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DETERMINATION OF LUBRICATION FORCE IN
THE ELASTOHYDRODYNAMICALLY
LUBRICATED LINE CONTACTED SURFACES

Abdul Karcem Abdul Rezzak Al Humdany
Moecianical Phugineerine Dieparimoens Ui it of Babvlo

Abstract

I this research the clastohy drodyviamice foree on two slightls deformubte
bodies upproaching one ancther head on (squeese motion) is caleulated o the fmitof
soind gap size and small detormations combiniig Herts theory of detormation
and fubrication theory basad on solvine Rovaolds cyution in the line contact form.
An analytical approach is used o olter an expression for the lubricativs foree. The
cliect of the wap sive tthe lubricant Hm thicknessi. the clasticity and e velocity of
approach on the fubrication foree Is demonstrated. Farther. the ubricatior foree with o
pressure dependent viscosity is caleulated.

Introduction
Flastohydrods namie Tubrication (8T oceurs in Tubricated conacts thal are

formed between heavily Toaded machine components such as gear teets and rolling
clement bearings I this Tubrication regime hich pressure are generated within the
contact and induce both large clastic deformations of the contactin sostrlaces and g
huge viscosity inerease in the lubrican: Dprezo-viscous eilect),

Vo drodsnamic foree between two clastic bodies deforms these objects changing
1} wirsurfaces profife swhich in i cads o @ modilication of the hydrodsaamic foree.
It the dl\l e bebween the surlaces s small enouch. e, prealhy much smaller than
the radie o curvature of surtiuces of the bodies. Revnolds equation car he used 1o
caleulate the hydrodvnamic pressures in the cap with respect to ambien pressure. I
the deformations are nol o laree, the ertzian approach [1.2] car be used to
caleulate the counteracting clastic pressures.
Zard {31 emploved the
the boundary element method s used 1o determine the elastic deformatic of the wedr
teethe The thermal efieets on both the Tubricant and the clastic body e studied In

lement method w solve the Reyvnolds coaation while

sonving the energy cquation using the nite clement method in couprag with e
boundary element method o determine the heat tanslerred o the aear e
Roberto HL Davis et all 4] used the Hertzian approach to caleulate te Joform,

and the hvdrodvinic pressure nmncricnl]} using an implicit Ume-ster ding rou

based upen the fnie difference method.,
Win Kam L et ol (3 pru\'cmcd ahinite u]cmcm model E‘m' mi\'cd Lo jone
bearimge svstems, The mised VT consists of partia fubrication region \‘.hca'c

HE and boundary Tabrication coenist. The ASpPLTIY Lilcds oncontact and lubrico
at darge eccentriciiy ratios are modeled. The elastic deformation Cue 1o
hydrodynamic and contact pressure and the cavitwtions of the Tubricant e Lo
constdered i the model systen,

Jabanlto 1o et all o] upplicd the Raman micro SPCCIICINCIY Lo I LU presse
measurements moan B pomt comtact, An experimental set- up coupliae o Raner
spectrometer and an clastobydiodvnaniie ball on dise test rig had been developed

P been recorded under pure rolling condition s Tor a wide

ressure profifes and maps
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The measured
of the

lemperatures.
solutions

range | Floads, rolling speeds and Tubricant
prossure v Iu are compa ui gquantitatively with
rsothermal =L point contact problem. and good agreement obtained.

nal assumptions made i this researeh (o cadeulate the lubrication foree

plie
ol

numerical

The addir
are an explicit reference o the surtace profile of the deformed body (it is

