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Abstract — In recent decades, problems related to the squeeze of fluid films in the presence of a porous
medium draw attention of researchers and are the subject of many applied studies for industry and biome-
chanics. Our concerns in this paper are the numerical simulation of the viscous shear stresses effects on the
fluid film characteristics between two discs with one porous. This study is based on the coupling, at the
fluid film-porous disc interface, of the Darcy-Brinkman equations in the porous medium and the modified
Reynolds equation describing the flow in the fluid film. The system of equations obtained is discretized
by the means of finite differences method and solved numerically using the technique of Successive Over-
Relaxation (SOR). The results show that the viscous shear effects increase the radial and the axial fluid
film velocities as well as the squeeze film velocity but decrease the response time. Moreover, these effects
are enlarged for smaller viscous shear parameter and for smaller fluid film thickness.

Key words: Porous medium / Darcy-Brinkman model / squeeze-film / modified Reynolds equation /
numerical simulation

Résumé — Etude numérique des effets visqueux sur 1’écrasement d’un film en présence d’un
milieu poreux par le modéle de Darcy-Brinkman. Ces derniéres décennies, les problemes liés a
I’écrasement de films fluides en présence d’un milieu poreux attirent ’attention des chercheurs et font ’objet
de nombreux travaux d’application dans I'industrie et la biomécanique. Nous nous intéressons dans cet
article a la simulation numérique des effets des tensions visqueuses sur les caractéristiques de I’écrasement
d’un film fluide entre deux disques dont I'un est poreux. Cette étude est basée sur le couplage, a l'interface
film fluide — disque poreux, entre les équations de Darcy-Brinkman dans le milieu poreux et ’équation de
Reynolds modifiée décrivant I’écoulement dans le film fluide. Le systéeme d’équations obtenu est discrétisé
par la méthode des différences finies et résolu numériquement par la technique de sur-relaxation. Les
résultats obtenus montrent que les tensions visqueuses augmentent les vitesses radiales et axiales du film
fluide et la vitesse d’écrasement, mais diminuent le temps d’écrasement. De plus, ces effets deviennent plus
importants pour les plus petites valeurs du parametre des tensions visqueuses et pour les faibles épaisseurs
du film fluide.

Mots clés : Milieu poreux / modele de Darcy-Brinkman / écrasement de film / équation de Reynolds
modifiée / simulation numérique

1 Introduction lubricated solids moving towards each other in order to
move a viscous lubricant between them. When the two
lubricated solids approach each other, the fluid film is
partly squeezed and some of the fluid flows out through
the porous medium. In the literature, several researchers
have proposed approaches to investigate the squeeze film
behaviour in the presence of a porous facing.

The porous squeeze-film problems have received great
interests because of their wide areas of application in en-
gineering practices such as machine tools, dampers and
human joints. The term squeeze film applies to any two
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Nomenclature

dh/dt  squeezing velocity (m.s™")
h fluid film thickness (m)
ho initial fluid film thickness (m)
H porous disc thickness (m)
D, characteristic pore diameter (m)
k permeability (m?)
DD fluid film pressure (Pa.s), dimensionless fluid film pressure
p*, P fluid pressure in the porous disc (Pa.s), dimensionless fluid pressure in the porous disc
r, T radial coordinate (m), dimensionless radial coordinate
R discs radius (m)
Rep Reynolds number in the porous medium
u,u radial velocity component in the fluid film (m.s™!), dimensionless radial velocity component in the fluid film
u*,u” radial velocity component in in the porous disc (m.s™'), dimensionless radial velocity component
in the porous disc
ug, Ug radial velocity component at the porous interface (m.sfl), dimensionless radial velocity component
at the porous interface
w, W axial velocity component in the fluid film (m.s™'), dimensionless axial velocity component in the fluid film
w*, W axial velocity component in the porous disc (m.s~'), dimensionless axial velocity component in the porous disc
wg, Wy axial velocity component at the porous interface (m.s™'), dimensionless axial velocity component
at the porous interface
W,W  load capacity (N), dimensionless load capacity
Z,Z axial coordinate (m), dimensionless axial coordinate
1 dynamic viscosity of the fluid (Pa.s)
w effective viscosity of the fluid in the porous medium (Pa.s)
« viscosity ratio, (u*/u)
p density of the fluid (kg.m™®)
10} porosity of the porous disc

