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Abstract: Fluid flow through a free-fluid region and the adjacent porous medium has been studied in
various problems, such as water flow in rice fields. For the problem with self-propelled solid phases,
we provide a generalized Stokes equation for the free-fluid domain and the Brinkman equation in a
macroscopic scale due to the movement of self-propelled solid phases rather than a single solid in
the porous medium. The model is derived with the assumption that the porosity is not a constant.
The porosity in the mathematical model varies depending on the propagation of the solid phases.
These two models can be matched at the free-fluid/porous-medium interface and are developed for
real world problems. We show the proof of the well-posedness of the discretized form of the weak
formulation obtained from applying a mixed finite element scheme to the generalized Stokes-Brinkman
equations. The proofs of the continuity and coercive property of the linear and bilinear functionals in
the discretized equation are illustrated. We present the existence and uniqueness of the generalized
Stokes-Brinkman equations for the numerical problem in two dimensions. The system of equations
can be applied to fluid flow propelled by moving solid phases, such as mucus flow in the trachea.

Keywords: generalized Stokes-Brinkman equations; finite element approach; well-posedness; varied
porosity; permeability tensor

1. Introduction

Fluid flow problems have considerable attention from researchers and appear in many applications
such as engineering, industry, biomedical sciences and other areas. The fluid flow problems are
investigated in both theoretical and applied research, among which is the study of flow through a
free-fluid domain and an adjacent porous medium. For example, Basirata et al. [1] studied the CO,
gas flow in a porous medium and free air above it. Oangwatcharaparkan and Wuttanachamsri [2]
studied the fluid flow in a periciliary layer (PCL) in the human respiratory system where the mucus


http://http://www.aimspress.com/journal/era
http://dx.doi.org/10.3934/era.2023085

1642

layer was on the top of a porous layer. In this research, we focus on fluid flow problems in which the
fluid is moved by self-propelled solid phases rather than a pressure gradient. That is, the movement of
solids affects the fluid flow whether the fluid is in the same layer as the solid phases or above the solid
phases. An example domain that illustrates the regions of interest is represented in Figure 1.

—+—» Free-fluid region Qf
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i —— ——— <— Porous medium €2

) / !
S

Figure 1. Sample layers of a free-fluid region residing above an adjacent porous medium.

Figure 1 shows a sampling domain consisting of two regions: the layer composed of fluid and
self-propelled solid phases, which is considered as a porous medium, €,,, and a free-fluid region, Q¢,
residing on the porous medium. In this study, we consider a macroscopic flow where a bundle of
solid phases is considered instead of a single self-propelled solid. The locomotion of solids affects the
movement of fluids in the nearby areas. If fluid flows through different domains, then mathematical
models are also distinct. That is, the equations for the flow above the porous medium and flow in the
porous domain are different.

There are several mathematical models used to describe problems of this type [3—11]. Khanafer et
al. [3] used Darcy’s Law and Brinkman-extended Darcy to investigate the fluid flow inside the hollow
fiber bundle of an artificial lung and applied the Navier-Stokes equation for the fluid flow outside the
fiber bundle. Ly et al. [4] investigated the problem of fluid flow in coupling a free fluid domain and a
porous medium using the Stokes and Darcy equations, respectively. Wuttanachamsri and Schreyer [5]
used the Stokes-Brinkman equations to compute the fluid velocities due to the self-propelled solid
phases in a three-dimensional domain. Poopra and Wuttanachamsri [6] considered the fluid flow in the
periciliary layer (PCL) in human lungs by using the Stokes-Brinkman equations with the Beavers and
Joseph boundary condition. Wuttanachamsri [7] used Stokes-Brinkman equations in one dimension
with the Stefan problem to estimate the free interface between a porous medium and an adjacent free-
fluid region. The well-posedness of the system of the Stokes-Brinkman equations is also provided for
both moving or static solid phase [12—-16]. For the study of a static solid phase, Ingram [12] applied a
finite element discretization to the Brinkman equation and demonstrated that the discretized problem
was well-posed. Angot [13] studied the well-posedness of the Stokes-Brinkman and Stokes-Darcy
with new jump interface conditions. Chamsri [14] showed the well-posedness of the Stokes-Brinkman
model for the case of moving solid phase, while the porosity was assumed to be a constant.

