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Nowadays, the emergence of new lubricants requires an enhancement of the
rheological models and methods used for solution of corresponding initial boundary-
value problems. In particular, models that take into account viscoelastic properties
are of great interest. In the present paper we consider the mathematical model of
nonstationary motion of a viscoelastic fluid in roller bearings. We used the Maxwell
fluid model for the modeling of fluid properties. The viscoelastic properties are
exhibited by many lubricants that use polymer additives. In addition, viscoelastic
properties can be essential at high fluid speeds. Also, viscoelastic properties can be
significant in the case of thin gaps. Maxwell's model is one of the most common
models of viscoelastic materials. It combines the relative simplicity of constitutive
equations with the ability to describe a stress relaxation. In addition, viscoelastic
fluids also allow us to describe some effects that are missing in the case of viscous
fluid. An example it is worth to mention the Weissenberg effect and a number of
others. In particular, such effects can be used to increase the efficiency of the film
carrier in the sliding bearings. Here we introduced characteristic assumptions on
the form of the flow, allowing to significantly simplify the solution of the problem.
We consider so-called self-similar solutions, which allows us to get a solution in an
analytical form. As a result these assumptions, the formulae for pressure and friction
forces are derived. Their dependency on time and Deborah number is analyzed. The
limiting values of the flow characteristics were obtained. The latter can be used for
steady state of the flow regime. Differences from the case of Newtonian fluid are
discussed. It is shown that viscoelastic properties are most evident at the initial
stage of flow, when the effects of non-stationarity are most important.

Keywords: viscoelastic fluid, roller bearing, friction, self-similar solution.

Introduction

In theoretical studies of lubrication, it is often assumed that a lubricant behaves as a true
(Newtonian) fluid even at very high shear rates, which are characteristic of bearings, and
that various stress components resulting in the fluid from the displacement of'its boundaries
can be determined based on classical hydrodynamics. However, many of the modern
lubricants possess noticeable elasticity in shear, and, in laminar flow, these materials
demonstrate some new phenomena (for example, “the Weissenberg effect” or “the normal
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pressure phenomenon”), which cannot be explained in the framework of the classical
theory. For a flow of a particular geometrical configuration, the “normal pressure
phenomenon” can be used for forming a carrying film in roller bearings.

The topic of stationary motion of viscoelastic lubricants is fairly well studied (see [1-3].
In the case of stationary shear flow similar to flows in most bearings with liquid lubricants,
non-Newtonian fluids differ very little from Newtonian ones. For stationary shear flows,
normal stresses are too small to give any tangible contribution into the carrying capacity
of the layer in the conditions of the geometry of such bearings. Lubricants have been
studied in numerous works (e.g., [4—15]), taking account of their viscoelastic properties.
The hydrodynamics of viscoelastic fluids was considered in [16—19]. The approach used
here was also applied in [20].

It appears that the behavior of viscoelastic lubricants can differ substantially from that of
Newtonian lubricants only in nonstationary conditions. That is why solution of the problem
of nonstationary flow of viscoelastic lubricants in roller bearings is of both theoretical and
practical importance.

1. Basic assumptions

In the present paper, the problem of a nonstationary flow of a viscoelastic lubricant between
a slider and a bearing pilot (fig. 1) is analyzed. The slider is assumed to remain static,
whereas the pilot moves at a velocity of & +u"(¢'), where & = const, u"(¢') is pertur-
bation velocity of the of the pilot.
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Fig.1. Configuration of the bearing

To find an analytical solution of the problem connected with stationary motion of the
pilot, a number of conventional assumptions and simplifications are made:

1. Pressure is nearly constant through the film thickness, as defined by equation 4’ = A, +
+x'tg a.

2. The lubricant film thickness is small as compared with its length, thus, according to
Reynolds, it can be assumed that velocity ¥ of the fluid and in the direction normal to the
surface is small enough as compared with velocity V% along the surfaces. Moreover, the
variation of velocity V' in direction x” is negligible as compared with that in direction y".
3. The characteristics of a Maxwellian fluid can be described using the following equation
[2,3]:

vy r’+ 1 ot

' u G o’
where G is elastic modulus, L is viscosity, W/G = A is relaxation time of the fluid, T’ is
tangential stress.

