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3.1 Introduction

Ferrofluids (FFs) or magnetic fluids (MFs) [1] are stable colloidal suspensions
containing fine ferromagnetic particles dispersing in a liquid, called carrier liquid, in
which a surfactant is added to generate a coating layer preventing the flocculation of the
particles. When an external magnetic field H is applied, FFs experiences magnetic body
force (M ® V) H which depends upon the magnetization vector M of ferromagnetic
particles. Owing to these features FFs are useful in many applications including bearing
design systems related to squeeze-films [1-6]. Squeeze-film phenomenon arise because of
two lubricated surfaces approach each other with a normal velocity. This normal velocity
is called squeeze velocity. In many applications squeeze-film behaviour are observed like
in bearings, machine tools, gears, rolling elements, hydraulic systems, engines, clutch

plates, human knee joints, etc.

It is well known that bearing surfaces in practice are all rough and roughness is
inherent in the manufacture of bearings, therefore, any realistic analysis of these
bearings must consider the contacting surfaces as rough. Christensen [7] developed
stochastic models for the study of hydrodynamic lubrication of rough surfaces in which
one-dimensional circumferential and radial roughness patterns were discussed.
Christensen et. al. [8] derived generalized form of Reynolds equation applicable to
rough bearings by assuming the fluxes to be represented by power series of a stochastic
film-thickness function. Depending on the Christensen’s roughness model, Prakash and
Tiwari [9] studied roughness effect on the squeeze-film between rotating porous annular
discs with arbitrary porous wall thickness. An exact solution, valid for arbitrary wall

thickness is given for the film pressure and pressure in the bearing material. Recently,
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Bujurke et. al. [10] studied roughness effect on squeeze-film behaviour in porous
circular discs with couple-stress fluid. They have shown that the effect of couple-stress
fluid and surface roughness is more pronounced as compared to classical one.
Naduvinamani et. al. [11] studied roughness effect on squeeze-film between porous
circular stepped plates using couple-stress fluid. It was shown that the effect of magnetic
field increase the mean load-carrying capacity and lengthen the mean squeeze time.
Basti [12] discussed effect of surface roughness on squeeze-film between curved annular
plates using couple-stress fluid. It was shown that the circumferential roughness pattern
on the curved annular plate results in more pressure buildup whereas performance of the
squeeze-film suffers due to the radial roughness pattern for both concave and convex

plates.

With the advent of FFs, many researchers have tried to find its applications as
lubricant. Agrawal [13] studied effects of MF on a porous inclined slider bearing and
found that the magnetization of the magnetic particles in the lubricant increases load
capacity without affecting the friction on the moving slider. Verma [14] studied
squeeze-film bearing with MF as lubricant using three porous layers attached to the
lower plate and show that load-carrying capacity increases due to the effect of MF
lubricant as compared to conventional viscous fluid as lubricant. Chi et. al. [15] discuss
new type of FF lubricated journal bearing consisting of three pads. One of them is a
deformable elastic pad. The theoretical analysis and experimental investigation shows
that the performance of the bearing is much better than that of ordinary bearings.
Moreover, the bearing operated without leakage and any feed system. Recently,

Uhlmann et. al. [16] discuss about application of MFs in tribotechnical systems. The
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rheological and tribological behaviour of MFs was investigated and compared with
conventional lubricants between friction pairs under boundary conditions. Ahmad and
Singh [17] studied about MF lubricated porous pivoted slider bearing with slip velocity.
There it was discussed that the minimization of the slip parameter and permeability
parameter increases the load-carrying capacity. Singh and Gupta [18] studied about
curved slider bearing with FF as lubricant and shown that the effect of rotation and
volume concentration of magnetic particles improves the stiffness and damping
capacities of the bearings. Shah and co-authors [19-28] studied about FF lubricated
various designed bearings like porous slider bearings of different shapes, long journal
bearing, axially undefined journal bearing, squeeze-film bearings with the inclusion of
effects of slip velocity at the porous boundary, anisotropic permeability of the porous
matrix, etc. More recently, Shah and Kataria [29] theoretically discussed FF based
squeeze-film characteristics between a sphere and a flat porous plate. It is concluded that
loss in dimensionless load-carrying capacity due to the effect of porosity is almost zero
because of using FF as lubricant for smaller values of thickness parameter of the porous
layer and radial permeability parameter. Shah and Patel [30] studied squeeze-film
characteristics between a rotating sphere and a radially rough plate and shown that better
performance of the dimensionless load-carrying capacity can be obtained w.r.t. various

parameters.