Unlike the usual problems, in this research, we use generalized Stokes-Brinkman equations, where
the Brinkman model is developed from the Hybrid Mixture Theory (HMT) [17]. The HMT is a
technique for upscaling a multiphase flow by applying an averaging theorem to a microscale equation
to obtain a macroscale equation [18, 19]. The macroscopic Brinkman equation is distinct from the
models in the above literature because it is derived from the conservation of momentum, where the
porosity in the equation is considered as a function of space. Therefore, the porosity is subject to a
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derivative operator, while the porosity in the Brinkman model in the available research is outside the
derivative, although the porosity has been used as a function of space. Our model, the macroscopic
Brinkman model, can be used for a bundle of self-propelled solid phases instead of a single solid for
fluid flow in a porous medium. In addition, we derive the generalized Stokes equation to apply to the
incompressible slow flow in the domain of the free-fluid region next to the porous medium. Extra
terms appearing in the generalized Stokes and macroscale Brinkman equations aid to match shear
stress at the free-fluid/porous-medium interface. Since our model differs from typical
Stokes-Brinkman equations in available research, the well-posedness of the generalized
Stokes-Brinkman equations in a macroscopic scale when the fluid is moved by self-propelled solid
phases is provided, and the permeability in the model is considered as a second-order tensor, not just a
constant.

In Section 2, we derive the generalized Stokes-Brinkman equations. In order to present the well-
posedness of the discretized form of the mathematical model using a mixed finite element technique, in
Section 3, we present the weak formulation of the governing equations as well as the discretized form
of the generalized Stokes-Brinkman equations. In Section 4, the continuity and coercivity of linear and
bilinear functionals in the discretized system of equations are presented. The well-posedness of the
generalized Stokes-Brinkman equations is illustrated in Section 5. The conclusion is drawn in Section
6. The fundamental definitions, theorems and lemmas proved in available literature and books, which
are used in the proof of the well-posedness of the discretized equations, are provided in the Appendix.

2. Generalized Stokes-Brinkman equations

In this section, we present the derivation of our governing equations. For the generalized Stokes
equation, we start with the generalized Navier-Stokes equation and then use a nondimensionalization
method to obtain the generalized Stokes equation. This is shown in Section 2.1. To derive the Brinkman
equation, we begin with a momentum equation obtained from Hybrid Mixture Theory (HMT) [19], an
upscaling technique, and then use a nondimensionalization approach to have a macroscopic model in a
porous medium, which is illustrated in Section 2.2. We rewrite our governing equations in Section 2.3
in order to summarize and use them in the next sections.

2.1. Derivation of generalized Stokes equation

To obtain the generalized Stokes equation, we start with the generalized Navier-Stokes equation,
which is attained from substituting a stress tensor, developed from entropy inequality holding near
equilibrium for a viscous fluid, into a momentum equation. The generalized Navier-Stokes equation
is [20]

3
a—u+p(u-Vu)+Vp—(/l+p)V(V-u)—,uV-Vu—pg:0, 2.1)

where p is density, ¢ is time, u is the velocity, p is pressure, A is a constant, u is the dynamic viscosity,
and g is gravity. The generalized Navier-Stokes equation, Eq (2.1), is normalized with dimensionless
variables, and we get

qa puy . = = (A+pu _
puof§+70(ﬁ~VTD+%Vp ’“‘ LYV W) - OV - V- pgig = 0, 2.2)
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where the characteristic parameter L is the characteristic length; f is the characteristic frequency; u is
the characteristic speed; py is the reference pressure; g is the gravitational acceleration. Multiplying
2