()
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2. Basic equations and boundary conditions

With the above assumptions, the analysis of equilibrium of a fluid element situated between
the surfaces of the bearing results in the following equation:

ot op' oV

=%, TP )

oy’ ox' ot
where p” is hydrodynamic pressure and p is density.

In analyzing the system in question, equations (1) and (2) are complemented with a
continuity equation:

@

oy oV,
+ —=
oy’ ox'

The solution of the analyzed problem will be sought in the form of a sum of two solutions:

0. 3)

0 0
Vi=VatVe, V=V +Vy, pP'=pi+ps T=1h+T0 @)

where VXQ, Vyo, , Py» T 1s solution of a stationary problem corresponding to the motion of
the bearing pilot at a constant velocity #°, and Vs Vs Duss Tys is a solution of a
nonstationary problem corresponding to the motion of the pilot at a velocity u*(¢").

Substituting 77°9/6x’ for 0/0t" in equation (1) of the stationary problem, to determine
functions VXQ , qu , Po» Tp With the account of (1), (2) and (3), the following equation system

is obtained:
vy 1, N i’ o ovy N oV o oty dp,
' . G ox' oy ox oy o'’
and to determine functions V., V.., pyg, Ty, in equations (1), (2) and 3) V., V., pre, Tog
will be substituted for V), V', p’, T, respectively.

®)

2

sV x's

Equation system (5) is solved with the following boundary conditions:
qu =0, VXQ =—u" for y'=0,
Vy=0, V=0 for y'=h'(x"), (6)
po =P, for x'=0, x'=1

It is assumed that a lubricant arrives at the bearing in the case of total relaxation of elastic
strain. Ifthis assumption is applied to the entire fluid at the moment it gets into the bearing,
boundary conditions (6) will be supplemented with the following conditions:

2
TP _o % _g gor x=o0. (7)
dx' dx
Now dimensionless variables will be considered according to the following formulas:
~ ~ h
x'=k, y'=hy, VI=u"’, qu =u'eu’, h'(x")=hh(x), e= 70,
i @®)
" ol
Po=P Po» P = PR
0

where / is length of the bearing pilot.
Then equation system (5) and boundary conditions (6), (7) can be written as:
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2.0 2 wir®
0 v2 _9py N 0 ];0 ou’ 8v ~0, B= ©)
Oy ox ox

2

o ox Gh
v =0, u0=0f0ry=h(x), v=—1, u0=0f0ry=0,

2
poziﬂforx:O,x:I, d_py
p dx

(10)
=0 for x=0.

3. Constructing a self-similar solution

An exact self-similar solution of problem (9), (10) is sought in the following form [2]:

0 0
W= o, w =Y Uy,
Oy ox

W=, U =GR ), V=7, (1)

£= Y dpo_i_dePo_i_i_czO

h(x) dx " odx> Kt R
Substitution of (11) into (9), (10) yields the following system of ordinary differential
equations and the related boundary conditions:

G=a), v=E, up-&v = (12)
§"'=0, #,=0, ¥,=0for&=1, §” =0, i=0, ¥, =-1"for £=0,
P 2 [~
Po=—= for x=0, x=1, d p20 =0 for x =0, Ivo(i)dEJ:O. (13)
p dx 0

A solution of problem (12), (13) is found by direct integration with the following result:

2 2
~0’

§=E Zwelere, F=d T rdted, @ —ja (@),
where &’ =6,c) =0, cg =—4,¢) =-¢,/2, ¢ =1,

d? Po
Bj dx=61,(1) | Jy(x)= jh()

For hydrodynamic pressure with the account of the boundary conditions for p,, the following
final expression is obtained:

6((—2exp (—x/B)+2xexp (—=1/B) —2x +2)p* + x* —x)n P

~0
2

J (1)

Po=
(=6n+ 6nexp (~1/B))B* +6pn—3n+2 3
Knowing p,, pressure force N, for the case of stationary motion can be found:
~0;2 ~072
pu -l pu -l
Ny = P odx = P X
0 0 0

y —12B°n+12B’nexp (1/B)— 6B nexp (1/8)—6B’n+nexp (1/p)
3nexp (1/B)—6Bn—2exp (1/B)—6Bnexp (1/B)+6B nexp (1/B)

