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ABSTRACT

A simple mechanical model which has some features in common with
load bearing human joints is described. The normal approach of two
plane surfaces, one of which is covered with porous material is analyscd.
The gap between the two surfaces is filled with micropolar fluid to repre-
sent a particulate suspension (i.e, synovial fluid) as lubricant. The pcore-
size diameter is so small that only the suspending medium, i.e, the viscotis
fluid enters into the porous matrix due to the filtration action. 'Thv
problem has been solved separately in two regions; flow of viscous fluidd
in the porous matrix and the squeeze film lubrication with micropolitr
fluid as lubricant in between the two approaching surfaces along with
suitable matching conditions at the porous boundary. Several interestirg
results have been brought out. Agreement with available experimental
results and the computational results presented, herein, is quite good.

1. INTRODUCTION

THis paper is concerned with a straightforward physical situation, the niormi |
approach of a porous solid and a rigid impervious solid, separated by i
particulate suspension whose concentration increases as the gap botwen |
the approaching surfaces  decreases.! The suspending mediunmx (Viscow
fluid) enters into the porous matrix of the solid as the surfaces approudh
each other. The work has been inspired by the variety of more complicitel
situations occurring in living human load bearing joints.?2 The non-niewi
nian thixotropic synovial fluid lubricates the two layers of porous articuly
cartilage which have non linear stress/strain rate/liquid content relations,

According to the theories of joint lubrication given by IDowsan
et al.® the human joint experiences fluid (including elastohydro dymamic)
mixed and boundary situations* in its varied operating conditions® und



LUBRICATION OF POROUS SOLIDS 145

full appreciation of the exceptional characteristics of human bearing requires
a recognition of the role of each mode of lubrication. These authors have
also proposed a mechanism of “ Boosted Lubrication * in the extreme situa-
tion of high normal loads and low or zero sliding velocities. This mecha-
nism depends on an increase in the viscosity of synovial fluid as the gap
between the approaching Cartilage surfaces decreases. Caused by the
increasing concentration of hyaluronic acid which is largely responsible for
the wviscosity of the synovial fluid, it has been argued that the hyaluronic
acid molecules are too big to pass through the pores in the Cartilage whereas
the base fluid (the suspending medium, 7.e., water) is driven away through the
pores. |

Mec-Cutchen®” has earlier stated that the porosity of the Cartilage,
coupled with the impervious nature of the bone backing, is responsible for
the very low coefficient of friction by a mechanism “ weeping lubrication 8
which is quite different from Dowson et al® |

From all that has been written about the functioning of human joints,
no religble description of their lubrication has emerged and one probable
conclusion is that no single mechanism operates throughout the range of
practical conditions as has been noted by Dowson et al.® It would there-
fore be adequate to study a straightforward phase of operations, with no
need. to enlist various complications. The work desciibed he.e is devoted
to those conditions where entraining velocity is small or zero, as such points
in the walking cycle, the load is high, viz., heel strike and toe off.? At these
points the relative velocity is normal in approach and hydrodynamic lubri-
cation must relay on the squeeze film effect’® together with the flow of viscous
fluid in the porous matrix and the micropolar fluid in the fluid film region
to represent synovial fluid and the corresponding matching conditions at
the porous boundary. As may be seen the model used in the investigation
is very much simpler than the real thing, while clearly inspired by the human
joints, it lays no claim to describe them adequately. The calculation also
include the effect of concentration on the viscosity and thus the effect of vis-
cosity’ om the pressure distributions and load carrying capacity of the fluid
film.

2. FORMULATION OF PROBLEM

The configuration of bearing as shown in figure consists of two rect-

angular plates of infinite length (not shown in figure) in —x; direction and

of length L in —x, direction. The upper surface is of porous pad of thick-"
ness JA. with fixed porosity K fitted over a rigid backing and the lower surface -
is of rigid impervious solid. - These surfaces are kept apart by a micropolar . -
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Figure 1. Bearing configuration.

fluid film of thickness /. The upper plate moves with vilocity U in negative
direction of —x, axis.

