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Abstract. Creeping flow through an array of spheres with small volume fractiggstudied theoretically. It is
observed that it can be described macroscopically by Brinkman’s equation. A generalized version of the reciprocity
relations is used to determine the viscous term up (¢?) for the case of random configuration and ugt@)®)

for the case of periodic, cubic configurations of the fixed bed.
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1. Introduction

The objective of this work is to determine the effective equations describing the motion of
a viscous incompressible fluid through a porous material. While at the microscale level the
Navier—Stokes equations provide a complete description of the flow field, at the macroscale
level the most commonly used equation is a simple empirical relation established by Darcy
in 1856. In this, so-called, Darcy’s law the mean pressure gradient is set to be proportional
to the mean velocityy (p) = —(u/x*){u), wherey is the fluid viscosity and* defines the
permeability of the porous medium. The validity of Darcy’s law together with schemes to
derive the value of the permeability have been presented by, among others, Sanchez—Palencia
[1] and Keller [2], who used a multiple-scale technique to derive the averaged, or effective,
equation, and Adler [3, pp.149-152], who employed a volume-averaging method.

Darcy’s law seems to capture the main features of the macroscopic fluid flow; however,
being first-order in the velocity, this equation is clearly incompatible with the existence of
boundaries in the porous medium, where the no-slip condition must be satisfied. To resolve
this paradox, a more general equation was proposed heuristically by Brinkman in 1947 by
adding a viscous, second-order temV?(u), to Darcy’s law, wherg:* is some effective
viscosity that is reduced to the fluid viscosityas the bed volume fractiop tends to zero.

In fact, Darcy’s law can be viewed as a lower-order approximation of Brinkman’s equation:
the former determines the slowly-varying average velocity field far from the boundaries of
the medium, while the viscous term in Brinkman’s equation provides a correction, which is
small in the bulk, and becomes appreciable only near the boundaries of the medium, where it
allows the no-slip boundary condition to be satisfied [4, 5, 6]. Therefore, the viscous term can
predict the existence of the boundary layer observed by Beavers and Joseph [7] and, far from
being marginal, it is essential to predict most quantities of engineering interest. For example,
in the case of a fluid flowing in a pipe filled with particles, the pressure drop and the heat-
and mass-transfer coefficients are all strongly influenced, and actually sometimes determined
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uniquely, by the steep velocity profile near the walls that can be predicted only when the fluid
flow is modelled through Brinkman'’s equation.

In the last twenty years, many investigators have rederived Brinkman'’s equation for small
¢ by averaging the Navier—Stokes equation of fluid motion, subjected to the appropriate
no-slip boundary conditions on the surface of the bed particles. Among them, Hinch [8]
determined Brinkman'’s bulk equations of motion in the dilute limit by averaging the transport
equations, using a procedure that was later generalized by Kim and Russel [6] to account for
multiparticle hydrodynamic interactions. For higher bed-volume fractions, however, this, like
most averaging procedures, is not applicable near the external boundaries [6]. In this region,
in fact, the typical length over which the velocity varies may become comparable with the
typical particle—particle distance, thus invalidating the underlying assumption of separation
between micro- and macro-scales, which is implicit in the averaging scheme.

Using a different approach, Rubinstein [9, 10] employed a multiple-scale technique
that generalizes an approach originally proposed by Tam [11], showing convincingly that
Brinkman’s equation can be used even for porous media with low porosity, provided they have
a very large number of scales. This seems to confirm the results of the Stokesian dynamics
simulations performed by Durlovsky and Brady [12], who showed that Brinkman’s equation
describes qualitatively the behavior of the flow fields, even for large bed-volume fractions,
although the value of the viscosity cannot be taken equal to the fluid viscogity

In this work we determine the effective bulk equation of motion for flow through an array of
fixed spheres located at either random or periodic positions. Details of the averaging process
are presented in the next section, where the reciprocal theorem aoq¢heesults for the
permeability and the Brinkman viscosity are derived. Then, in Section 3, these results are
extended to higher orders ¢ while in Section 4 our findings are summarized and discussed.