Based on a linear biphasic mixture theory for the
transport of fluid in deformable porous media under load-
ing, many authors investigated the poroelastic squeeze
flow. The performance of squeeze flow of non Newtonian
fluid between an infinitely long cylinder and a poroelas-
tic surface and between an impermeable rigid plate and
a poroelastic thin layer with reference to synovial joints
was analysed by Bujurke et al. [1-4]. The non Newtonian
squeeze flow for two poroelastic plates representing hu-
man knee joint was analysed by Tandon et al. [5]. In a se-
ries of papers, Hlavaceck [6-10] presented a general analy-
sis of an axially symmetric squeeze film for two poroelastic
thin layers modelling the human articular cartilage. Note
that all the above mentioned studies treated the poroe-
lastic material as a mixture of two interacting continua: a
linear elastic solid and an ideal fluid. So, the effects of vis-
cous shear stresses have not been considered. Accounting
for the boundary layer effects by assuming the intersti-
tial fluid in the porous medium to be Newtonian with an
apparent viscosity, Shou et al. [11] analysed the axisym-
metric squeeze flow of a Newtonian fluid between a rigid
spherical indenter and a linear biphasic thin layer repre-
senting the articular cartilage. They indicated that this
so called apparent viscosity has very small effect on the
interstitial fluid flow in the cartilage layer and the matrix
deformation, except near the permeable interface where
a boundary layer exists.

Using the Darcy model [12] which neglects the ef-
fect of solid boundary as well as the fluid-porous media
interface on fluid flow through porous media, many in-
vestigations were proposed. Typical studies are observed
for non Newtonian fluid as the squeeze film rectangular
porous parallel plates by Bujurke et al. [13-15] and by
Naduvinamani et al. [16], the squeeze film porous spher-
ical bearing approximating human joints by Sinha et al.
[17], by Jurczak [18] and by Zaheeruddin et al. [19], the
squeeze film for porous journal bearing by Zahheeruddin
[20] and by Naduvinamani et al. [21,22]. For Newtonian
fluid, the squeeze flow for porous circular discs was stud-
ied analytically by Murti [23,24] and numerically and ex-
perimentally by Megat et al. [25]. Srinivasan [26] stud-
ied the squeeze film of Newtonian fluid between double
layered annular, circular, elliptic and rectangular porous
plates. It’s noted that all these studies were confined to
the Darcy model and thus neglected the viscous shear
stresses which form a boundary layer region in the porous
medium near the fluid interface. Note that the experi-
mental results of rectilinear flow in superposed fluid and
porous medium presented by Beavers and Joseph [27]
have shown that the effect of the viscous shearing stresses
in the fluid layer might penetrate into the permeable
layer, and pointed out a slip of tangential fluid velocity
on the porous interface. However, this slip flow model is
only valid for a dense porous medium of large thickness.
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Fig. 1. Squeeze film configuration.

The Darcy-Brinkman model [28], which includes a vis-
cous shear term, is fully compatible with the existence of
a boundary layer region within the porous medium near
the fluid interface. Although the boundary layer thickness
is often very small, its effects on external flows can be-
come surprisingly significant in lubrication applications.
Using the Darcy-Brinkman model for lubrication appli-
cations, Lin et al. [29], Lin [30], Chen et al. [31] and
Elsharkawy et al. [32] studied the lubrication performance
of porous journal bearing. However, they simply consid-
ered the porous medium as a thin porous film. To ex-
amine the viscous shear effects on the squeeze film char-
acteristics for porous circular discs, Lin [33] introduced
the Darcy-Brinkman model in a simple form. Indeed, this
author used the thin layer assumptions to simplify the
radial component of the Darcy-Brinkman equation. On
the other side, the axial component of this equation is
reduced to an equation where the axial pressure gradi-
ent has a parabolic form according to the radial coordi-
nate. So, a study accounting for more correctly the viscous
shear stresses within the porous medium is needed.

The main objective of the present paper is to develop a
numerical study of the viscous shear effects on the porous
squeeze-film characteristics through the consideration of
the complete Darcy-Brinkman equation describing the
flow in porous media. The problem of two parallel circular
discs when one has a porous facing is considered. Using
the finite difference method, the numerical solution for
the set of coupled flow governing equations is obtained it-
eratively. Squeeze film characteristics are then presented
for various porous media. The numerical solution of the
Darcy model is also included. The present numerical simu-
lation can correct and improve the previous studies based
on thin porous film assumptions.