L
Eq (2.2) by — on both sides, we have
Huo

pofL* du . PHo @ m Polg— _ +'U)V(V ) — V.-Vo- P8o g=0. (2.3)
PR :“”0 K Hito

Next, we calculate the coeflicients in Eq (2.3), where the values of the characteristic variables and
other variables in International System (SI) units are shown in Table 1. The characteristic length is the
highest length of cilia in the respiratory system [21], the reference f is the frequency of cilia beat in
the human respiratory tract [22], the characteristic velocity uy is the maximum speed of cilia for the
effective stroke at temperature 37°C, the reference pressure py is the pressure in the human respiratory
tract, which is about one [23], go is the Earth’s gravity, and p and u are the density of water and dynamic
viscosity at 37°C, respectively. The constant A is set equal to zero. The values of the coefficients are
shown in Table 2.

Table 1. The values of characteristic and constant variables in Eq (2.3) in International
System units.

Variables L f U Do g0 Jo, u
SI Units m I/s m/s kg/(m-s?>)  m/s? kg/m®>  kg/(m-s)
Values 7% 107° 10 2.5x%x 10 1 9.807 993.3 0.6913 x 1073

Table 2. The values of the coefficients in Eq (2.3).

: pfL? puoL poL A+pu pgoL’
Coefficients —_—
2! U HuUo J2 Mo
Values 7.0406 x 10~ 25x%x1073 40.5034 1 2.7619

From Table 2, the coefficients of the first two terms in Eq (2.3) are comparatively small compared
with the others. Therefore, the unsteady and nonlinear terms in the equation are neglected, and then
Eq (2.3) becomes

Vp — A+w)V(V-u) — uV-Vu — pg = 0. 2.4)
In this work, we assume that the velocity u in two dimensions is smooth enough that the order of the
0 o0u 0 o0Ou
derivative can be interchanged, that is, —-— = ——. Then, we obtain
dxdy  dyox’
V(V-u) = V- (Vu)’. (2.5)

Substituting Eq (2.5) into the second term of Eq (2.4), we have
Vp — AV(V-u) — uV-(Vu)! — uV-Vu - pg = 0, (2.6)

or
Vp — AV(V-u) — uV-(Vu+ (Vo)) — pg =0. (2.7)
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1
Since the rate of deformation for the liquid phase d = E(Vu + (Vw)’), we rewrite Eq (2.7) as

Vp — AV(V-u) - V-2ud) — pg = 0. (2.8)
Notice that if 2 = 0, then Eq (2.8) becomes
Vp = V-Q2ud) - pg = 0, (2.9)

which is the generalized Stokes equation. If the matrix Vu is symmetric, then Eq (2.9) is the following
Stokes equation:
Vp — 2uAu - pg = 0. (2.10)

2.2. Derivation of the Brinkman equation

In this section, we show the derivation of the Brinkman equation in a macroscopic scale derived
using Hybrid Mixture Theory (HMT). HMT is an upscaling technique used to derive multiphase
equations such as the combination of solid and liquid phases. This method uses the averaging theorem
to upscale equations from a microscale equation to a macroscale equation [19]. In this study, we focus
on developing a model for fluid flow due to the movement of self-propelled solid phases. Here, we
follow the procedure provided in [18]. We begin with the multiphase equation upscaled from the
conservation of momentum [18] when the porosity is a function, not a constant:

Dt
where [ and s mean the liquid and solid phases, respectively. The function &' is the porosity, which is a
variable in space; d =05 (Vu’ + (Vu’)T) is the rate of deformation tensor; R is a second-order tensor;

+ &'Vp + pVel — V. (2ud) - €plg = pVe - &R (W' -u?), (2.11)

u’ and u* are the velocities of liquid and solid phases, respectively. Substituting R = ug'k~!, where k!