+P,. (14
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For the case of stationary motion, the friction force is defined by the following expression:
1 1 Wil 1
0 ' ' 1t '
= Iro|y,:0dx = Jco(x )dx' = Jco(x)dx,

0 0 0 o

where constant ¢; = c i ou/ h, results from integrating the third equation of system (5),
and ¢, is determined from the following expression:

¢
¢

h_lz + 3=y (x)+ B
Solving the resulting equation with boundary condltlon dcy/dx =0 for x =0, one obtains:
—6[3 N+4np +2nx —3n+1+6exp (=1/p)np* + 2nPexp (—x/B)

—6B°n+6exp (—1/B)MP> +6mB+2—3n
The final expression for determining the friction force with the account of (15) will be:

(15)

Cy=—

~0
Jo I

0

| = 4B'n—4nBexp (1/B)+2mexp (1/B) +4exp (1/BNB’ —exp (I/B) |

—6B*n+3nexp (1/B)—2exp (1/B)—6mBexp (1/B)+6mp*exp (1/B) |

Now the nonstationary problem will be analyzed.
The nonlinear term in the right-hand side of equation (2) is averaged along the thickness
of the lubricant layer using the Slezkin—Targ method. The following designation is
introduced:

h'(x")

a7

h()

Thus, after integrating equation (2) for the case of nonstationary motion with the account
of (3), the following expression is obtained:

9]
T = g“fy + A'(xX, 1)y +'(x',1). (18)
For the case of a Maxwellian fluid, where its flow characteristics are defined by equation
(1), the velocity gradient will be expressed as:

ov. op! 1(&%p! o4' , oc'
—= = 5"+ A'(x, )y + ()t By —y'+—1 (19
o' (a Y ACLY )j G(@x’é’t’y at T
Differentiating both sides of equation (19) for ), one obtains:
2 2 '
Ve _ (6PHS+A( t)} 0w 04 (20)
oy’ ox' Glaxor ot
Let us consider now the dimensionless variables according to the formulas analogous to (7):
xX'=lx, y'=hy, Ve=i'v, V,=u'su, h'(x')=heh(x), e= hl—o
21
'=pP-p o _pirt t=tt t*—h—o c'=c"c c*—ﬁ o
p p > p hg > > 170 > ) ho .
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For the nonstationary problem, with the account of (21), the following equation system
and the related boundary conditions are obtained:

2 2p
82 op +Re A+Ba +Re-B-a—A,
oy o Oxot ot
ou o i’h i 1 "Y' 22
u+ V_O, Re:pu 0, B:“u ’ A=—— _v 5
oy Ox u Gh, h(x) v ot
u=0, v=—ub~t—(0t)=el(t)fory=0,
u=0, v=0for y=h(x)=1+nx, nztia,
0
u=0, v=0 for P=0 for =0,
2p
P=0 for x=0,x=1, 8 +Re a—A—Ofor)c 0,z=0. (23)
oxot ot

An exact self-similar solution of problem (22), (23) will be sought in the following form:
v=%+m,y>, u=- T UG, Y=, U=TOH), V=T

2p ~ ~
4 C(t CH(1
E=—— P | Re A+Ba +Re Ba—: 1(2)+#.
h( ) ox OxOt o h h

After substituting (24) into (22), (23), the following system of differential equations and
the related boundary conditions are obtained:

R v ou

Vg g, LZoo, (25)

og’ g o o5

~ 1
V0. 720,720 for E=1, g—\gzo,ﬁ:o,V:el(z‘) for =0, [¥(&.1)d&=0,
0

24

P=0, u=0, v=0for¢=0,
2
P=0 for x=0,x=1, aPwLRe:a—A:Oforx:O,t:O. (26)
OxOt ot

Integrating equation system (25) with boundary conditions (26), one obtains:
2

2
7= 62<t>%+ ((DE+ ey (), T(EN= a<t>%+ e (06 + ().