The purpose of the present Chapter is to develop a mathematical model of FF
lubricated flat annular squeeze-film bearing which is formed when a porous upper disc
(plate or surface) approaches a circumferentially rough impermeable lower disc

considering radially variable magnetic field (VMF). The roughness effect is presented
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on the basis of Christensen’s stochastic theory for hydrodynamic lubrication of rough
surfaces [7,8]. The VMF is important because of its advantage of generating maximum
field at the required active contact zone. Moreover, the magnetic field considered is
oblique and maximum at the middle of the lower disc. The modified Reynolds equation
is derived and its exact solution is obtained in terms of Bessel function. This method of
solving Reynolds equation is important because it violets the assumption of replacing
pressure in the porous matrix by the average pressure w.r.t. bearing wall thickness and
then the average pressure equal to the film pressure at any section [31]. Dimensionless
load-carrying capacity is calculated and discussed from different viewpoints. The effects
of width of the porous layer, permeability, surface roughness, etc. are studied. The
effects of micromodel patterns of two different porous structures suggested by Kozeny-
Carman and Irmay [5,27] are also discussed. This study of different porous structures is
important because it has significant effect on the bearing characteristics [27]. Moreover,
the porous structures are also important because of self-lubricating property of the

bearing design systems.

3.2 Mathematical Formulation of the Problem

The physical configuration of the problem of squeeze-film bearing made up of
two flat annular discs is shown in figure 3.1. Both the discs are having inner radius b and
outer radius a. A porous layer (disc or region or surface or matrix or facing) of
thickness / is attached to the upper impermeable disc (solid housing) while the lower
impermeable disc is circumferentially rough. Initially the two discs are separated by a

lubricating film of FF (known as film region) with thickness 4, where
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h="h,(t)+h(r,0.,5),
(3.1)
which is made up of two parts as follows :

(1) A, (¢) denotes the nominal, smooth part of the film geometry with # as time, and
(2) h (r,0,8) is the part due to the surface asperities measured from the nominal level

and is regarded as a randomly varying quantity of zero mean with r as radial co-

ordinate, 0 as angular co-ordinate and & as the index parameter determining a

definite roughness arrangement.

During engagement, an axial force is applied to the upper disc and it starts to

approach the lower one with a normal velocity (squeeze velocity) i =dh/dt, till the
mechanical contact is made.

While deriving the Reynolds equation, it is assumed that the flow is laminar, the
fluid is incompressible and possesses constant properties, the porous matrix is
homogeneous and isotropic, all the inertia terms can be neglected, flow in the film and
the porous region is axisymmetric, derivatives of velocities across the film predominate
and velocities are continuous at the interface between porous region and film region.

On the basis of these assumptions, the equation governing the pressure distribution
p in the film region considering cylindrical polar co-ordinates in » — direction is obtained

as

0 I _ ) ou
ar(p Zuoqu—nazz,
(3.2)

where H is strength of the radially VMF.
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Using continuity equation (2.26) in cylindrical polar co-ordinates and integrating it

w.r.t. z over the film-thickness [0, /] yields

h
lgjru dz+w| =0,
rorsy z=h

(3.3)
where w| _ =0 as lower disc is impermeable.
Integrating equation (3.2) twice w.r.t. z and using boundary conditions

u=0whenz=0and u =0 whenz=h,

the expression for u can be obtained, which on substituting in equation (3.3) yields

1 0 0 1
W ——unH* | |=12
ror {r 81’( ZHOMH ﬂ nWL:h

(3.4)
Using velocity components in the porous region governed by Darcy’s law,

equation (3.4) can be written as

10 { e 0 (p—lMoHH ﬂ_lzn%—lﬁp{ 0 (P——uouH ﬂ

ror or 0z -
(3.5)
with P satisfying the equation
1o| o ol 1
il p__ Z |l p-=
r@r{rér[ 2 Rt ﬂ oz’ [ MOMH j
(3.6)

where ¢ is the permeability of the porous facing and P is the pressure in the porous
region.

Choosing oblique radially VMF strength /> of H as [6]
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H?> =K(r—b)a-r),

(3.7)

so that it is maximum at the middle of the lower disc and vanishing at » = b, a . Here, K is

a constant to be chosen to suit the dimensions of both sides.