anulytiealn
rezion and a curved outside region

asstmed consist of two parts: a flat eentral
which is ot deformed) o the elastic pressure profile (semi-clliptic) and o the
squeeze veoaciny (constant in time and space),
Theoretical analysis
(21) iIsoviscous case
I Fig by the principal ceometrical parameters tor the surfaces of the solid
Dodies are s resented.
\\‘- -
A_“‘_ir-__ 7.?’
, e | ol
- _"_L—_*
— T
r": I."|
Fig.(I): Ceometry of two curved surfaces before deformation (thick line) and
after deformation (thin line)
[ ]
. Phe veduecd radius for two curved surtuces with radii of curvature Ry and R> in a2
tangentially parallel ortentation is detined as |2
R,
. /\) - - “H( ] }
. R, "\):
rlenath <oy all compared to the radii of curvature the distance 11 between the
unreforned Iau.s s expressed as a parabolic Tunction inr (see Fie. 1) as follow:
'f" )]
=7 - — (2
2R
’ where T, the distance of closest approach between the surfaces for =0, For
detormed <rfaces the above equation is replaced by
P X
fr= 1 - s wlr LS
2R
where hde otes the distunce between deformed suriices and gy = Wy e, ()
denotes the deformation ol the surlaces at position r. In the present rescarch it is
wssumed thes the detformabiline is Tlertzian, Lo a Nat revion for r < ¢ and o curved
cutside replon for ros g ean be distineuished i both surtaces are deformed where o s
the radivs o the Nar centeal revion. The distunee between the 1at regions on hoth
surliaces for = =0 with w0y = o s
. T ()
[hodistane s between the lat regions on both surfices Tor < ¢ is
I {5
»
- and the disteoee between the detormed surtices [or = ¢ is [7]
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on o the Tubrication foree for # 2 o i obtained by integrating equation

arca of the fat region of the two surlices

v =27 | ptr = prardr

above equation out gives

ion to the lubrication foree tor 7 =

aved outside the at recion ol the two surtuces

=217 |I DU = st de (19}

dhove chlu;llEun out results m
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ool the tlat reglon s determined by
rew lor s < g equation (18 with the
o and net the ot lubrication toree

eduation (21 leads o the dimensionless Tubricating foree
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hady Inthe limit o7 =0

¢ s obtained by inteerating equation

bubuncing the contribution to the
Hertzian toree. cquation (9). That
s equated with the Tlertzian foree

tthe approxmation thet the surfaces outside the tlat region are not
cathers it shoutd e noted that the paraholic approximation for the
siees tsed i hoth the caleulation of the Tertzian foree and the
reesonly vahd for o e 8oand 1 e R
: . A .o . oD
“wenstonless quantities /77 - 0 0o and 07 = Jpli=-) the
R R R
s loree sodetined as S - I Inserting these dimensionless
S £
SR

¢ above couation reduces 1o the expression for the sgueese lubrication foree on an
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assumed that the above expression can be repoaced by the

nothe ROPES of equations (63 and (7 is small which can be

ctthat they are botly continuously | mereasing furctions of

of
o ’
and their limits for — o land - — ~ are equal,
o o
Difterentiating both sides of .7 SIves
choor ,
LT T e (o)
oo
fhe foree which arises due o sl compressions. o << £ s moseled as the
Henzian foree] 1 as tollow
. R
Fo =0 — S
D

where 2 is the Herty
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To calculate the Tubrica

equation expressed in pelar coordinates in the line cont

squeeze motion
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where s the velocity

dynamic viscosity of
between the
cquation 1t is assumed

pressure

op
Ly

the fubricant hetween the surlices in (Pasee)

. . moo .
n elaste constant (—\.— Che relation betweer « and the

ation force on the two bodies it is assumed that e Revinolds

act form 1s resticted to the

[

along the line of centers of the surfaces in (misec)y s the

sad s the
ol e Revnolds

tlu merti and tension

(Pa=Nm7 In the derivation
that the Tubricant is Newtonian and

surfaces n

forces are negligible compared with the viscous Imux["] This is Custified for

. R , . R i . )

ReZi "R =<1 where the Roeviolds number is defined by Re =242 g0 /7 1s the
7

fubricant niss density in Ke m

constant threugh the 13l

the Tat and parabolic re

i _
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The pressure

consists of two parts. (1
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integrating the above o

profile between the delor;

cons dered 1o be
12 a1y onee for both

- Phe viscosty and the veloeit Iy are
m thickness of the lubricant, Integratin

region leads o

ed surfaces i the present aprroximation

Ftor < the pressure with respect w the ambien
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at region the contribution to the lubrication
ISCous case.

inorder o letermine the radius ¢ of the 11

« sheuld be baluneed with the Hertzian foree, as for the 1sov

foree tor

Ial

Results and Discussion

svoarger lor Tareer values of

[

and decreases for

aher values of o
WoCUrves in

meredsing

i

Poure (4,

}

Fia.(2):

bl

Fhe o slomution
clues of f17 s shown in tieures 2y and (3). 11
vorresponds o smaller values of the Tubrication foree, s rellected byl
vthe limiting value of 27 =0 the hard body limitis reached.