, @7)
(&0 - ja V(z”da,
where
(0 =66(0). er(D)=0, cy(t)=—de,(1),
cl(t)=—@, e = e, (1), A=—?2(;), (28)
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and function ¢, (¢) is found from the following equation:
—J () C, +72e L)
Ji(D A0
After integrating equation (29), the following expression is obtained:
6J,(1)e
J5(1)

Re-B-¢;+Re-¢; + =0. (29)

¢, = A,exp (bit) + A, exp (bt) —

where

—Re-J, (1) +/Re*J,(1)* —48Re-BJ, (1), 0}
2Re-B

_ —Re-J,(1) —y[Re*J, (1) — 48Re-BJ,(1)J, (1)

- 2Re-B '

For expression ¢, (¢) not to contain any complex roots, condition 4, =4, =0 is enforced,
then expression ¢, (¢) will take the form:

1=

2

6J,(De
& _ 80 (30)
J5(1)
Hydrodynamic pressure P is determined from the following equation:
2 ~ ~ ~
P ’ " 6e,(t
P pll Rel _Rep2 - zl()+ 2 31)
ox OxOt 12h 12 h°(x) h'(x)

Integration of equation (31) for x, and then for # with the account of boundary conditions
(26) for P, yields:

P= %_t/ﬁ)j.Eexp (t/B)dt, (32)
0
where
porep?Veri re 0,
e-p——=¢, + Re- 5 5 +J5(x)c, + 6e,(1)J,(x).

Now, additional pressure forces N acting on a unit width of the pilot and friction force F';
will be determined:

~0 12
uul
= 5 X

Nj'd'

0 0

exp (1/B) & &
x| exp (- t/B)j Re B IJ (x)dx+Re le(x)dx+
0

p
1 1
+& [J3(x)dx + 6e, (1) sz(x)de], (33)
0 0
1 170 / 1
= J.r;S _dx' = i _[cdx, 34)
0 7 hO 0
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where c is found from the following equation:
¢ oc
et B RS L 35
n h g ot %)
After solving this equation with boundary condition dc/0f = 0 for x=0, t= 0, one obtains:

¢ = exp (—t/B) J 3exp (1/ B)Jz(l)eliltz); :j;p (t/B)AT3(Dey(1)
0 3

After substituting (36) into (34), the following final expression for determining the friction
force is obtained:

~0 2
=M o ‘”B)H?}J e “B(DJI exp(z/B)eldr}. G7)
0 0

To solve the problem, it remains to find velocity u” = e, % of the bearing pilot. Let the mass
of the pilot be equal to M, and the constant force acting on it be equal to Q. The following
designations will be used:

xp (t/B)dr. (36)

M
M _m Lo 38
w1 38)

where H is width of the pilot.
The differential equation of motion of the plate in the designations used will have the
form:

di" q 1 0
—==———(F, +F). 39
dld m ml ( fr fr) ( )
In dimensionless variables, equation (39) with the account of (37) will be written as:
de 4] !
L . exp (~/P) 300 [exp (t/B)edr |+
dt m@")y* mu® J5(DP B 0

| o —4B"n—4npBexp (1/B)+2nexp (1/B)+4np" exp (1/B)—exp (1/B) 40)
—6p*n+3nexp (1/p)—2exp (1/p)—6nPexp (1/P)+6np*exp (1/P) ||

Differentiation of both sides of equation (40) for ¢ yields:

d’e,  p |(320) _4nm)(_1 ’
- __mﬁ(’{J3(l)B_ ; —Eexp(—t/B)J(;exp(t/B)eldt+el . @D

Excluding integral exp (—¢/f) I;el exp (¢/B)dt from (40) and (41), the final form of the
equation is obtained:

c12e1+1del+ b, 35(1) 4J,(D) hoq M
dar* B dt mii® J5(DB B Bm(uo)2 Bmﬁo

«l o —4p’n—4nBexp (1/B) + 2nexp (1/B) +4np’ exp (1/B) —exp (1/B) 42)
— 6B+ 3nexp (1/B) - 2exp (1/B) — 6mPexp (1/p) + 6np* exp (1/P) |

Solution of equation (42) yields:
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e = hyg  n y
" Bsm(@®)? Pomii’
| o =4 —4mpexp (1/B) + 2nexp (1/B) +4np” exp (1/B) — exp (1/B)
- 6[3271 +3nexp (1/B) —2exp (1/B) —6mPBexp (1/B) + 6n[32 exp (1/PB)

