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The contacts of adjacent balls in a retainerless bearing are 

subjected to the zero entrainment velocity (ZEV). The existence of 

an effective elastohydrodynamic lubrication (EHL) film between 

contacts running under ZEV conditions has long been proven 

esperimentally. However, the classical EHL theory predicts a zero 
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film thickness under ZEV conditions. Mechanisms, such as the 

thermal viscosity wedge effect and immobile film ti~eory, have 

been proposed to tentatively explain the phenomenon. However, 

detailed numerical results are needed to provide theoretical evi- 

dence for such film formations. This paper aims to simulate. based 

on the viscosity wedge mechanism, the film formation of EHL 

point contacts under ZEV conditions. Complete numerical solu- 

tions have beet1 successfully obtained. The results slzow that the 

thermal ~~iscosiry wedge induces a concave film profile, instead of 

a parallel film (Hertzian) as postulated by some previous 

= semiminor axis of Hertzian ellipse, m 
= semimajor axis of Hertzian ellipse, m 
= specific heats of lubricants, solids 1 and 2, J kg-'K*' 
= dimensionless thickness of the temperature calculation 

domains of solids I and 2 
= reduced elastic modulus, Pa 
= film thickness, m 
= dimensionless film thickness for numerical procedure, 

/&&/a2 

= dimensionless film thickness for results, lo5 x h/Rr 

= dimensionless constant 
= thermal conductivities of lubricants, solids 1 and 2, W m-' 
= ellipticity parameter, bla 
= film pressure, Pa 
= maximum Hertzian pressure, 3wl(2mb) , Pa 
= dimensionless film pressure, plp, 
= equivalent radii in the s and y directions, m 
= temperature, K 
= ambient temperature, K 
= dimensionless temperature, T& 
= velocities in the x and y directions, m il 

Us = sliding speed, m s-' 

Uo = reference speed, m s-I 

u,, u, = surface velocities of solids 1 and 2 in x direction, u, = u p ,  
U, = - u p ,  m s-I 

U, V = dimensionless velocities, U = I I ~ U ~ ,  V = V / L I ~  

Us = dimensionless sliding velocity, u,vo/E'& 
w = applied load, N 
W = dimensionless load, w/EIR: 
x, y, z, z,,, = coordinates, m 
X, Y, Z, Z13 = dimensionless coordinates, X = x / a ,  Y =y/a, Z = zlh, Z12 = z,Ja 
X,, X,, Y,, = dimensionless coordinates of the boundaries of the 

calculation domain, 
a = pressure-viscosity coefficient, pa-' 

p = thermal viscosity coefficient of lubricants, K" 

Y = RylRx 
17 = viscosity of lubricant, Pa s 

qo = ambient viscosity of lubricant, Pa s 

4 = dimensionless viscosity of lubricant, q/v0 

p, p,,, = densities of lubricant, solids land 2, kg m-3 

Po = ambient density of lubricant, kg m" 

P = dimensionless density of lubricant, p/po 
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522 F. Guo, P. WONG, P. YANG AND K. YAGI 

rzsecrrcl~er:~. By the sinlulatiorr solver developed, the variation of 
Jilnr t1rickrres.s n~itli loads, oil .s~ipl)ly corrditions and ellipticity 

parcrtrreters /lave beerr inve.stiguted. Some unique 1ub.rication 

helraviors icrrrler ZEV corrditiorrs are demonstrated. Furthernlore, 

l~relirrriricrry c/rrcintitative conr/~urisons with the latest optical EHL 
e.vl~erir?rer~ts are finisher/. Botlr rr.sults are in good correlation. 

KEY WORDS 

Elastohydrodynamic Lubrication; Zero Entrainment Velocity; 
Viscosity Wedge; Thermal Effect 