[ubrication force, — ¢
function of the deformation o

+ ! ,—‘.
t \'I g
I , -“‘-f-.___a_':- ]
trsan and the Hertzian foree, /7 as a
(fitm thickness /7 =02, Monaotonically
with /27 =0.01,0.05 and 0.1 from left to

increasing curves are for /

richt

HL I |

ol

Lubrication foree. -/ frcar and the Tlertzian foree, P
function of the deformation 57 with the clastic constant )7 = 0.}, The
curves which decereases for farge o are for - FootrSay with 117=0.2,0.4

IFig.3:

and .6 from top to bottom,




Tl oz Y anad Jawaen rﬂgf;_;!‘ gy Azl dlan
R
II = — T T (21‘J
i1
The dimenstoniess Hertzian (oree is
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Forsmall values of &7 an approximative expression ol 07 s oblaine. by equating

an expansion o third order i o™ ol - 27 0 Zay with £
23 !

O m ——e— |25

D3y
Since this approximation is better foe smaller 67 s accuracy improves for smaller

D7 and inereasing values of 7770 Lo Teading order in botlh ) ad /17 the

. L)
deformuation 1s 0" = S —
i
- : . L L 2 oL .
Lo leading order in o7 the lubrication Toree is s, 2 === —). The resulting
I HA
approxmmative equation for the fubricating foree is
LD
Foaom =l =25 {20)
/! I

{b) Piczoviscous case .
In this case the fubrication force is caleulated with a pressure dependont viscosity
according to the relation |2

7= Cxplap) (27}
where 77 is the dynamic viscosity of the fubricant ag atmospherie pressuie in (Pasec)
and e Is a constant depending on the oil. called pressure viscosity coellisient of units
(m™N=Pa,

Fhe procedure o do s is well known |2

and can be bused on the equaions derived
i the theory section of isoy iscous case.

Replucing  ptri= pe) on the Teft hand side of cquations (I4) cnd (16) by
[T =expi—tpiri—pir)! e und caiculating piry = pi#) from these cquations
restits, alter integration. i the equations for the contributions to the lubrication force
with 7 < and » > « analozous to the cquations (18) und (207 for the fsoiscous case,

FoorZay=— | B —1C - Bu Moot = B’ 14 Clog(cy) . (28)
o [
) il ‘ . .
where o = ('z—] T ST R B = LT angd
R ¢ I7A
(‘:l+{{‘7 li{, _71,‘:
H i /!
and
, | . . : ’
ot a)= —— JTverT =20 arctny - — b og(l 4 —M—_‘}J LAY}
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vony




12 . ] 1 . .
Phoznel A sng Casamd pglel s i deals ahn

For ot oo Targe values of o tsmall D7 and or farger values of 177 the
approximatton of 3 with Fqu 235 and the lubrication foree witl [:q.026) for the force
leads 1o a0 cood approximution of 1he numericaliy caleulated foree as illustrated
5 ]5.'

I umhce should be noted that te Tubrication foree is no Ulinear in the veloeity as
for hard b dies. For small detormations this can be demonstrated by putii mg the

dimzensions sack inte Fqu26mvhich for the hichest order in the veloenty leads to
I O

Concluding Remarks
Fhe »resent treaument of olg stohyvdrody namic forees is onlv valid for 87 << |
Jue tothe e of Tlertsian theors for the deformation of the bodies and lor //7 <<}

due o the e of the Tubrication theors. Theretore the precise validity range of the
Present rest s will have 1o be extablished by other, ¢, 2o experimental works,
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Fig.(4): Lubrication force, — £ as a function of the film thickness /77, Curves

are from left to Right for values of the clastic constants /) - 0.1,0.050.01
and 0.6

Fig.(3): Lubrication force, — ..y as a function of the film thickness /' Upper
curves are  numerically caleulated, lower curves are obtained using
Eq.(26) valid for small deformations. Solid curves for the clartic constant
D7=0.01: dashed curves for /)7 =005,

These observations can be Claritied for small values of &7 using B0y, It
shows that the lubrication Toree for o delormable body is smaller chan for an

undelormable one. Further for sma!] values o :
i
The Tubrication forees witl all 2o tothe sume hard body limil as i observed in
Frg. (-4,