2. The method of solution
2.1. SATEMENT OF THE PROBLEM AND SCALING

Let us consider the steady, slow motion of a viscous fluid of viscgsignd unit density,

p = 1, through a fixed bed of spheres of radiudocated at positionsy. For low solid
volume fractions the influence of the spheres can be modelled through singular multipole
force distributions centered at;, leading to the steady-state Stokes equations of motion and
the continuity equation,

Vp—uV2u=F=3 S v75(r —ry)(-)"FtY, 1)
N m

V-u=0, 2)

wherep is the pressurey is the fluid velocity at the point, F is the generalized force per unit
volume,V™ = VV ...V (m times) represents thath power of a vecto¥, and the symbol

(-)™ denotes successive dot multiplications in the order prescribed by the nesting convention.
HereF%’” denotes the strength of theth multipole at the center of th¥th spherei.e. Fz(l)

is the force exerted by the sphere on the fllﬁfﬁ) the corresponding moment of dipollél(;,;)

the moment of quadrupole, etc. Due to the linearity of the Stokes equations, these multipole
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strengths are in turn proportional to thth gradients of the unperturbed velocity;, that is
the velocity field ar y in the absence of th&'th sphere,

v == 2 RY™()"v" tay, 3)
n

(mn)

whereR ;" is the single-particle grand resistance matrix of Nié sphere, which includes
the influence of the other spheres as well. In the following we shall assume that the averaging
volume is sufficiently far from the boundaries of the medium that the grand resistance matrix
is the same for each particle, so that the subséigan be dropped frorﬁ%’m).

Now we shall proceed to take the volume average of the Stokes equations over a domain
T comprising many particles and in which, at the same time, the unperturbed velocity and
pressure fields do not vary appreciably. This, in essence, requires that a separation of scales
exists, that is, the macroscale over which velocity and pressure gradient vary greatly exceeds
the microscaleg.g the typical particle-particle distance. Only in this case, in fact, an interme-
diate volumer can be defined over which the averaging is performed. Although this averaging
procedure can be performed rigorously by means of a multiple-scale expansion (see Bensous-
sanet al [13], Sanchez-Palencia [14] and Mauri [15, 16], it will not be spelled out here, as
it would unnecessarily make our analysis burdensome, without adding any new insight into
the physical results. The main point is that, if a large number of particles is located within the
averaging volume, the average, or macroscale, velocity and pressure fieidand(p) are
given by:

<U) = <UN>7 <p> = <pN>7 (4)

where the bracket denotes volume average ovesing these definitions, we can easily show
that

Z(Vmé(r —Iy)uy) = (—1)m473:;3Vm(u). (5)

N

Finally, taking the average of the Stokes equations (1) and (2) and using the above relations
(4) and (5), we find the following Brinkman-like equation:

Vilp) = =y, (uy) — 28 Vi (w) + 0V, Vi (wr), (6)
V(u,) =0, (7)

wheres,,, £, andn,,,; are the permeability, coupling and viscosity tensors, respectively, and
further

- 3¢
1 11
" T a3y RGY, (8)
39 12 21
52]/@ = 8ra3 (Rz(]k;) - R§Zk>)a (9)
3p (22 (13 (3D
Mgkt = 1(0uk0y + 0udyr) + W(R’]M - Rﬂkl - leﬂ )- (10)
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Since our averaging procedure implies a separation of scales, we have tacitly assumed that
lu| > I|Vu|, wherel = 7%/3 is the linear dimension of the averaging volume. Therefore,
the three terms at the right-hand side of Equation (6) are of decreasing magnitude, thus
justifying why we have neglected higher-order velocity-gradient terms. From here we see
that the only components of the grand resistance matrix that are of relevance to us are
R(ll), R(lZ)’ R(21), R(l3), R(3l) andR(ZZ)_

Now, before we go further, let us consider an important symmetry property of the grand
resistance matrix.