INTRODUCTION 

It has been shown that major problems with the 
momentum/rcaction wheels in spacecraft are associated with the 
b;dl bcoring rctoiners or cages, which separate the balls and act as 
n lubrication reservoir. When the motion of the retainer becomes 
unst:~ble, problems such as squeal and retainer fractures may 
occur (Kingsbury and Walker, 1994). In addition, it has been 
clc~iio~istlntecl that cotton phenolic retainers can actually absorb oil 
lio111 the bearing instead of supplying the lubricant impregnated 
bcforc operation (Bertrand, et al., 1995). Hence, it is proposed 
(Kingsbury, et ;11., 1978 and 1994) to use retainerless bearings as 
an olternntive and it was demonstrated experimentally that the use 
of retainerless bearings is a promising option for the future space 
missions. In a retainerless bearing, the surface velocities of two 
ncljacent b:~lls at the contact point are of the same magnitude but 
in opposite directions. Thus, no entrainment velocities exist. 
Accortling to the well founded EHL theory, no film can be built up 
undcr zero entrainment (Hamrock and Dowson, 1976, 1977a and 
1977b, Clicng, 1965, and Zhu and Wen, 1984). However, several 
experiments demonstrated that under ZEV conditions, an effective 
lubricating film between two nonconformal contact surfaces could 
be built up satisf~ctorily. To the best of the authors' knowledge, 
Comeron (195 1) was the first to show that under ZEV conditions, 
disks of line contacts can carry a considerable load. Full oil film 
was detected between the contact of a steel disk and a bronze disk. 
However, scuffing occurred almost immediately when a pair of 
case-hardened steel disks were tested under the same conditions. 
Cameron ascribed the film built-up to the variation of viscosity 
across the film originating from the asymmetry of the thermody- 
namic properties of the bounding surfaces. This film build-up 
tiicchnnis~ii was termed as "viscosity wedge" later (Cameron, 
1958). According to the viscosity wedge effect the necessary dif- 
ference in the therniod ynamic properties could not be satisfied 
with the stcel-steel combination. Hence failure occurred. 
I-lowever, seventeen years later, it was demonstrated (Dyson and 
Wilson, 1968-69) successfully that with two heavily loaded steel 
disks with polished surfaces, an effective lubricating film could 
still be formed. Furthermore, their measurement showed that the 
lilm thickness increases with increasing loads. In light of their 
rcsults, Dyson and Wilson proposed an alternative viscosity 
wedge occurring in the inlet zone where the surface, moving into 
thc conjunction, is expected to have a lower temperature than the 
one coming out from the highly pressurized zone. Nevertheless, 

these two viscosity wedge effects have not been well accepted, 
and they are usually ignored in literature reviews and technical 
books on film formation mechanisms in lubrication. Recently, 
Shogrin et al. (1998) investigated the oil film formation in ball- 
ball contacts at ZEV using the capacitance technique. A signifi- 
cant load carrying capacity without surface damage was demon- 
strated. Their results show that the variation of film thickness does 
not have a noticeable dependence on speed or load. Shogrin sug- 
gested that an immobile boundary film is responsible for the load 
carrying capacity. More recently, Yagi (2000) succeeded in meas- 
uring both the temperature and film profile in steel-sapphire point 
contact conjunctions under ZEV conditions using an optical test 
rig. The results revealed for the first time that under ZEV condi- 
tions the film profile features a deep dimple within the contact 
zone instead of a flat plateau as predicted by classical EHL theo- 
ry. Furthermore, the depth of the dimple increases with increasing 
load, which is similar to the results of Dyson and Wilson (1968- 
69). 

Obviously, quantitative analysis is crucial to evaluating the 
roles of the viscosity wedge and immobile boundary film effects, 
although they both sound reasonable qualitatively. The complete 
numerical analysis for the film formation of TEHLconjunctions at 
ZEV is a tough task due to the complexity of the mathematical 
model and difficulty in numerical method. Some theoretical 
proofs (Cameron, 195 1, and Dyson and Wilson 1968-69) had been 
provided for the viscosity wedge by using very simple models. 
Recently, full numerical solutions for line contact TEHL under 
opposite sliding conditions have been obtained successfully (Yang 
et al. 2001). Their ZEV numerical results correlate qualitatively 
well with Dyson and Wilson's experimental results. This paper 
presents an efficient solver for point contact TEHL under ZEV 
conditions, and also full numerical solutions for examining the 
lubrication behavior in retainerless ball bearings. By using numer- 
ical simulations, the detailed occurrence of a thermal viscosity 
wedge within the contact region, which cannot be shown through 
experiments, is demonstrated. Some intrinsic features of point 
contact TEHL in ZEV situations, differing from those predicted 
by classical TEHL, are presented. Furthermore, the preliminary 
quantitative comparison with the optical EHL experiments (Yagi 
et al., 2000) has been achieved, showing the significant role of the 
viscosity wedge. 

MATHEMATICAL MODEL 

The film formation under ZEV conditions is shown in Fig. 
I(a). Two surfaces of solids I and 2 run with equal speeds but in 
opposite directions. The sliding speed us is defined as us = u,-u2 
here. The coordinate assignment for modeling the TEHL at ZEV 
is also shown in Fig. I. With consideration of the variation of vis- 
cosity with temperature across the film, the modified Reynolds 
equation under ZEV conditions can be derived as an extension of 
Yang and Wen's work (1990). Its dimensionless form is as fol- 
lows: 
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Film Formation in EHL Point Contacts under ZEV Conditions 523 

* Solid I 

(a) 

Fig. 1-EHL under ZEV conditions. 
(a) film formatlon of a ZEV contact 
(b) dlmenslonless computation domain 

where 

Usually in EHL calculation, a rectangular computation domain 
is preferred to facilitate programming. Under EHL conditions 
when the oil gets into the divergent outlet space, the film pressure 
drops abruptly and some dissolved gases come out of the oil, 
which has been observed in optical experiments and termed as 
cavitation. In the cavitated zone the oil film pressure maintains 
about its saturation vapor pressure. Hence in the whole computa- 
tion domain, only the film formation behavior out of the cavitation 
region is governed by the Reynolds Eq. [I]. The oil film pressure 
in the cavitated area remains at saturation pressure level. The bor- 
der L between the cavitation region Zc and the Reynolds-equa- 
tion-governed region 2, can be determined by the film rupture 
points. The ambient pressure and the saturation vapor pressure of 

oils can be neglected compared to the high pressure generated in 
the EHL contact. Hence in the whole computation domain, the 
governing equation is 