The reason for choosing this H? lies in the observation that uniform magnetic field

does not have any effect on the present analysis as can be seen from equation (3.2).

Moreover, it has an advantage of generating maximum field at the required active contact

zone. Here, active contact zone is considered at the middle of the lower disc. For other

active contact zones, different forms of magnetic field should be chosen.

Using equation (3.7), equations (3.5) and (3.6), respectively, becomes

10 op\ 1l(a+b _ dh oP
| rk=|-= -4 Kh’ =12n——-12¢| — | ,
r or (r arj 2( r juou 1 dt (p( Oz lh

10

7 or

oP\ o&’P 1
— |+ =—p ,nK(b+a)—2p, oK.
(r 81*) = 2 WK (b +a)—2p,pK

Taking expected values of both sides of equation (3.8) yields

13{;” E(h3 a—pﬂ—l(‘”b —4juoﬁK E(h)= 12n—dEd(th) _12¢(6_Pj ,
r z=h

ror or 2 oz

where expectancy operator E(e) is defined by

0

E@®)= [ () f(h,) dh,

—00

(3.8)

(3.9)

(3.10)

(3.11)
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and f is the probability density function of the stochastic film-thickness A . Such a

probability density function approximated by Christensen in [7,8] as

35
=25

=0 . elsewhere

(c=h) ; —c<h<c

(3.12)
where ¢ i1s the maximum asperity deviation from nominal film height and the function
terminates at ¢ =+ 37 with z being the standard deviation.

Equation (3.10) is dependent on the structure of the surface roughness. In the
context of stochastic theory, one-dimensional circumferential roughness is one of the
roughnesses of special theoretical interest [7] and thus it is considered here for study. For
one-dimensional circumferential roughness, the surfaces have the form of long, narrow
ridges and valleys running in 0 - direction, the film-thickness given by equation (3.1),
therefore, assumes the form

h=h()+h(r,5).
(3.13)

For this type of roughness pattern, equation (3.10) reduces to

ld r%dE(P) —l(a—-‘_b—‘ljuoﬁK 1_3 :1211@_12@[8_})) ,
rdr| EMh™) dr 2\ r E(h™) dt 0z ).,

(3.14)

which is the required modified Reynolds equation for the present study.
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3.3 Solution of the Problem

For solving equation (3.9), the following suitable boundary conditions are
considered.
Assuming that there is zero ambient pressure at both the ends a and b of the
porous facing, therefore
P(a,z)=0
(3.15)
and
P(b,z)=0.
(3.16)
Also, assuming that there is no flow through the impervious boundary at the top
of the porous disc, therefore

a—P:O at z=h+1.
iz

(3.17)
With the above boundary conditions, solution of homogeneous problem of

equation (3.9) using method of separable variable becomes

P=Y C, " 1+ " U, (a,r),

(3.18)

where C, are constant coefficients and
UO (anr) = Y;) (ana)JO ((x’nr) - JO (ana)YO (anr)

(3.19)
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in which J, is the Bessel function of first kind of order zero, Y, is the Bessel function of

second kind of order zero.

The o, =(4n—1)n/4a is the n"-eigenvalue which satisfies

U,(a,b)=0.
(3.20)
The complete solution of equation (3.9), therefore becomes
P=YC e[+ " U, (a,r) + %uoﬁHz.
n=1

(3.21)

Using (3.11),

E(h)=h,

(3.22)

and

E(h™)= 357 3(5h> —c*)(c? —hf)lnw+2chn (15h7 —13¢%) |.
32c h,—c
(3.23)
Equation (3.14), using equations (3.21), (3.22) becomes

1d a’E(p)} L dh e oy l(aer j _

- =12nE(h”)—=L—-120E(h Coa, (1—e™)U,(a,r)+— -4 ,

rdr[rdr n()dt (P(); n( )o(r,)2 . MoK
(3.24)

where

En — Cvn ea,,h,,

(3.25)
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are constants to be determined.
Integrating equation (3.24) twice w.r.t. 7 and making use of the boundary conditions
E[p(a)]=0,
(3.206)
E[p(b)] =0,