2.2. SYMMETRY RELATIONS OF THE GRAND RESISTANCE MATRIX
The average energy dissipated per unit time and volunes:
E = 2u(Vu: Vu) + (F - u). (11)

Now, substituting expression (1) for the generalized fdfda (11), and applying (5), we
obtain

E — 2u(Vu: Vu) Z 1)mEmHD (ymElgm )y (12)

47Ta3

showing that(m + 1)th pole strengttF(™*1 is conjugated with thenth mean velocity
gradient. Therefore, since these two quantities are linearly related through (3), the Onsager
relations state that the proportionality tere, R(™"), is a symmetric matrix. To exemplify

what that means, let us rewrite (3) as

(11)

—FP = R + Rz(ﬂcl) Vi, -
=

where the subscript§ have been dropped froff™ andu for simplicity. In these equations

we have not considered higher velocity-gradient terms, since we saw that they are not required
to determine Brinkman'’s effective equations. Now, due to the symmetry of the grand resistance
matrix, we find:

RM = R, (16)
RL? = R, (17)
RS = RS, (18)
Rz(]kl) Rl(cl]z) - (19)

Applying these symmetry relations to definition (8), we see that the permeability tensor is
identically symmetrici.e. k,, = x,,, while (9) and (10) can be rewritten as

3
bt = g5 (Bt — Biyt). (20)
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(22

3¢ 13 31
3 (Rmkl - R§2k2 - Rl(kz;)' (21)

Tkl = M(dzkdﬂ + 6216]19) + m

These last expressions show that the third-order coupling tensor is antisymmetric with respect
to its first and last indices.e. &, = —&,,, While the fourth-order viscosity tensor satisfies
the following relationm;,u; = g1,

2.3. THE LEADING-ORDER AVERAGED EQUATIONS

At leading order, we neglect the influence of particle-particle interactions, so that we may
determine the grand resistance matrix by studying the flow field around an isolated sphere.
First, let us consider Faxen'’s law,

FS\P = —6rua 6

a2 2
1+-V un, (22)

whereuy is the unperturbed fluid velocitye. the velocity field ar 5 in the absence of the
Nth sphere. Now, comparing this relation with (13), we obtain

RV = 6rpas,; zﬁﬁzo; zﬁﬂzwf%@k (23)

In additiort, it is known that at leading order,

20
—F = Srua’3(Vun + Vul)] + dnua[3 (Vu, - Vul)), (25)

whereVu}‘v is the transposed 67 uy. Therefore we find

@ﬁ:wf@%@+%@m (26)

Now, substituting (23) and (26) in (8), (9) and (10), we obtain:

- 99

2]1 - th(sl]7 (27)
fzyk =0, (28)
Mgkt = (14 30)0 0 + (14 $)oudy. (29)

This shows that the flow of a Newtonian fluid through a dilute bed of solid spheres is described
by the following Brinkman equation:

(Vo) + () = w'VP(u), V- (u) =0, (30)

! Note that we can obtain the quadrupole strength by substituting (23) and (18) in (15), yielding:

Fl(]?;c) = —Wua35” Uk, . (24)
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with permeabilitys* = (2a%)/(9¢) and effective viscosity,* = (1 + 3¢). Equation (30)
shows that the viscous term in Brinkman’'s equation is expressed via the Einstein effective
viscosityu*, in agreement with the result of Lundgren [17], Freed and Muthukumar [18] and
Kim and Russel [6]. Not surprisingly, had the spherical particles been modelled as stokeslets,
we would find [9, 10, 11] that Brinkman’s viscosity equals the fluid viscgsity

Brinkman’s equations can also be written as a momentum conservation equation, in terms
of the mean force densitfy(i.e. the force per unit volume exerted by the spheres onto the
fluid), the mean body-couple densidyand the mean stress tengoas:

f+3iVxg+V-T=0, V- (u) =0, (31)

with the constitutive relations:

=L, (32)
g= _X*<w>a (33)
T = ()T +27(S), (34)

where(S) is the mean rate of strain and= 3V x (u) is the mean angular velocity of the
fluid. The effective quantities that appear in the constitutive relations (32), (33) and (34) are
the permeabilityc* = (2a2)/(9¢), the spin, or rotational, viscosity;” = 6u¢, and the stress
viscosityn* = u(1 + %QS). It is important to note that the effective viscosity appearing
in Brinkman’s equation is different from the stress viscosity the latter being defined as
the ratio between the symmetric part of the deviatoric stress tensor and the rate of shear.
As explained by Kim and Russel [6], this is due to the fact that the quadrupole distribution
contributes an extra term to the effective viscongxlz.