Considering the mass flow continuity, along the boundary L 
the pressure gradient should also be zero. For Reynolds equation, 
the boundary conditions imposed can be written as 

The second relation in Eq. [3] is also called Reynolds cavita- 
tion boundary condition (Hamrock, 1994). In numerical computa- 
tion, boundary L is floating and depends on the operating condi- 
tions. The film rupture points are determined through detecting 
the value of the computed pressure. Boundary L is adjusted dur- 
ing the pressure iteration process, which can make the solver 
complicated to some degree. Fortunately, Christopherson 
(Christopherson, 1941) demonstrates that the Reynolds cavitation 
boundary condition can be implemented alternatively in such a 
way that at the computation domain boundary the condition of 
P = 0 is imposed; within the computation domain, whenever the 
calculated pressure of a point is negative, it is set to zero. This 
treatment can be expressed as, 

Ignoring the heat conduction in the X and Y directions, the 
dimensionless energy equation of the oil film can be written as: 

where CTS, = cpouoa31~~k,  CTS, = 0.00065u,y,p~/~,,~k, CTS, = 

i q d k ~ , ,  i = & (h  J: p u d z l )  + & ( h  1: ? V d Z 1 ) .  
The dimensionless energy equations for bound~ng solids I and 

2 are given by 

Equations [5] and [6] can be coupled by the continuity of tem- 
perature and heat flux at the solid-liquid interfaces, i. e., 
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F. GUO, P. WONG, P. YANG AND K. YAGI 

I t  should be noted that if heat conduction in the X and Y direc- 
tions is considered, the energy equations are of elliptic type. 
According to the partial differential equation theory, for the ellip- 
tic equations to be a well-posed problem, temperature at every 
point of the boundary of the 3-D computation domain has to be 
known. However it is difficult to determine the temperature at the 
downstre:~m boundary of the film or solids in a finite computation 
domain. In the present cases, the heat conduction in the X and Y 
directions is much less than the heat conduction in the Z direction 
and can be ignored (Gohar, 2001), then the energy equations are 
changed to be of parabolic type. Hence, the temperature value in 
the downstream boundaries, at which lubricants or solids are leav- 
ing thc EHL region, is no longer needed for the boundary and ini- 
tial conditions of the parabolic energy equations (Carnahan, et al., 
1969). Similar treatment can be found in boundary layer problems 
(Schlichting, 1978). 

Along Z, or Z2 direction, the boundary conditions ambient 
temperature are imposed on the points at the outside boundaries of 
the bounding solids and expressed as 

The film thickness in dimensionless form is given as: 

where cp = r(l+r)/(4Fzy),Fz = J$ [l - (1 - k , 2 ) s i n z ~ ~ d d ~ .  

The dimensionless form of the load balanced equation reads: 

/ I  2 
P d X d Y  = - T I C ,  

3 

The dimensionless form of Roelands viscosity-pressure-tem- 
perature relationship for lubricants (Roelands et al., 1963) is 
employed as: 

9 where At = In(%) + 9.67, A2 = 5.1~10-  pH, A3 = Td(To -138), A4 
= 138/(To -138), Zo = a p,  /AlA2, and So = /3 ( To - 138)/[In(q0) 
+ 9.671. 

The lubricant density is given by Dowson-Higginson relation 
(Dowson and Higginson, 1966) as: 

NUMERICAL SCHEME 
According to their moving directions, the initial conditions of 

the bounding solids I and 2 are given at the "initial upstream 
Icvcl" and rend 

I-lowever, the initial conditions of the film are not so direct as 
those of the solids. For example, in the X direction, at the bound- 
ary of X = XL some points have positive velocities indicating the 
lubricant entering the contact region. These points are at the "ini- - 
tial upstrenni level" and their temperatures are set to T = I as ini- 
tial conditions. Those points of negative velocities represent the 
lubricant leaving the conjunction, are at the "late downstream 
levcl" and hence no initial conditions are given. The temperature 
vi~lucs or the negative-velocity points depend on the initial condi- 
tions imposed on their initial upstream points, some of these 
upstrcom points are at X = XR; some are the stagnation points in 
thc X direction within the film, which are floating during the 
numerical iteration process and can be regarded as implicit initial 
contlitions. At boundaries of Y = *You,, all the points are at late 
downstren~ii level and no initial conditions can be set. The tem- 
pe ~~ tu rc s  of the points at Y = f You, are also determined by their 
initi;~l upstream points which are all at Y = 0 and stagnant in the Y 
direction since the present problem is symmetrical about Y = 0. 
I-lence in the Y direction, the initial conditions are implicit and 
floating during the iteration. So the initial conditions of Eq. [S]  can 
be written ;is 

The numerical solution of the governing equations described 
above is carried out by the pressure-temperature iteration between 
the Reynolds Eq. [I] and the energy Eqs. [ S ]  and [6] with their 
boundary conditions. 