+E,exp(at)+E,exp (a,t), (43)

where
__® w_4j M|, a __ 1 1+y1-45p7 J1-43p° a _ 1 Zl+yl-4of J1-43p°
Bmit® () CUU) Th 2 B 2 B '

As in the considered case, for actual bearings, acquires values from 0 to 1, then, for these
values, 8 < 0, hence, a, <0, a, > 0, and, thus, in the solution of (43) it is assumed that
E, = 0. Using boundary conditions e, = 0 for # = 0, one obtains:

hyq
B = em@y 55;50 -
x[—Z —4B’n—4nBexp (1/B) + 2nexp (1/B) + 4np* exp (1/B) —exp (1/B) }
—6p*n+3nexp (1/B) —2exp (1/B) —6mPexp (1/B) + 6p*nexp (1/B)
Then, the final expression for e, will be:

1 _ hyg U
e, =[1-exp (alt)]( Bom(i®) + Bomir? x

<l _2 — 4B n—4nBexp (1/B) + 2nexp (1/B) +4np* exp (1/B) —exp (1/B) (44)
- 6821] +3nexp (1/B) —2exp (1/B) —6mPexp (1/B) + 6[32nexp (1/B) '

The total pressure force and the total friction are found from the following expressions:

W=N+N, F=F,+F. (45)

4. Analysis of the results obtained

Some of the obtained results will further be analyzed here. Firstly, it follows from
(44) that, for t — oo, the velocity of the pilot tends to limiting value U, which is equal to:

hyq H
U=-—- + x
pom(ii®)>  Bomir°

| o =48 n—4npexp (1/B) + 2nexp (1/B) +4np” exp (1/B) —exp (1/B)
—6B°n+3nexp (1/B) —2exp (1/B) — 6mPBexp (1/B) + 6B nexp (1/B) |

The results of numerically analyzing total pressure force as a function of Deborah
number [3 and time ¢ are depicted in Figs. 2, 3. The total pressure force acting on the slider
and the pilot at the moment when the pilot moves at this velocity #° +u*(') is higher
than the force that would be acting on it if the pilot moved steadily, beginning from this
moment, at a constant velocity of & % Itis evident from expressions (45), with the account
of (44) defining the pressure and friction forces, that in the limit ( — o) those expressions
transform into formulas defining the pressure and friction forces in the case of stationary
motion, which testifies to a steady-state working regime of the system in question.
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Fig. 2. Total pressure force as a function of time for various Deborah numbers:
1 —B=0.5—nonstationary working regime, 2 — 8 = 0.5 — steady-state working regime,
3 — B = 0.8 — nonstationary working regime, 4 — B = 0.8 — steady-state working regime,
5 — B = 0.2 — nonstationary working regime, 6 — B = 0.2 — steady-state working regime
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Fig. 3. Total friction force as a function of time for various Deborah numbers:
1 —B = 0.5 —nonstationary working regime, 2 — 8 = 0.5 — steady-state working regime,
3 — B = 0.8 — steady-state working regime, 4 — § = 0.8 — nonstationary working regime,
5 — B = 0.2 — steady-state working regime, 6 — § = 0.2 — nonstationary working regime

Conclusion

The above analysis of the effect of viscoelastic properties of lubricants in the framework
of'the Maxwell model has shown that this effect is the most pronounced at the initial stage
of loading when nonstationary effects play the key role.
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MATEMATHYECKASA MOJEJb HECTAIIMOHAPHOI'O ABM)KEHUA
BA3KOYITPYTOM )KMJIKOCTH B ITOIIMUITHUKAX CKOJIBKEHUS

Kypo6a EpemeeBa U.A., Ckepparo /I., Kapaunno K., Tpan A.