As the problem is two-dimensional, the velocity, spin and pressure
fields are given as:
V=i, (xy, Xp) + 15 05 (0, %)
¥ = Iy v (x5, Xp)
p=p (xl)

where i, i,, i; are the umit vecto.s along x;, x,, x, axis.

GOVERNING EQUATIONS IN REGION 1 (FLUID FILM REGION)

For the present case in film 1egion, the field equations for mic. opolar
fluid given in detail* may be reduced in following form:

d2u dvo dP .
U+R) et R = g =0 (1)
)2 du ,

when the following non-dimensional quantities have been used

_ K X 0 _Y o, _ LIn _ L
=D YEL =Y, VY T, e P

where R in eq. (1) is an index to measuie the concentration of the sus-
pended molecules (e.g., hyaluronic auid molecules in synovial fluid) and A4
in.eq. (2) measures the intensity of the influence on the action of the lubri-
cant by the change in size and shape of macromolecules. Both the para-
meters are positive. Uy the velocity at =0 when the gap is Ay, p the

R ST T 4 S
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classical viscosity coefficients and k, y are additional viscosity coefficients
for micropolar fluid.

GOVERNING EQUATION IN REGION 2 (POROUS MATRIX)

In the porous region, the flow is governed by the following equations
in non-dimensional form

S _ ¢
T @
5. _$ W
D=—" 5 (4)

where P’ is non-dimensional pressure in region 2 and ¢ = KHJL® (design
parameter), o = H/L and the equation of continuity

2

Ny
3 =0. (3)

+63)'--

Substitution of (3) and (4) in (5) gives a two-dimensional Laplace equation
for pressure distiibution as

2% |
e Ty =0 | ©)

TRANSFORMED BOUNDARY CONDITIONS IN NON-DIEMENSIONAL FORM

In fluid film region:
u=0, v=0 at y=0
u=0 v=0at y=hlL=§, 0< < ] (7)
P=0at x =+ 4,
In porous region:

PP=0atx=41%

P | .
bl = ()
D_y iyma.}‘ﬂ (8)

and the matching condition:

p@)=p&f )
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3. SOLUTION OF THE PROBLEM

Analytical solutions for velocity and spin field determined from eqs
(1) and (2) using boundary conditions 7 are

u=T, [y“ — By + ( 2ﬁ) {C(1 - ~cosh my) — sin h my}] (10)

’ _—.(—7)[1 — cosh my — Csinhmy] — Tpy (1)
where
Pl 2 RE2
h=gis Le=dm—y . m= [A(R—}:l)]
and

= [B(l + cosh mB) + T,sinh mB] x [(1 — cosh mB) T, —
B sinh mBI.

Equation of continuity in fluid film region gives

Vg = R-+M7 abx [jf] (12)
where |

m [P (2 (Sl =iy
and

Vlyep = B ly-p + gf (13)

golving ¢d- (6) with boundary conditions (8), we get

!

p= An exp (— Bny) {eXp [— 287 (@ + B — »)] 4 1} cosh Bnx

(14)

i 8

a
r

where
ﬁn = (2ﬂ — 1) .

with the help of egs (13) and (14), eq. (12) becomes

LAWY M 3 (dP |
(dt) + = z Anfn €08 Bpx = =Rt F be d_x) (15)
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where .
E = exp (— Baf) (exp (— 2Bna) — 1).

Now using P=0at x = 4 4, we obtain the pressure field for fluid ﬁlm
region from eq. (15)

_R+27_ 1 ydb | AN ”
LYt e 00

Using matching condition at porous boundary
ie,P(x)=p (x,B)

we obtain the following system of equations

S resne R 32 L@ -1

% z An p o5 ﬁnx (17)

where
F = exp (— Bnf) (CXP (— Bna) + 1)

&)

cp M
CE(l t5 % }-2¢ﬁn)

Thus the dimensionless pressure distribution in region [ is given by

p_Uw _R+2 x? 1.)
dhjdt — M 28

3 4 (= ™* cos Bnx |
) | . 19)
z c(U+E R 2 E B”‘)]