The Reynolds equation is solved by a multigrid technique sim- 
ilar to that used by Venner and Lubrecht (2000). The elastic defor- 
mation is evaluated by the multilevel multi-integration (MLMI) 
method (Brandt and Lubrecht, 1988). Under the ZEV conditions, 
the relaxation of the Reynolds equation in each level is performed 
in two opposite directions alternately, i.e. one direction is from X, 
to XR and the other X, to XL. The solver for the energy equations 
is the same as that developed by Guo, et al. (2001) except that 
more dense grids are used. In the temperature solver, the uncondi- 
tionally stable implicit discretization form and related numerical 
scheme of parabolic partial differential equation are applied to the 
energy equations. For example, in the X direction within the film, 
for points of U 2 0, the first-order backward difference is used to 
approximate convection term ( 8 T / a X ) i , j , k ,  i.e., 
( d T / d ~ ) ~ , ~ , ~  = (Ti,j,k - T i - l , j , k ) / A X ;  for points of U < 
0, the first-order forward difference is applied, i.e. 
(81fi/dX)i,j,k = (ifii+l,j,k - Ti , j , k ) /AX .  As to the conduc- 
tion term, the second-order central difference is used. 

In the present solver, the computation domain is given by XL= 
-3.0, XR = 3.0 (except for the starvation cases), Yo,, = 1 .5kc+0.5, d 
= 3.15. The value of d, the depth of the heat conduction parts, is 
large enough that the temperature gradient is zero at Z, = -d and 
Z, = d. In the multigrid solver for the Reynolds equation, equidis- 
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Film Formn!bn in EHL Pnint Contncls undcr ZEV Contlit~c?n\ 
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Rctlu~crl cl~llu* ot thc sonr:tct in  Ihc r dswctlon. m 0.0127 

- .- - 

AfnIr~rlil l~n+p?mtun+. !i 2 0 5  

r:rnl 257 ndc:, in rhc X ttinu-finn and 193 nexlrc in tlie Y dimtion 

in the fineu lcvcl arc ernplnvnl nrid i ~ l w  u<ctl Lrr llic \t~Iu!ion of 
thr thre-dinimrional mcrp cc~i~:~i inn~. Acrnsl rhc fiEm. In  cqui- 

dirtnnt nwlcs an: uscd. In each kunrlinp: snlid. 12 noncquidis~ant 

nwlcs along ~ h c  TI or 1, dircctions :Ire arlopfcd. Thu mcsh sirc is 
VCT)'  mall nl thc intcrfacc. nnd thcn incrcnsc~ in a gzomctrical 
wricx tn F:tcilitli!c pngnmrninp. Thr ctmvcvencc tr~lerion iIW 

nrloptcrl :is TolEowx: 

RESULTS AND DlSCUSSlOM 

Steel-Steel Contacts under ZEY Conditions 

T h e  nil cn~ploycd for \tecl-hfcel contar-!* ir NYE- I82 nf P A 0  
oricin, l'AOs arc usually u s i d  in gym karinps in spacecraft. Thc 
pmpcrlic\ of thc conjunttion nnd rhc nil ant1 whcr input p:tnmc- 

Icn arc tnhulnrcd in Eihlc 1. '17w rcrctcncc spccd i* It,, = n.547 

wcdpc with cnt~~inmcnt. rlen\itv wcrlp nncl >trctc.h cffcrr. ctc.. 
Itowcvcr, untlcr 7EV conrl~tion~. the k u  knoun gcnmctricnl 
wcclpe :lctinn i~ccompnird hy entminnicnt ir our nT runctinn. Thc 
hchavion oC EfiL unrtcr tkw cfTccr n l  viut.o~i$y wcdgc arc klicvcd 
m hnvc rnmc rliffutmcc< fmm Ihn~e by pcnmctricnl wcdpc. 
Fipure ? i l lu~rntcs n rypical: nilfl, ni~mcric:d solution of strcl- 

r tml  contaclq ill %EV untlcr contiitions of Pnnd W = 5.Wxl(3 Ip,, 
I I = 0.7 GI%). slidiril: ~ p t D  ( I ,  = 14.h2xlO. (11, = 4.0 mls) ant1 kc 

Flg. 2 Humdeal solullon of TEHL at ZN. W E  5.96~10" (p,, r O.KiPa) .  
U = 14.62x10"~ (us = 4.0rnrs) snd ke = 1. 
(a7 pmaure dbarlbutlon 
(b) lllm Ihicltfwss dlntrlbullon 
(c) pseudo-lnterlsrence puttem 
(d) temperature dlstrlbutlon across lllm at Y -  0 

= 1. It i s  nhviou* that in thc ZEV xituntion the cnlc~~la~ctl prccwrc 

and film rhicknc.;r di~irihutions :ire qt~itc diff'cwnt irrrm thnw pm- 
dicted in convcntion:11 EI7L c::lreq. TTlc ccnrnl prc<cusr (I:?" = 
3.1353 i x  much higher than the m;i.rlmtlm t lc f i~~:m prrrsurc. 