(3.27)

which indicates zero ambient pressure at both the ends a and b of the film region, yields

the mean pressure in the film region as

B =3B RO) S +120E( )Y (16U, (0,0) + (= b)a—r) P

=1 O,
(3.28)
where
R ="+ (b —az)h;;;_alznlzb—bz Ina
(3.29)
Considering the pressure continuity at the film-disc interface; that is
E[p(r)]=E[P(r,)],
(3.30)
using equation (3.21) and orthogonality of eigenfunctions U, (a.,7), yields
G 12mE(h7) h, J,(a,b) y 1 .
o, [Jo(@,a)+Jo(0,b)] [+ )a, +120(1+e)E(h™) tanh(a,]) ]
(3.31)
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Substituting this C, in equation (3.28) implies

Jo(@,D)Up(a,r) 1
o, [J,(a,a)+J,(a,b)] a,+12¢E(h)tanh(a,/)

E(p) =—12mb () DS
n=1

(3.32)
The definition of mean load-carrying capacity
EW)=2n j E(p)rdr
b
(3.33)
implies
E(W) :_3nE(h—3)%Z 163n{‘]0(a’nb)_‘]0(a’na)} % 1_3
t = o {dy(a,a)+J(a,b)} o, +12¢E(h)tanh(a, /)

+ é u ik (a —b)*(a +b)

(3.34)
with equation (3.23).

Here, permeability @ may be chosen in different way as follows.

0} , for arbitrary porous structures
D2 83
—— , for globular spheres porous structures
180(1—¢)
2 oy
{l—m3 j[l—nﬁ] D
D3
;m=1-¢g=————for capillary fissures porous structures
12m (D, +b)

(3.35)

Defining dimensionless quantities
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- . Kpjph
(D:%,]=L,W=q)[’ C:ij kzga_n:anba ino p = ”’().Mn’
h; h, h, b b nh,
(3.36)
the dimensionless load-carrying capacity can be obtained as
-1
—  EWK o 12y _ 1 . ;
W=——7"2=48 J G(C)+——tanh(a L +— k—=1)Y(k+1),
Ty m2J5(@,)1 G(C) Al BRST U G
(3.37)
where
J;(an):_EJO(a"_)_JO(a"_k)] ’
a, [J,(a,)+J,(a,k)]
(3.38)
-1
35 1+C
G(C)=| —=143(5-C*)(C* -1)In——+2C(15-13C* :
(©) LM{( NC* =D ln- 2+ 2C( )H
(3.39)

3.4 Results and Discussion
When FF is used as lubricant, then the variation in dimensionless load-carrying

capacity W is due to the second term of the equation (3.37). The radially VMF
considered is oblique to the lower disc and its strength is maximum at the middle of the
disc r =(a + b)/2. The order of magnetic field strength for different K is shown in figure
3.2 when a = 0.075 (m) and b = 0.05 (m). The dimensionless load-carrying capacity is
numerically calculated from different viewpoints and presented graphically for the

representative values of different parameters given in section 3.4.3.
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3.4.1 Discussion on Dimensionless Load-Carrying Capacity

Figure 3.3 shows the comparative study of variation in W as a function of
dimensionless thickness of the porous matrix L for dimensionless permeability parameter
for arbitrary porous structure @ = 0.01390 and @ = 0.1390. It is observed that W
increases as L decreases. The increase rate of ¥ is more for ® = 0.1390 when L < 0.02.
In the same way the increase rate of W is more for ® = 0.01390 when L < 0.2.

Moreover, the increase rate of W is more in the case of ® = 0.01390 as compared to @
= (.1390.The maximum increase rate difference is observed when L = 0.002. At this L,
W=8for ® =0.1390 and W~ 21 for ® = 0.01390, therefore, increase rate of W is
almost 163 % more for @ =0.01390 as compared to ® = 0.1390.

Figure 3.4 shows the variation in W as a function of dimensionless surface
roughness parameter C for different values of L. It is observed that W increases as C
increases for 0.0002 < L < 0.02. After L = 0.02, the roughness effects become
negligible. Also, for C = 0.1179 when L = 0.2, W~ 1 and when L = 0.02, W~ 7,
therefore, the increase rate of W is almost 600% when L = 0.02. Similarly, for C =
0.1179 when L =0.002, W~ 16, therefore the increase rate of W is almost 129% from
L =0.02to L =0.002.

