5000 28 "IT A TfNumb1c0"d IHII,:lIZ2,, 1(. 

81.J=6' )t..8-J776.JG...I5SS.ti clJI8J803 _ 3Sl9C' .... %.S" rfi _1..G( Ii. e.6_ 

~ ~~V2l11-1l'16G·S6li'~ZIl~"c.l-I"'G'.R I 91Gil.7"jS2Gj _ 

~ II I ~ Qj , 

1000 I 
8fJ1:: S9lJ1l-Jt.7.2)Ci.U, 2.8l.ci 29.52G3_ 3SJ9G ' ... 6.9JS1G~a.7OG S'c.6 

500 C I-
I 1-

f-' , I , I ' I ' I I 1-
8;, t= 178J1.-1O(0(; _l. laG 2 .. !UJt(i)_IO.95l.G(,.n:;~o.2'28' G 6 

f.-C . -
~ oil--

100 I 
1= r: 

50f-
C~tjcns A.e.C .D~£ arq 1 f-

: 1 11 1/ 1·"""'1""'1 , ,-
B/J-l .=18JBt..9.s653G...o.97a5Gt.l..6~-2 .$SGS 0.5) " G ~a.ct.3£ .;;;s 
~ E I __ V 

10 
0.2S03 D I ? r_ 3 , .4 5 uear fa/tO 

Figl14 c)Change.9-' /hefiash temperature divded by !he coef. 
ficient offnctiiJnltlf/l) with /he gear""o aldiffererirunntng 
condifials. 

> 

g: 

:> , 
~ 
~ 

l< 

~ 

~ 
[ 



Mansoum engineering Journa l (M£J1 Vol. 16, No. 2, Dec. 1991 

I 
13..1)5 70/1' _ __ .2L~ ___ ~j7 I _ _ _ 

i~;:I2.I¥l! ____ I~~~:.;+==:: : 
- _..J_ :t:._. --- - S.7JCR U]!) 

1.3 1.2 1.4 
[Onfdct rdfio F'9116

)[fange ol'lhe fliJSh femperdfurr; divided by /hewef. 
fioenl of(r;cfion 181/-1) wi!fl fhe contact ralioal different gS3r 
variables and running conditions. Condi!iotls A,e ,c ,Dat"ld E .111' ~n in apPl>nd; .. I 

M.89 



M,90 Ahmed M. M. £I Dah/ou! 

Complete form o[ the O<l S!1 lemperature equ<lUon was derlven . ThIs equation contains apll\Jed 
tOOUl lo:::.d, spl:ed of rolaUon. module, radIus of curulllure of the pinion looUl, contacl m Uo and helix 
angle. 

0/1' = C p 0.9725 . NO.389 . mO·968 .rf'.994 . CRO.700 . pO.!93 (51) 
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APPENDIXl . 
Value ofthe Constant" C" in the Flash Temperat ure equatIOn 

COllllilioo n Condilion C Comlil io n 0 Co ndi lion E 
Comlilion A 

0",0.25 C 0=05 C G=! C G·) C G=5 C 

'" Z1fZ1 _ Z'#-I .. Zlfl , '"' Z2l'Z 1 - Z,Il , 

12/48 1.428 1&32 2.497 25]25 5.405 5<1/18 9.#1 70/14 25.06 

24/48 1.649 35/35 3,S24 ·66/22 7.675 85/t7 20.43 
15/60 1. 137 

30/GO 1.31 45/45 2.949 72{l4 7.014 90/18 18.84 
ISn2 0.9434 

r • 40KfI. N '"' 10000 rpm, m • 0.02111. ~ =45°, PI'" 0.06",. CR .. 1.4 "'" G,,().25 
Condi.ioll A 

1' .. 30KN, N '" 7000 rpm, m '" 0.012111. p.W. P I '" O.03m. CR"!.) :md G=O.5 
Condi tion B 

ComJilion C I' .. 20KN. N '" 4000 'pm. I'll ., 0.c()6m, p .JO'. PI = 0.011",. CR,,1.2 and G· ' 

Condition 0 r. 12.5KN, N '" 2500 'pili. m '" 0.004",. Ii .. 2(/', p, .. O.cX)(1m. CR=1.125 ~lId G·) 

Comlilioll E r·5KN. N", 1000 'pm. m .. 0.002m. p : I Oll , p, .. 0.002",. CR,.I.05 -" G=S 