Hcncc, the inrfucctl clmlic deformarinn di\plsy\ rr conic-nl rtcpwk- 
\ion tdimplc) in chc ccntn~l rcgian nlhcr t l ~ ~ n  n f l n ~  pl;~tcn~r. The 
pwudn-interfcrcncc pattern. with thr  c;~lv~~l;rtc.rl iilm ~hirlric*r 
data. ?how\ nu ~ i d c  I t~k \ .  which i\ ;I unique frm~rc in thr tr;~tli- 

tionol optical ril-11,. 
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F. Guo, P. WONG, P. YANG AND K. YAGI 

Flg. 3--Film proflle under different oil supply conditions, W = 1.11x10", 
US = 14.62~10'" and ke = 1. 

Since the early 1970s, the influence of lubricant supply on 
El-IL behaviors has received serious consideration because of 
sotiie tilachine element failures due to lubrication starvation. The 
theoretical investigation can be achieved by adopting different 
starting points for the inlet boundary. The work by Hamrock and 
Dowson (Hamrock and Dowson, 1977b, and Hamrock, 1994) 
shows that usually numerical starvation can be demonstrated 
clearly when the dimensionless inlet boundary coordinate is 
reduced to -1.5 - -2 (according to the present coordinate system). 
The starvation can lead to ;I decrease of oil film thickness by about 
50% compared with fully flooded situation. Under conditions of 
ZEV, a series of calculations have been carried out in this paper to 
examine the influence of limited oil supply on pressure and film 
formation. The results are quite different from those in the classi- 
cal EHL theory. Table 2 lists some of the results, showing varia- 
tions of the central film thickness H,,,,, the minimum film thick- 
ness Hn,i,p the central pressure Peen, the maximum temperature in 
the film T,,,,, and friction coefficient f with different calculation 
boundnries. It can be seen that only when the numerical oil supply 
boundary (XI-, XH) is within ( - I ,  I), the starvation effect can be 
observed. There is an obvious decrease of the minimum film 
thickness ;rnd an increase of the central pressure. When (X,, X,) 
ranges fro111 (-3.0, 3.0) to (- 1 .O, 1.0), no noticeable variation of oil 
film can be observed and the oil supply is still fully flooded. It can 
be seen that for different dominating actions of film formation, the 
fi~lly flooded-starved boundary (Hanirock, 1994) at which the 
mini~nu~n film thickness first starts to change when the computa- 
tion boundary is reduced, is quite different. According to present 
results, at ZEV the EHL conjunction has a much less fully flood- 

ed-starved boundary. Figure 3 gives the pressure and film profiles 
at (XL= -4.5,XR =3.0), (X, = - l . I ,XR =I.])  and (XL= -0.8,XR = 
0.8)forW= 1 . 1 1 ~ 1 0 ~ ~ , ~ ~ =  1 4 . 6 2 ~ 1 0 ~ ~ ~ a n d k , =  l.Thenumeri- 
cal results show that under conditions of ZEV, full oil film can be 
sustained with a much smaller supply of oil than that in ordinary 
EHL cases. Jones, et al. (1997) studied experimentally the per- 
formance of retainerless bearings and found that in spite of the 
average flow rate of 0.1 mghour provided by an oozing flow 
lubricator, the bearing had demonstrated good operation for 440 
days. Yagi, et al. (2001) also confirmed experimentally that the 
full film can be formed in a classical starvation situation . 

Based on the conservation of mass, the net mass flow finet 

which is the resultant of the Couette and Poiseuille flows must be 
constant at different positions except for the cavitation area. For 
example, in steady state line contact EHL problems, the dimen- 
sionless net mass flow rate as a constant can be calculated as: 

where the definition of the parameters are analogous to those in 
the nomenclature. The dimensionless Couette mass flow is 
expressed by 

Hence, a normalized mass flow rate mN,  due to the pressure 
gradient effect, can be defined as 

Higher values of f iN  indicate a stronger effect of pressure 
generation action. When fitN is zero, no pressure gradient is 
induced. For point contact problems discussed here, the Couette 
mass flow only exists in the X direction. On the central plane of Y 
= 0, side leakage is small compared with that in other locations. 
Hence Eqs. [15]-1171 can be employed to evaluate qualitatively 
the pressure generation behaviors under ZEV conditions along the 
central line of Y = 0. One case study is illustrated in Fig. 4. f iN  

has its maximum magnitude within the Hertzian contact region. 
The thermal viscosity wedge effect is much stronger within the 
contact region, which differs from the postulation by Dyson and 
Wilson (1968-69). 