From the above observations, the decreasing tendency of W w.r.t. increasing
values of @ and L may be interpreted by the physical process as under: According to
[32], the pressure in the porous medium provides a path for the fluid to come out easily

from the bearing to the environment. The higher the permeability, the more readily does

72



fluid flow through the porous material. In this way, the presence of the porous material
decreases the resistance to flow in » — direction and as a consequence the load-carrying
capacity is reduced. This behaviour of decreasing load-carrying capacity with the
insertion of porous matrix and higher permeability also agrees with the conclusions of
Prakash and Tiwari [33] while discussing the problem of squeeze-film of rough porous

rectangular plates theoretically and experimentally by Wu [34]. In our case, the above

behaviour of W w.r.t. ® and L matches because it may be possible that in the porous
matrix the FF effect may be less and the FF behaves like conventional fluid under the
action of magnetic field. Moreover, it is observed that the increasing effect of surface
roughness increases the load-carrying capacity. This may be because of the generation of
spikes due to presence of FF in the surface pattern and retention of the fluid therein

(which resist the mechanical contact of the upper and lower surfaces).

Figure 3.5 shows the variation in W as a function of dimensionless parameter £,

which is ratio of outer radius a by inner radius b defined in equation (3.36), for different

values of L. It is observed that W increases as k increases; that is, as the width of the
annular part b < r < a increases. This is because FF in the presence of magnetic field
generates spikes and greater the generation of spikes may lead to better load-carrying
capacity because of their strength. In addition, it can be seen from Table 3.1 that just by

smaller increasing change in the value of k; that is, increasing width of the annular part,
the rate of W increases suddenly and jumps to higher value. Thus, the smaller change in

k results greater change in W,
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3.4.2 Effects of Two Different Micromodel Patterns of Porous Structures

When the porous matrix designed with micromodel pattern of globular spheres
suggested by Kozeny-Carman [5,27], then the permeability of the upper porous matrix as
defined in equation (3.35) is given by

D’ ¢’

P=0, =,
£ 180(1-¢)’

where D. is a mean particle size and € is the porosity of the porous matrix (Refer

Figure 3.6).

Similarly, when the porous matrix designed with micromodel pattern of capillary
fissures composed of three sets of mutually orthogonal fissures as suggested by Irmay

[5,27], then the permeability of the upper porous matrix as defined in equation (3.35) is

2 12
[1—m3][l—m3j D?
. I

=@, = ym=l-g=—-—"—-,
=9 12m (D, +b,)°

given by

where D;is a mean solid size and b is the thickness of the fissure (Refer Figure 3.7).
By considering sample values
€=0.2, D.=Ds=0.000007 (m) ,
the value of the dimensionless permeability parameter @ for the both the cases can be

obtained respectively as follows.

O, = (z—f =4.7297%x10"" (For globular sphere model)
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D, = (p_g' =5.0390x10" (For capillary fissures model)

From the above value of @, it is observed that D, <D, that is, for the same data
values, the permeability obtained in the case of globular sphere model is less. From figure
3.8, it is observed that up to L = 0.02, W almost remains same and constant for both the

porous structures. But after that W decreases. It is also observed that there is a moderate

difference in the decrease rate between both the porous structures. The slightly better

performance of W is obtained in the case of globular structure.
Limiting Cases

(1) When H?>—> 0, the present analysis reduces to [9] for nonmagnetic case without
rotation effect.

(2) When H>—0, ¢ — 0 or /[ — 0, the present case reduces to [31], which is
approximated under the assumption that the pressure in the film at any section is
equal to the average pressure in the bearing matrix at that section.

(3) When H?>—0, C—0, the present case reduces to smooth porous surfaces [35]
without rotation effect.

(4) When C—0, the present case reduces to [6] for exponential pad of the upper

surface.
3.4.3 Representative Values and Formula for Bessel Function

The following representative values are taken in computations which are common
for all figures and table.

h. =8.482x107°(m),n=0.012(Nsm™?), i = 0.05,
n, =4nx107 (NA™2),h =—0.08(ms™)
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Values taken for different figures are as follows:
For figure 3.3: a = 0.075 (m), b = 0.05 (m), ¢ = 0.000030 (m), ¢ = 10 (m?),
¢ = 10" (m?), K =10'"/1.56(4*/m* so that O(H) ~ 3.
For figure 3.4: a = 0.075 (m), 5 = 0.05 (m), ¢ = 10'% (m?), ¢ = 0.00001 (m),
¢ = 0.000015 (m), ¢ = 0.000020 (m), ¢ = 0.000025 (m),
¢ =0.000030 (m), K = 10'%/1.56(A*’m™) so that O(H) ~ 3.
For figure 3.5: a = 0.075 (m), ¢ = 10'° (m?), ¢ = 0.000030 (m),
(b=10.02 (m), K= 10'7.5625(A*m™)),
(b=0.03 (m), K =10'/5.0625 (A’m™)),
(b=10.04 (m), K= 10'%/3.0625 (A’m™)) ,
(b=0.05 (m), K =10'1.56 (A’>m™)) so that O(H) ~ 3.
For figure 3.8: @ =0.075 (m), b =0.05 (m), ¢ = 0.000030 (m),
K=10'1.56 (A’m™) so that O(H) =~ 3.
Here, O(H) indicates the order of magnetic field strength.