2 Numerical model

We consider the porous squeeze film problem consist-
ing of a rigid impermeable disc and a rigid porous disc
separated by an incompressible lubricant of a constant
viscosity as shown in Figure 1. The system build up by
these two discs has an axial symmetry. The porous disc is
stationary while the rigid one, supporting a constant load
W, moves with a normal velocity dh/dt, where h is the

fluid film thickness. Assuming that the fluid film inertia
forces are neglected and making the usual assumptions
of fluid film hydrodynamic lubrication [34], the Navier-
Stokes equations in cylindrical coordinates become:

dp 0%u
F M@ (1)

p, uwand p are respectively the pressure, the radial velocity
and the dynamic viscosity of the fluid film.
The continuity equation can be written as:
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where w is the axial velocity. Integration of Equation (1)
twice with respect to z leads to the radial velocity dis-
tribution using the continuity condition v = u* at z =0
and the no slip boundary condition v = 0 at z = h(t) as:

1 dp

:@5(22—zh)+u5 (1—%) (3)

u(r, z)
By replacing into the continuity equation (2) the veloc-
ity component u = u(r, z) with its expression from Equa-
tion (3) and integrating with respect to z, using the conti-
nuity condition w = w* at z = 0 and the no slip boundary
condition w =dh/dt at z = h(t), the modified Reynolds
equation can be derived as:

h d(rug)

1d dp 12p (dh
el (e Il ol SN0 4
rdr (Tdr) h3 (dt * 2r dr w0> )
where u§ and w§ denote the radial and the axial velocities
of the fluid at the porous disc-film interface.
The porous disc is considered isotropic and of a con-

stant permeability. In this study, the inertia effects can be

neglected as the Reynolds number R, = —M [35]

based on the porous medium permeability k is small and
its values are less than 0.01, here p is the fluid density.
Thus, the flow in this medium is described by the Darcy-
Brinkman equation [28] which is usually used to describe
the low Reynolds number flow in highly porous media
(with porosity greater than 0.6) [36]:
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where p* is the pressure, p* is the fluid effective viscosity
which is different from the fluid viscosity u, u* and w* are
the radial and the axial fluid velocities in the porous disc.
For the simplest cases, i.e. isotropic porous media made of
regular-shaped and narrowly size-distributed solid grains,
the value of the permeability k& can be approximated us-
ing the phenomenological Carman-Kozeny formula [36]:
k = D2¢3/180 (1 — ¢)?, where D, is the characteristic

pore diameter and ¢ is the porosity. In this study, ¢ does
not take place explicitly in our equations.
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The right hand side terms in Equations (5) and (6)
denote namely the Darcy term and the Brinkman term
respectively. The viscous shear effects are characterised
by the dimensionless parameter o = p* /. The effective
viscosity is known to be strongly dependent on the poros-
ity as well as the geometrical structure of the porous me-
dia [36], but is not experimentally documented and is still
subject to investigation. Liu and Masliyah [37] summa-
rize the present understanding saying that the numerical
simulations have shown that, depending upon the type of
porous media, the effective viscosity may be either smaller
or greater than the viscosity of the fluid. By means of
an up-scaling procedure, based on the volume averaging
methods of the Stokes equations of the microscopic flow
through porous media, Valdes-Parada et al. [38] pointed
out from their results that the effective viscosity should be
a decreasing function of the porous medium porosity. Ini-
tially, the effective viscosity was assumed by Brinkman to
be equal to the fluid viscosity [36], but the process of the
local volumetric averaging of the microscopic flow through
the pores leads to the relationship [39]: p* = u/¢.

Taking the divergence of the velocity vector given by
Equations (5), (6) and considering the flow to be incom-
pressible in the porous disc, the continuity equation can
be replaced by the Laplace equation:

10 [ op* 0%p*

- =0 7

rar(rar)—’—azﬂ @
The computational domain is reduced to 0 < r < R
and —H < z < h(t) for geometry symmetry reasons.
The boundary conditions associated to the system of
Equations (1), (2), (4), (5), (6) and (7) are:

— on the porous disc — fluid film interface z = 0:

ou_ L ou our

u:an:wm:p’M%:M 82’782«' 20(8)
— on the upper disc z = h(t):
dh
u=0w=" ©)
— on the symmetry axis r = 0:
ow  ow* dp Op*
= * = _— = — = _— = = 1
u=u =0, or or 0, dr  Or 0 (10)
— on the lower wall z = —H:
op*
f=w*=0 =0 11
w=u =02 ()
— on the edge of porous disc — fluid film domain r = R:
ou*  ow*
p=p"=0,—5-=—7 (12)

where conditions in (8) imply the continuity of the fluid
velocity, of the pressure, of the normal stress and of the
tangential stress at the porous interface. This later con-
dition is obtained from the balance of the normal compo-
nents of the fluid stress across the interface when the pres-
sure is assumed to be continuous across the interface and

the term of normal viscous stress is negligible. Conditions
in (9) are the no-slip conditions, conditions (10) are due
to symmetry, conditions (11) are the no-slip and the non
permeability conditions respectively, conditions (12) are
respectively the zero ambient pressure and the “contin-
uative” condition consisting of a zero normal derivatives
for the flow field velocity, which is intended to represent a
smooth continuation of the flow through the edge of the
porous disc.