Figure 5 shows the temperature and viscosity distributions and 
the lubricant mass flow profiles across the film at several locations 
along the X axis to gain more insights into the development of vis- 
cosity wedge action. Figure 5(a) is for an upstream position. The 
top surface comes out from the contact and has a higher tempera- 
ture. The Poiseuille effect on the total amount of flow is only min- 
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Film Formation in EHL Point Contacts under ZEV Conditions 

Fig. 

- Normalized mass flow ...- 
0.8 - ,= - 2 ..----.- Pressure 

0.6 - 
4 

I 

0.2 - 

0.0 . ' . ' . '  .. 
-3.0 - 2  -2.0 -1.5 -1.0 -0.5 0.0 

4--Normalized mass flow rate and pressure generation under ZEV 
conditions, W =  5.96x10-', ke = 1, US = 14.62~10'". l.oom :m 0.. . -.. . .. h , ,  -91 . . . . . . . imal. Considering a position inside the contact area as shown in o* . . . .. M h D 1  

O* . 
N .  

. .. 
Fig. 5(c), it can be seen that the temperature of the top surface is N 

04 o* . 
0 1  0.1 still higher than the lower surface, but the maximum temperature ... .... '...... 

occurs inside the oil film. Large Poiseuille flow is generated due 0 0  
I* I . ,  1.2 1, I.. 1.1 

0 0  ., .. -1 .* .1 0 I 3 J . , 
i u3 

to the large increase in pressure. At the central position of the con- 
tact, the physical situation is symmetrical about the mid plane, i.e., (c) 

the temperature and viscosity distributions are mirror images, and 
the total flow curves are symmetrical above and below the mid 
flow plane, as shown in Fig. 5(e). The viscosity at the wall sur- : r ~ [  O1 ; ::m o a  - - _  ....... -,u(b 

- - D ~ * r ~  
.: 

faces is five orders of the magnitude higher than that at the mid - ,. i ...-.----a ".-,, .A 
.. 

0.4 
-. --. 

plane. As a result, the flow rate in the mid section of the film is o.z .. .. .... 03 
-... 

much higher than in the vicinity of the two bounding surfaces. o o  I.0 ,., .... ,.= I., _._._ .. ,.. IS D.O 
4 4 - , . 2 . , 0  8 2 3 .  

Based on the above numerical results, it can be seen that the t U T  

strongest viscosity wedge occurs within the contact region, or the (4 

region of pressure generation is smaller than that in the Hertzian 
0 0  ,s,b aei,od ...,., O. ,ad l _ l . ~ ~ s  

contact region. This could be the theoretical support of the small- 
......- , ,boa 

er fully flooded-starved boundary at ZEV than that in ordinary 
....... -*u Mil 

EHL. Furthennore, for balancing the same external loads, a high- - 
er central pressure in a smaller pressure generation region at ZEV 

09 can be induced than that in Hertzian contact or classical EHL. I.o I.Z ,.. ,.. I* 10 . s . 4 . , . z . , o ~ ~  , . , 
9 

"a 
The effect of the ellipticity parameter on the EHL at ZEV is 

also investigated. In the calculation, with different ellipticity (e) 

parameters the load is adjusted in such a way that the maximum Fig. 5-Numerical results of temperature, viscosity and mass flow 

Hertzian contact pressure can be of the same level, 0.6 GPa. The 
ellipticity parameter ke ranges from I .O to 8.0, Us = 14.62~10-". 
Figure 6 illustrates the variation of the central film thickness, the 
minimum film thickness and the central pressure with ke. Similar 
to the traditional EHL, the central film thickness increases with 

across the film at different ositions on the plane of Y = 0, P W  = 5.96x10", US = 7.31 ~10. '  and ke = 1 
(a) X  = -2.9 . , 
(b)  X =  -1.0 
(c) X = -0.60938 
(d) X  = -0.53906 
(e) X = 0.0 . . 

increasing ke in that the side leakage effect is of less significance 
at higher ke in the central region. Nevertheless, the variation of 
film shapes is interesting. As shown in Fig. 7(a), when k, is unity, 
no side lobes are observed. The minimum film thickness locations Steel-Sapphire Contact and Comparison with 
are found along the central axis of Y = 0.0. When ke increases, as Experiments 
shown in Figs. 7(b)-(d), distinct side lobes appear and are located 
around the Y axis, indicating the change of the positions of the Preliminary quantitative comparison with the experimental 

minimum film thickness. But according to the classical EHL the- results by Yagi, et a1.(2001) is performed for further identification 

ory, when k, increases, the side lobes and the location of the min- of the theoretical viscosity wedge effect. In the analysis, the steel 