The approach described in this section can be generalized to the case of dilute beds of
particles of any shape. In particular, it is important to note that, whenever the bed particles
lack mirror symmetry, as for screw-like particles, fluid translational and angular velocities

are coupled to each othere. R%Z) is not identically zero, so that, if the particles have a
preferential orientation, an extra terrg, 2V, u, will appear in the Brinkman equation [see
Equation (6)]. Actually, this term is even dominant with respect to the viscous term, although
it is still small compared to the permeability term.

3. Higher-order approximation

In this section we calculate the higher-order terms in Brinkman’s equation. Clearly, that means
that we have to account for the interactions among the spheres, which, in turn, depend on
the configuration in the fixed bed. Two cases are considered, where the identical spheres are
assumed to be distributed either randomly or periodically in space.

2 5" stems from the part of,,1; that is symmetric with respect to both the first and the last two indices. If we
rearrange Equation (29) as

Tkl = 77* (5zk5]l + 5zl5jk) + %X*(ij'é]l - 5115]/6)7 (35)

we see thajp* comes from the contribution of the antisymmetric partnofi;, which is proportional to the
quadrupole contributior ™ /8.
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3.1. RANDOM ARRAY

In this case, the matriR*Y has been evaluated by, among others, Childress [19], Howells
[20], Hinch [8] and Kim and Russel [6] as:

Rl(Jll) = 6mpacd,, (36)

where

=1+ ngl/ 24 :15¢ log ¢+ 16.456p + o(¢). (37)

In addition, the coupling terrR(*? is zero, because of symmetry. As for the viscosity term,
R(? has been evaluated by Kim and Russel [6], finding:

R = Wrpa®Bu(6,1071 + 0udyk) + 21,4071 — Sudyp), (38)
where

B =1+ 8ploge + 7.86¢ + O(¢%2log ), (39)

B, = 1+ Zploge + O(¢¥2log g). (40)

In addition, applying Faxen'’s law and using Equation (36), we obtain:
RZ(;ISZ) = 7r,ua3oz152;53k. (42)
Finally, proceeding as in the last section, we find the momentum-conservation equation (31)

and constitutive relations (32)—(34), with permeability, spin viscosity and stress viscosity
given by:

it =20%/(aag), X" =6¢pos, " =p(l+asp), (42)
where:
02 =2 — a1 =1 g% — 254100 — 165415 + o(), (43)
7
= 3(1081 — 31) = 5 — 21/2¢1/2 - 2—56¢ l0g ¢ +7.246 + (). (44)

The velocity and pressure field of a fluid flowing through an array of spheres randomly
distributed can also be described by Brinkman’s Equation (30), with permeadsilifgf.
Equation (42)] and effective viscosity

% _ 1
o 1+ 5¢(561 + 362 — 3a1)

— 1+§¢—9 2% 912 - 17262 + 042 log ). (49)



110 Roberto Mauri

Table 1 Values of the constants b andé
for different cubic lattices

Lattice ¢ a

(ool

S.C. 1.7601 0.2857 0.04655
b.c.c. 1.791 0.0897 0.01432
f.c.c. 1.791 0.0685 0.01271

Note that theplog ¢-term cancels out and does not appear in (45). This expression for the
effective viscosity coincides up 10(¢%?)-terms with that of Freed and Muthukumar [18].
The O(4?)-term is new.