Introducing following non-dimensional parameters
and variables:

T = 5,2 = 7 when z > 0 and 7 = § when
2 <0 U= ——"_y w=—-U = _ ___ph®
) Rdn/dt an/a P pRZdRjdt

T = ——h = W — __ph®
R/t ¥ > anjat> P wRZdR/dt

Equations (1), (2), (4), (5), (6) and (7) become:
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When using dimensionless form we observe the disappear-
ance of the unknown squeeze velocity dh/dt which is cal-
culated later using the load capacity relationship.

The dimensionless boundary conditions are:

on the porous disc — fluid film interface zZ = 0:
ou_ b ow o _
0z wpwHOzZ' 0z

(19)
— on the upper disc z = 1:
u=0w=—-1 (20)
— on the symmetry axis 7 = 0:
L ow v dp  op*
e T i
— on the lower wall z = —1:
"
7 =7 =0, =0 (22)
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Fig. 2. Film and porous medium discretisation.

— on the edge of porous disc — fluid film domain 7 = 1:

ou*  ow*
or  Or
The coupled dimensionless differential equations sub-
jected to the above dimensionless boundary conditions
are discretized using the finite difference method. Con-
stant grid sizes were implemented in the 7 and Z direc-
tions (see Fig. 2). Central differentiation was used for the
spatial derivatives except for the axial velocity derivative
in the continuity equation, for which the first order back-
ward scheme was employed. The resulting set of algebraic
equations was solved using the successive over relaxation
scheme (SOR). A 51 x 51 grid configuration was found to
satisfy the grid independence results by a systematic de-
crease in the grid size for the film and the porous medium.
The scheme was assumed to have converged when the
maximum root mean square change for the variables ,
w, P, u’, w, p° between two consecutive iterations is be-
low the convergence criterion of 10~°. In what follows, a
brief description of the procedure for the numerical solu-
tion is provided. First, starting from an initial fluid film
thickness hg, the dimensionless hydrodynamic variables
in the film and in the porous medium are set to zero.
Using an iterative scheme, the solution of the dimension-
less Equations (13)—(17) and (18) is achieved when the
convergence criterion is satisfied. Since the dimensionless
film pressure profile is calculated, the dimensionless load
carrying capacity W can be determined. So, the squeeze
film velocity is deduced from the relationship:

P=p =0 -0 (23)

Wh?

—dh/dt = —=
/ WRAW

(24)

This solution procedure is repeated, by decreasing the film
thickness and estimating new values of w, w, p, ©*, w" and
%, until the fluid film thickness is equal to its minimum

Table 1. Physical and geometrical data.

Fluid density (kg.m™?) 840
Dynamic viscosity (Pa.s) at 20 °C 0.086
Porous disc permeability (m?) 4.73 x 1071
Porous disc thickness (mm) 1.6
Discs radius (mm) 40
Initial fluid film thickness (mm) 1.2
Applied load (N) 87

value. Finally, the response time of the squeeze film is
calculated by numerical integration of Equation (24) with
respect to h. This sequence is shown as a flow chart in
Figure 3.

3 Results and discussions

In the present study, the geometrical and physical pa-
rameters are the same as in Megat et al. [25] (see Tab. 1).
As we use in this investigation the same fluid, the value
of the parameter « (= p* /), providing the viscous shear
effects of the Darcy-Brinkman model, depends upon the
variation of the porosity. To illustrate the effects on the
viscous shear effects and the variation of a on the squeeze
film performances, the results for different porous media
predicted by the present model are compared to those
derived by the Darcy model. Figure 4 shows the pres-
sure distribution in the fluid film as a function of the
radius. In the case of the Darcy-Brinkman model, it is
found that the viscous shear stresses effects on the fluid
film pressure are not significant for three different consid-
ered porous media with a = 1, 2 and 4. From the graph
it can be observed that the curves shapes are the same as
those obtained when using the Darcy model, showing a
radial decay in pressure. This result is in good agreement
with that obtained by Megat et al. [25], when the Darcy
model is used over a central part of the bearing. This
profile form of the pressure is in agreement with the re-
sult from Murti [23], and was stated by Megat et al. [25].
Figure 5 illustrates the pressure distribution within the
porous medium, for example when o = 4. It can be seen
that the variation of the pressure against the axial compo-
nent is small in comparison with its variation with respect
to the radial component. The fluid flow is essentially in
the radial direction. Moreover, the viscous shear effects
have no significant effects on the pressure for all consid-
ered values of a.