imum film thickness will get nearer to the X axis. ball is referred to as solid 1, and the sapphire disk as solid 2. For 
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thc sakc or cnrnpnrison. in the Cnltowing scc~ion tht oirrputs are 
pivcn wilh nhcir oripinnl units. Tnhlc 3 l isr~ thc prnwnics of !hc 
canjunctinns. Othcr inpr~l pnrarnclcm arc thc same as t h m  in 
Tathlc F .  Thc themid viwmity mfticienr of luhricnnt PlOll i s  

ohtnind Tmm thc visc~si!ics of PI IlIl nt 2?'C nnd 4n.C . 
Fipurr 21 shows ~ h c  ~hmrc~ical  and ex~r i rnmr~a l  rcsutts under 

contti~inn'i of us r 2.0 m/s, = IIM.0 N = 1.37 GPa). In 

nhtnininp the pseudo-interfcrencc pntzcm. the rcfractivc indcx of 

1.5 nntl the b ~ n z - l i l l r c n r ~  rclarinnship nre crnploved to calculate 
fhc npticrrl film ~hickmw. Fmm Fig. 8 ,  in gencn~l it can bc said 
thnt ~ h c  n~~rncriclrl sirn~~lntinn and rfie cxperimcnl mmlnfe to tach 
clthcr. n w  nvcrnpc tcmpcmturc r i w  within thc film ohtnined by 
exprrinwnl nnd simulation nre of similnr pmfilcs. Roth show thnt 
fhr tcnlpcmlurc riw in rhc centrnl pad is much highcr than that in 
nrlrcr pans, k n u w  thc viscous diwip~tion in Illc ccntml p n  i s  

mucll hiphcr d ~ c  rn the higher Y ~ T C M ~ E Y  thnn in nlher parts. 

Clnwcvrr. l l ~ c  mnrrimiim tcnrpcmlurc c:lleulntcd i s  lower in 1 h i ~  
cnsc. In Fig. K(h). h ~ h  r l~c  ?iirnnli~~inn nnd thc rxpcrimcnl indicnrc! 
rhr~z nn tlrr ~ tw l  htill xurfncc. the rcrnpmrsrc in Ihc nutlet region 
is hipher rhnn in thc inlet region. Cnlculations also rcvcal thal on 

rhc rnpphirt: surf:tce lhere i s  similar ternvrnture vitriacion (not 
prcsr~ltrd hcrc). Thc viwosiry wcdpc originates fmni such tcrn- 
p c ~ ~ u r r  distribu~ictnx on thc hrrundine, susl'accr;. 

M ~ E I  intcscsting iq t l ~ a t  in the o~rlrc~ rcginn of  he stccl rurfucc. 
zhc cnlculalcd filnr thickness is nlwnys higher than rncasurcd. 

Cmspndinp Hcnzirln pmfilc is nlsn plorterl as rcrerencc. In 
clnsl;ical EHL. thc film uptical intcrfc~ncc pnttcrn is  of an 

mg. 7 a 0 4 m a r l w s n e s  fmtlarns mdm dmwwrl nnlplleYl p m m -  
mm, p,, = D.WP11. US = 7.3f x 10"'. wavdmgth = 500 nm. 
(a) k, = 1 .O 
(b) k* = 2.0 
(c) ke t 3.0 
(dl k, n 6.0 

apprnximntcly circular s h o p  or the film pmfile i s  or o Henzim 
onc when i f  i s  aui of zhe contact region. which indicates Icss dis- 
tortion. 7 l e  ~hmretical results and cxpcrimcnts havc hnd p d  
rprccmcnts in this rczp l~ t  (Kmpkrt. ct nl.. 2 0 ) .  Anyway, it is nnr 
[rut Cnr nppsite diding case% with dimples. In rhe intcrfctcnce 
patterns in Fig, R(c). i t  can he a n  that C, and C, nre di.itoncd in 

the ou~lct =pion of the stcd surface, Thcy arc stretched alone the 
outlet direction of thc stccl hurfacc, W i l e  in thc pwudn-inrrrfer- 
encc patterns. Fig. 8(dl. such stretches along thc %:!me direction 
are not o k r v e d  matkcdfy, To avoid visual delusion. ~ h c  coodi-  

natcs of thc point% in fringes Ct and C, nrc dctmined accuntery 
by aplical inten~ity ntcmuwrncnt. and C, and C, are ploncd wpn- 
rarely as shown in Fig. R ( l l  along wilh two standad circte~. In C , .  
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Film Fornlation in EHL h i n t  Contact5 under ZEV Conditinn\ 520 

Ag. +The theoretlwl and crtpsrlmant rwults, us = 2.0 mfq, w = 1OO.M 
141 x 1.37Gpa). ko = 1. 