Dl ou
is the inverse of the permeability tensor, and taking Tl: = a—l; +u’ - Vu' into Eq (2.11), subtracting

from both sides by pVe! and dividing by &’ on both sides, we have

o 1
0 (a—‘; +ul - Vu’) F k(' - ) + Vp - Ev.dd = pg 2.12)
g

Then, we normalize Eq (2.12). We use the same characteristic parameters as in the previous subsection.
The dimensionless form of Eq (2.12) is

kof ou’ Kk = - kpo=—- k = kpgo

kof oW | Koo G Tty + (e — &) + 2PLTp - £V, el = P85 2.13)

u o dr  uL ptoL g'L? Hiko

Using the values in Table 1 to calculate the coefficients in Eq (2.13) with the permeability k = 10~!* m?
and porosity & = 1, which are the maximum values employed from [24], we obtain the values of the
coeflicients as illustrated in Table 3.

Table 3. The values of the coeflicients in Eq (2.13).

c . kpf Kpuy kpo k kpgo
oefficients —— —

u uL gL glL? Jin
Values 1.4369 x 1077 5.1316 x 1077 83 x 1073 2.0408 x 107*  5.6365 x 10~*
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From the calculation demonstrated in Table 3, we neglect the first two terms in Eq (2.13), the time-
dependent and nonlinear terms, because these expressions are significantly small in comparison with
others. Therefore, Eq (2.12) becomes

uk™! - (g - &) + Vp - gv'(%ldl) = pg, (2.14)

which is called the Brinkman equation in a macroscopic scale. Notice that the macroscale Brinkman
equation is distinct from the Brinkman in literature such as in [25],

k™ + Vp - uAd = pg, (2.15)

because our model starts with the momentum equation that the porosity is a function and cannot be
moved out of the derivative as a constant, as usually used in research. The porosity in the parentheses
in the third term in Eq (2.14) cannot be canceled out with the denominator. Moreover, the first-order
derivative of the rate of deformation times the porosity in Eq (2.14) cannot be changed to be the second-
order derivative of the velocity as shown in Eq (2.15). It may seem that the difference is not much, but
finding the numerical results of Eq (2.14) is more complicated than for Eq (2.15), including the proof
of the well-posedness of the equation.

Notice that the Brinkman equation in the macroscopic scale, Eq (2.14), has a good engagement with
the generalized Stokes equation, Eq (2.9). Because there are no solid phases in the adjacent free-fluid
domain, the porosity becomes one, and the permeability tends to infinity in this region. Therefore, the
first term in Eq (2.14) disappears, and then the Brinkman equation, Eq (2.14), becomes generalized
Stokes equation, Eq (2.9). Thus, the solutions in these two layers can be matched in the transition
zone at the free-fluid/porous-medium interface by using the generalized Stokes-Brinkman model. The
mathematical model is summarized in the next section.

2.3. Governing equations

The models for a problem of this kind are summarized in this section. The models in both free-
fluid layer and porous medium consist of two unknowns, which are the velocity u’ and the pressure p.
Therefore, in each region, we need one more equation, which is a continuity equation obtained from
conservation of mass. Since a bundle of self-propelled solid phases effects the fluid flow, we employ
the continuity equation for two-phase flow in the porous medium derived by HMT [26,27], which is

V-(d) = f, (2.16)

where f = —&'/(1 - €') + V- (¢'u*) and &' = d&' /It + u* - V&' Let Q = Q, U Q be our domain, and 4Q
is the boundary of the domain. Define the vectors

u=cu' and f=pg+uk!'- ' (2.17)
From Eqs (2.14), (2.16) and (2.17), the system of equations used in domain €, is

pk-‘~u—§v-(2gldl)+vp =f inQ, (2.18)
Viu = f inQ, (2.19)
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For the free-fluid domain Q¢, the flow is considered incompressible. Then, the divergence of velocity
is zero. Therefore, in domain ., we have the system of equations

—uV-Q2ed)+Vp =0 inQy, (2.20)
V-u =0  inQ (2.21)

Before we prove the well-posedness of the generalized Stokes-Brinkman equations, Eqs (2.18) and
(2.19), in the next section we provide the discretized form of the governing equations by using a finite
element method.