The effects of the viscous shearing forces on the fluid
velocity profiles are depicted in Figures 6 and 7 at the
fluid film thicknesses h =1 mm (case a) and h = 0.2 mm
(case b). From Figure 6, we observe that the radial ve-
locity has a nearly parabolic shape in fluid film but it
is almost constant across the porous disc, except in the
immediate vicinity of the fluid interface where the bound-
ary layer effects take clearly place. The viscous shear
stresses have no significant effects on the radial velocity
in the porous medium, except obviously in the bound-
ary layer region near the fluid interface where it becomes
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Fig. 3. Computer program flow chart.

easier for the fluid to flow radially when using the Darcy-
Brinkman model. As a result, the minimum values of
the radial velocity in the fluid film are obtained for the
Darcy model since the viscous shearing stresses allow the
fluid flow to be more rapid at the fluid interface. In ad-
dition, the fluid flows more rapidly, in the film and the
boundary layer within the porous medium. This is ob-
served when decreasing the parameter «, i.e. when reduc-
ing the resistance of the viscous forces to the fluid flow.
Moreover, the location of maximum radial velocity shifts
slightly towards the fluid film — porous disc interface when

decreasing «.. These effects are more pronounced when the
film thickness separating the two discs becomes smaller.

The axial velocity, Figure 7, decreases almost linearly
in the film and more significantly in the porous medium.
The viscous shear forces have no significant effects on the
axial velocity across the porous medium as they are miss-
ing in the fluid film especially at the permeable interface.
However, it is observed that the Darcy model underesti-
mates the values of this velocity in the fluid film essen-
tially at the upper disc. Since the viscous shear stresses
result in a higher radial flow rate across the film edge
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Fig. 5. Pressure distribution in the porous medium.

when comparing with the Darcy model, the upper disc
will move more fastly. On the other hand, decreasing «
leads to an increase in the axial velocity between the two
discs. It’s also interesting to note that the effect of the
parameter o and of its variations on the axial fluid film
velocity is enlarged as the fluid film thickness decreases.

Figure 8 displays the comparison of the fluid film
thickness evolution with time predicted by the Darcy
model and the Darcy-Brinkman model for three different

porous media. It’s noted that the response time re-
quired for the upper disc to attain a given film height
h increases when increasing the effective viscosity. De-
creasing the parameter a reduces the resistance against
the radial fluid flow in the porous media, and as a result
a lower value of h is reached for the same time. Moreover,
these effects become increasingly large when the rigid disc
continues to approach the porous disc. When comparing
with the Darcy model, the viscous shear effects of the
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Darcy-Brinkman model reduce the response time of the
squeeze-film. Since the Darcy-Brinkman model results in
a higher flow rate across the film edge when compared to
the Darcy model, a lower value of h is reached for the same
response time to be taken. This is in excellent agreement
with the results from Lin [33].

Results on the squeeze velocity evolution dh/dt are
shown in Figure 9. It can be observed that, when
comparing the Darcy’s model and the Darcy-Brinkman

model, accounting for the viscous shear stresses leads to
higher squeeze velocities. The viscous shear stresses re-
duce the resistance encountered by the radial flow at the
porous interface and thus the fluid can be squeezed out
more easily, which allows the upper disc to move more
quickly.

By contrast with the results of Lin [30, 33], our find-
ing pointed out that the effects of the variation of the
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viscosity ratio o on the squeeze film characteristics are
significant and thus not negligible.

4 Conclusion

A numerical investigation of viscous shear effects on
the squeeze-film characteristics has been presented using
the modified Reynolds equation and the Darcy-Brinkman
equations. Considering the Darcy-Brinkman equation

which is usually used to describe the low Reynolds num-
ber flow in highly porous media is intimately linked to
squeezing situations where the porous medium has a
porosity greater than 0.6. It’s found that the parameter
« of shear viscous shearing and its variation show sig-
nificant and not negligible effects of the viscous shearing
stresses on the squeeze-film characteristics, essentially for
low values of a. As the parameter « increases (the poros-
ity decreases), the results predicted by using the Darcy-
Brinkman model approach the Darcy model solution. The
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viscous shear effects of the Darcy-Brinkman model reduce
the response time of the squeeze-film but increase the
squeeze film velocity, the radial and the axial velocities,
compared to the Darcy model. Moreover, these effects are
more pronounced as the fluid film thickness decreases.
Nevertheless there are some restrictions on the validity of
the Darcy-Brinkman equation to model high porosity me-
dia mainly the non-slip condition at the bounding solid
walls [40].
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