3.2. (QUBIC ARRAYS

Let us consider a packed bed composed of identical spheres in a periodic cubic array. In this
case, the matriR'Y has been evaluated by, among others, Hasimoto [21], Zick and Homsy
[22] and Sangani and Acrivos [23], and is given by Equation (36), with

a1 = 1— &3+ ¢ — (& + 6302) 92 — 300ibg?/2 + O($19/3), (46)

wherei, b andé are constants whose values for simple, body-centered and face-centered cubic
arrays can be found in Refs. [21, 24] and are listed in Table 1. Note that the canstprils
ap /3¢, wherec is defined in Refs. [21, 23], while the constaftandb are the constants
used in Ref. [24], and equaP¢ /3,0 anda3p 1,0, respectively, whereyo andbyg are
defined in Ref. [23].

The coupling ternR(1? is zero, out of symmetry, while the matfiX?? was determined
by Zuzovskiet al.[24], who found that it is given by Equation (38) with

B =1+ (1+ 40b)¢ + 8ag¥/3 + (1 + 40b)242 + O(47/3), (47)
Bo =1+ ¢ + ¢+ O($'3). (48)

From these results we find again the momentum—conservation Equation (31) and constitutive
relations (32)—(34), where permeability, spin viscosity and stress viscosity are given by (42)
with

az =1+ 2% + ¢+ (¥ + 6302)¢” + O(¢%%), (49)

(12

az = 5+ 363 + (2 + 100)¢

+20a¢™3 + (53 + 200h + 274592) 2 + O (¢7/3). (50)
Finally, Brinkman’s equation (30) is obtained, with effective viscosity

% = 14 3¢+ 3643 + (3 + 1005)¢2 + 20a48/3

+(2 + 200 + 49452) ¢ + O(p193). (51)
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As we see, for cubic arrays we are able to determine the effective viscosit;()(gb%()), while

for random arrays we can only determine it ugtas?). This is obviously due to the fact that

the multipole strengths of spheres in a periodic array are known more accurately than for a
random configuration.

4. Conclusions and discussion

In this article, creeping flow through porous media has been shown to be described macroscop-
ically by Brinkman’s equation. The effective transport coefficients, namely the permeability,
coupling and viscosity tensors, are expressed in terms of six tensors of the single-particle
grand resistance matrix, connecting the multipole strengths at the center of a particle with the
velocity gradients of the unperturbed flow field. Only four of these six tensors are indepen-
dent, as the remaining two can be determined by means of a new generalized version of the
reciprocity relations. In this way, the Brinkman viscosity was determined up(#)- and
O(¢3)-terms for random and cubic arrays of spherical particles, respectively.

The main contribution of this work is to show how to use the reciprocity relations (16)—(19)
in conjunction with known results about the single-particle grand resistance matrix to obtain
constitutive equations with a high degree of accuracy. This method can be applied to a variety
of problems, such as heat- and mass-transport in porous media and suspension flow. As a
further example of application, let us consider the motion of a dilute suspension of neutrally
buoyant spheres of radius In this case, the governing equation (1) is supplemented by the
constitutive relations (13)—(15) for the multipole strengths, witleplaced with(u; — U;),
whereU; denote the particle translational velocities. Now, considering that the suspended
particles are force- and torque-free, applying Faxen’s law and using the reciprocity relation
(18), we obtain at leading order,

10x

FZSZ) — TMG3(VZUJ + V]Uz); FZ(]::J) — %Ma567dv2uk. (52)

Finally, substituting these results, together Wi = 0in (1), and averaging, using (5), we
obtain

V(p) = p(1+ 36)V2(u) — §uapv4u); V- (u) =0. (53)

Now, it is clear that the biharmonic term in Equation (53) further stabilizes the diffusive part
of the Stokes equation, and therefore plays a similar role as the viscous term of Brinkman’s
equation. As the biharmonic term@(a?/1?) times smaller than the viscous term, it can be
neglected in the bulk, while it becomes important near the boundaries, perhaps providing some
ground for the introduction of a slip boundary condition associated with the effective Stokes
equation. The new fourth-order equation, however, requires an additional boundary condition
for u which, at the moment, is not known. Therefore, in view of this difficulty, we prefer to
consider Equation (53) as a conjecture and reserve a more detailed analysis of the biharmonic
correction to the effective Stokes equation for future studies.
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