The exp:ession for load carrying capacity W in the squeeze film in non-
dimensional form

.An

(18)

4 (_‘,_ 1)2":-}-1

== M [24 Zﬁn4(1+%'~~—M—~-~-g-ﬁn)]

R+2
(20)
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and the non-dimensional thickness and time relationship is

r=§ wea - - @D

FRICTIONAL-DRAG AND COEFFICIENT OF FRICTION

The shear stress along the surfacell
U
f21 = (1 +R) ;"y - RV.
Since v =0 at y = 0, therefore shear stress 7, at surface is given by

1 B 2[4 () i — mconh ]

and the fx’ictional drag F per unit length

11-—‘

F“dex“"'(R )f ax

[,3 + == {Cm sinh mB — m cosh m,8}] dx.

The coefficient of frlcuon can be obtained dividing frictional drag by load
capacity which lies within the range 0-005-0-025.

Tables 1 and 2 have been prepared from egs. (20) and (21).

Table 1. Dimensionless load capacity () for the different value of R (index to measure
the concentration of suspended particles). A (influence of size and shape of suspended particles)
B (dimensionless film thickness).

(@ (4=5,p=-5 o=-1,¢=-01)

R 1 2 3 4 | 5
B -019203 -023694 -035183 -138233 - 190888
(b)Y (R=5,8="5 a=-1,¢ =-01)
4 1 2 3 4 5
W -070643 884108 100514 -132200 -192735
@ (R=4,A=6a=0-1,¢ =01
g 1 2 3 4 ' 5
73 -252142 -315634 -427029 560575 -705270
(@) (R=0, A=0, o = -1, ¢ = -01)
B ‘1 -2 -3 -4 ‘5
B 2.201021 2-111081 2-102102 2-093315 2-069474
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Table 2. Time of approach — height Relationship for ¢ =0:1,a =0-1, A =35,

BR 3 5 7
1 +654501 -250195 -250101
2 +601090 -201019 -193461
3 -590180 +179801 +169213
4 -510290 -150690 +150418
5 -492890 -123659 -115080

RESULTS AND DISCUSSION

Idealising a simple model for human joints, an attempt has been made
in this paper to bring out the effects of changes of size and shape of macro-
molecules and then concentration on bearing characteristics using micropolar
fluid as lubricant (Synovial fluid) including the effect of the porous nature
of the cartilage. This simple model brings out many interesting observa-
tions which support the observations made by various authors reported earlier.
Numerical results are shownin tables 1 and 2. It may be observed that:

1. Load carrying capacity increases with R, i.e., concentration of macro-
molecules (hyluronic acid molecules). It may also be observed that as the
surfaces approach each other, the gap decreases and the concentration
increases.” In the ab ence of macrostructure and the macroscopic motions
(i.e., when R=0, 4=0), the load capacity increases when the gap
decteases 1 (d).

2. The variation of A in the micropolar fluid under consideration
measures the change in the shape and size of the macromolecules in the sus-
pension. It may be observed from table 1 () that the load capacity increases
with A which measures the orientation of the molecules in suspension.

3. Referring to table 2 showing the variation of gap for different
values of R with time. It may be observed that time of approach decreases
when R increases, and for particular value of R, time of approach increases
when % decreases. It shows that higher the concentration of the macromole-
cules, the greater the time of approach similar experimental observations
have been made by Walker and Dowson.!?

5. CONCLUSIONS

Although the values of the parameters employed in the proposed model are
very much different from those of human joints, but the object of this paper

A6—March77
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is to confirm the approximate validity of the theory. As the gap between
the two approaching surfaces decreases which, in turn, due to the filtration
action increasing the concentration of the suspended particles (i.e., macro-
molecules), the load carrying capacity increases. It, therefore, follows that
the filtration action through the surface aggregates as suggested earlier by
Unsworth is very much effective. The calculated closure time increases as
the gap decreases and the concentration of the suspended particles is inversely
proportional to the film thickness. These results are, in general, accord
with the existing experimental evidence and provide support for squeeze
film action as an important aspect in human joints.
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