Also, the formula for Bessel function of order zero considered in the calculation is [36]

-2 {5 o o e

and in equation (3.37), the summation extends for 10000 terms.
3.5 Conclusions

Based on the ferrohydrodynamic theory by R.E. Rosensweig and stochastic theory
for hydrodynamic lubrication by Christensen, the present Chapter developed a
mathematical model of FF lubricated flat (parallel) discs squeeze-film bearing which

formed when a porous annular upper disc approaches a circumferentially rough
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impermeable annular lower disc considering radially VMF. The VMF is important
because of its advantage of generating maximum field at the required active contact zone.
The magnetic field used is oblique and maximum at the middle of the lower disc.
Moreover, porosity is considered because of getting advantageous property of self-
lubrication. The modified Reynolds equation is derived and its exact solution is obtained
in terms of Bessel function. This method of solving Reynolds equation is important
because it violets the assumption of replacing pressure in the porous matrix by the average
pressure w.r.t. bearing wall thickness and then the average pressure equal to the film
pressure at any section [31]. Dimensionless load-carrying capacity is calculated and
discussed for the effects of width of the porous layer, permeability, surface roughness, etc.
The effects of micromodel patterns of two different porous structures defined by globular
sphere model and capillary fissures model are also discussed. The following conclusions

can be drawn from results and discussion.

W increases when
(1) thickness of porous matrix attached to the above disc decreases
(2) permeability of the porous matrix decreases
(3) effect of surface roughness increases
(4) width of the annular part increases

Moreover, slightly better performances of the bearing are observed in the case of
globular sphere permeability model suggested by Kozeny-Carman. The VMF is having a
significant effect on the problem as uniform magnetic field does not have any effect as
can be seen from equation (3.2). It is believed that the predictions obtained from the

results are useful for the bearing design Engineers.
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3.6 Table

1.5 1.875 2.5 3.75
W 24.7386 62.2777 197.7555 986.6270
% variation in 0 151.7(T) 699.4(T) 3888.2(M
Was
compared to
k=1.5
Table 3.1

Effect on Wfor different values of &k when L = 0.0002
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3.7 Figures

V4
Squeezing
a b
Solid housing
Si ______ Porous disc
E <—Film region
Sw S
0: d
R AT Circumferentially
rough impermeable
disc

Figure 3.1
Schematic diagram of the squeeze-film bearing configuration between porous and

circumferential rough discs
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Order of magnetic field strength O( H)
(Am™)
W

6.41E+05  641E+07  641E+09  6A41E+11  641E+13
K (4?m %)

Figure 3.2

Order of magnetic field strength for different values of K when k= 1.5

80



——5=001390 -®3>=01390

30 +
z
2
o 25 A
5
s 2
8
= 15 -
=
=
% 10 -
=
S 5.
)
=
g 0 '
0.0002 0.002 0.02 0.2 2
L
Figure 3.3

Variation in dimensionless load-carrying capacity W for different values of

dimensionless thickness of the porous matrix L and dimensionless permeability

parameter for arbitrary porous structure @
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Variation in dimensionless load-carrying capacity W for different values of
dimensionless roughness parameter C and dimensionless thickness of the porous

matrix L
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Variation in dimensionless load-carrying capacity W for different values of k and

dimensionless thickness of the porous matrix L
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Figure 3.6

Micromodel globular sphere model of porous matrix suggested by Kozeny-Carman

Figure 3.7

Micromodel capillary fissures model of porous matrix suggested by Irmay
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Figure 3.8

Variation in dimensionless load-carrying capacity W for different values of
dimensionless roughness parameter C and dimensionless thickness of the porous
matrix L and dimensionless permeability parameter in globular and capillary

fissures model
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