Medicoynapoomviii ucciedo8amensCKuil YyeHmp MAmemMamuKi U MEXAHUKY CIOJICHBIX CUCTEM,
yrueepcumem JI' Axyuna, JI' Axyuna, Umanus

B HacTosiee Bpemsi MOsIBJIGHHE HOBBIX CMa30YHBIX MaTepHasiOB TPeOyeT paclIUpeHUs
HCIOIb3YEMBIX PEOJIOTMYECKUX MOZENEH M METOIOB PELICHHs] COOTBETCTBYIOIIUX HAYaJIbHO-
KpaeBbIX 3aJiad. B yacTHOCTH, OOJIBIION MHTEPEC MPEACTABIISIOT MOJIENHN, YUYUTHIBAIOLIHE B3KO-
ympyrue cBoiicTBa. B craThe paccMarpuBaeTcs MOJENb HECTAIlMOHAPHOTO JBMIKCHHS BS3KO-
YIPYTOi )KHUIKOCTH B IIOIIIAITHUKAX CKOJIbKeHHUs. J{JIst onMcaHust CBOMCTB ) KUKOCTH UCTIONIb30Ba-
Ha Mozenb MakcBesuia. Bsiskoynpyrue cBOHCTBa MPOSBIISIFOTCS BO MHOTHX CMa304HBIX MaTepHha-
J1aX, COZIEpIKaIMX MOJUMEpHbIe 100aBku. KpoMe Toro, BI3KOyNpyrue CBOWCTBa MOTYT OBITh CY-
LIECTBEHHBIMHU ITPH BBICOKHX CKOPOCTSAX )KUAKOCTH. TakKe BI3KOyIpYyTrHe CBOMCTBA MOTYT POSIB-
JISITBCSL B Cllyyae TOHKUX 3a30poB. Monenb MakcBesia npeacraBisier co0oil oaHy u3 Haubomee
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pacnpocTpaHeHHBIX MOJIEIeH BI3KOYIPYTUX MaTepranoB. OHa COUYeTaeT OTHOCHTEIBHYIO PO CTO-
Ty YpaBHEHHIA COCTOSHHS C BO3BMOXKHOCTBIO OTIMCAHUS PEaKCcalliy HanpsbKeHuit. I[ToMumMo 3toro,
YpaBHEHHS BSI3KOYNPYTOM JKHIKOCTH TTO3BOJISIIOT Omucarh 3()(EKTHI, OTCYTCTBYIOMINE B CIIydae
BSI3KOH JKHIKOCTH, Hanpumep, d3pdexr Baiiccenbepra u nemblit ps qpyrux. B qacTHocTH, Takue
3 PEKThI MOXKHO UCTIONB30BATh ISl OBBIIICHNUS Y3Q()EKTHBHOCTH HECYIICH TUICHKH B TOIIIATTHH-
KaX CKOJIbKEHHUs1. B cTaThe BBEICHBI MPEMOIOKEHHUS O XapaKTepe TCUSHHSI, TIO3BOJISIOIIUE CYIIe-
CTBEHHO YIIPOCTHTH PEIICHUE 3a1a49i. PaccMaTprBaroTCsi aBTOMOIENBHBIE PELIEHHS], UTO TI03BOJIS-
€T MOJY4UTh PElICHHE B aHATUTHYeCKON Gopme. [TomydeHbl 3aBUCUMOCTH MOJHOMN CHITBI aBJe-
HUSI M IOJTHOH CHITBI TpeHwst oT uucia Jle6opel n Bpemenu. [TomydeHs! mpeieibHble 3HAYSHUSI psiia
XapaKTePUCTHK TEUCHHUs, KOTOPhIE MOXKHO HCIONB30BaTh B YCTAHOBHUBIIEMCS PEKUME TCUCHHUSI.
OOCY)KIAat0TCs OTIHYUS OT CITy4asi HhBROTOHOBCKOW ®HIKOCTH. [ToKa3aHo, 4TO BSI3KOYIIPYTHE CBOW-
cTBa B OOJbIIIECH Mepe MPOSBISIIOTCS HA HAYAIILHOM JTare HArpy»XeHHs, KOria BaKHbI P (eKTh
HECTAIMOHAPHOCTH.

Kniouesuvie cnosa: BA3KOYIIpyTas )KUAKOCTb, MOAIHNITHUK CKOJIbXKCHHUS, TCOPHS CMa3KH, aBTO-
MOACJIBbHOC PEIICHUEC.
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