(el nvsrage lempcmm rlw wf#In tho film 
(b) ternperalum rlse on the Heal  ball surf8m 
(c) film !h~ckmrss 
( d )  pseud+lnterlanmm psttm. wsvdsnglh = 580 nm 
(n) experlmentel image 
(I) local surface dlslorllon 

Rg, Ut loc !  ot load on EHL al ZEV, % = ZOWs. k, = 1-0. 
(a) lllm lthlckmss 
(b) merage lampemturn hsa wtthln film 

thc ~ongntinl displaccmen~ oS thc pin th  in the nutlet rcginn :ur 

pronounced. Thc ohvinus shcar r tn in occurring in Fip. Xln may 
originate Imm the non-unifnm shear st r rs \  and preqwrc distrihu- 
tinns on rhc blinding swrrncc. While in cln*rical EtlI.. the \hwr 
displnccmenr an thc houndinp surfaccq i\ alwayf Cgnorrd in fhe 
film 1hkkne5s qunrion. So In Fig. Xfc). in rhc crullcl rcpinrt the 
calc~llatcrl film thicknrsr. i v  h~pher, A n~lrncrival tirnul:rtion incnr- 
pnmting the tangential dispCaccrncn~ i s  nnw lrnrlcr con\itlen~tinn 
and it i s  h o p !  that with ~ :mpnt i i~ l  dirplilccmcnt In tbc film thick- 
ncss quation thc rli5tonion nf film pmiilc can he nddrcrscrl clmr- 

ly. A ~ L I F  t h ~  i n r d c r m o c  pattern. it i.: c;isily sccn ttt:rt ~ h c  pnltcm 

of ~ h c  dimple in Ihc ~imulnt~on i . ~  arinngulor. while that In cxpcri- 
mcnt i~ is elliptical. Contnp to the r~iuarinn nf stccl-srccl con- 

tacts. lhc symmetry of rhc film rhaw ahnub thc Y iln1.i : ~ c  rlrt~wn in 
Figs, 3 anti7 docs not exist in s:lpphirc-slml conInct5 owing ra rhc 
diffcmnce< in therntmiynnmic p n l p ~ i ~ ~ .  

Figure 9 illu*tntes the influence or ~ h c  lo;td< w nhc film thick- 
ncss and gres.riurc distrihulionq. The dcpth of thc dimple incrclqwr 

nr  he land incrcarcq, A similar rrcnrt \roils lrlhn rcconltrl by Yqi. 
et at. (XKll). Hnwcvcr. thc tnaion hchavior shows morc rliffrr- 
cncc. 3s in Fig. In. Ahhuugh hoth curvcs of friction ctwtTc~cnr 

vcmus load have thc same tcndcncv. ~ h c  cl~ffcrcncc ciIn reach morr 

thnn 3(lck. In tmditionel ECII,. thc Ncwtoniun mdul  has hccn crit- 
Ccil.cd for its ovcrcsiimatinn of mctirln. But herc [he mm~urcrl 
friction cwfficienf ih  l a y c r  rhnn rhnr ohtaincd hg ~ h c  Ncwrclnii~n 
model. 

Thc nart~ric:~! simublion i\ wcll corrclarcd wilh ~ h c  cnpri- 
mcn~:hl rcpultu. I r  i s  1ht11 cnncludcd lh31 the film krm:~ti{m in :In 
EHL p in1  conlac1 iindcr XEV contli~ionr; 8 . i  mainly :~~crihcd to thc 
cffccc nf ;I thcrmal V ~ S C O F ~ ~ ~  wedgc. 
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F. GUO, P. WONG, P. YANG AND K. YAGI 

+ O.O1 -Theoretical result 
LL '' 1 +Experiment 

0.00 1 ' . ' - ' d 
30 40 SO 60 70 80 90 100 

Load. N 

Flg. 10-The frlctlon coefficient obtained by numerical simulation a n d  
experiment,  us = 2.0 mls,  ke = I .  

W h e n  t h e  t w o  b o u n d i n g  su r f ace s  are of t h e  same ma t e r i a l  and 
d im ens ions ,  t h e  fill11 profile f ea tu r i ng  a l a rge  d i m p l e  a t  t h e  c en t r a l  

rcgion is sytuti ietrical  a b o u t  t h e  cent ra l  Y axis. 
T h e  f i lm  prof i les  w i th  a deep ditnple wi th in  t h e  c o n t a c t  r eg ion  

inclicote t i iuch h ighe r  f i lm  pressures .  T h i s  i nduced  h igh  pressure 
may also be responsible for t h e  lubr ica t ion  failure e x c e p t  f o r  f i l m  

b r e a k d o w n ,  a n d  s h o u l d  be inco rpo ra t ed  i n to  some fa t i gue  ana ly s i s  

of retainerless bearings. T h e  ana ly s i s  also r evea l s  t ha t  t h e  f i lm  

bu i l d -up  abi l i ty  u n d e r  ZEV cond i t i ons  can ha rd ly  be a f f ec t ed  by 
t h e  oil supply o u t  o f  t he  He r t z i an  con t ac t  region. In e l l ip t ica l  con- 
tacts, t h e  mini t i ium fil tn t h i cknes s  occurs around t h e  major a x i s  o f  

tlie cot i tac t  ellipse. 
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