3. Discretized model

In this section, we first formulate the weak formulation of the generalized Stokes-Brinkman
equations, Eqs (2.18) and (2.19), by using a mixed finite element method. To obtain the weak form of
Eq (2.18), we multiply a weight function w € H(Q) and integrate Eq (2.18) over the domain Q on
both sides, and we have

f,u(k_l-u)-w —fgg(v-(Ze’d’))-w +pr-W = fgf-w. (3.1)
Q Q

Applying Green’s first identity to the second and third terms on the left hand side of Eq (3.1) and using
the property that the weight function is zero at the boundary, we have

f,u(k‘l-u)-w +f2,u€ldlZV(v—‘;) —f(V-W)p _ ff-w. (3.2)
Q Q & Q Q

T

Substituting d' = 0.5 [V (31) ; (V (51)) ] into Eq (3.2), we obtain the weak formulation of Eq (2.18),
E &

which is

fgﬂ(k-l-u).w+fguglv(§):v(g)+fgue’(v(§))T:v(g)—fgw-w)p - fgf-w. (3.3)

Similarly, multiplying both sides of Eq (2.19) by another weight function ¢ € L3(Q) and integrating
both sides, we obtain the weak formulation of Eq (2.19):

f(V~ll)61 = fo- (3.4)
Q Q

The weak formulation of the generalized Stokes-Brinkman equations can be written in linear and
bilinear functionals as follows.

Problem 1. The weak form of the generalized Stokes-Brinkman equations is to find u € H\(Q) and
p € L3(Q) such that

c1(w), Vwe HyQ), (3.5)
e (q), Vg e Ly, (3.6)

a(u,w)+b(w,p)
b(u,q)
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where the linear and bilinear functionals are defined as

a(u,w) = fglu(k“ .u).w+fgy,slv(§):v(g)+fgﬂs’(v(§))T:V(g), 3.7)
bug = - f V-, (3.8)
cr(w) = <f,V§Vz>H1(Q)><H(1)(Q)’ (3.9)
(g = —j;ff]» (3.10)

where the space H}.(Q) ={we H'(Q) : Wlga = s}, and {-,-) is the duality pairing.

Notice that the space L3(Q) is used instead of L*(Q) because the system of Eqgs (2.18) and (2.19)
demonstrates pressure up to an additive constant; see [28] on page 157 for details. The linear and
bilinear functionals in Problem 1 can be written in the form of a linear operator as in Problem 2 (the
definition of the linear operator is in the Appendix).

Problem 2. Let A Hé(Q) — HY(Q) and B : Hé(Q) — Lé(Q) be linear operators. Find u €
H(Q), p € LY(Q) such that

Au+Bp = f in H\(Q), (3.11)
Bu = f in L}Q), (3.12)
where
&, W) -1 Qxa @)
Ifllz-1@ = sup , (3.13)
weH} (Q).w#0 ||W||H1(Q)

the norm || - || ) denotes the standard norm on the space H Y(Q), and the function w* in f is a bounded
continuous function.

Next, we show that the linear and bilinear functionals in Problem 1 are continuous and coercive, and
that will be used to prove the existence and uniqueness of the generalized Stokes-Brinkman equations
in Section 5.

4. Continuity and coercivity of linear and bilinear functionals

In this section, we show that the linear and bilinear functionals in Problem 1 are continuous and
coercive. These properties are necessary to prove the existence and uniqueness of the governing
equations. We first proof the continuity as shown in Theorem 4.1.

Theorem 4.1. The linear functionals ¢y (W),c>(q) and bilinear functionals a(-,-), b(-,-) are
continuous. In particular,

c1 (w) < ”f”H*l(Q)”W”H'(Q), VYweH' (€), 4.1)
(@ < fllzolglzo), Vg € L(Q), 4.2)
bu,g) < Vrlulgmolglizg, YueH(Q),Yqe (), (4.3)
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a(,w) < Qlullpolwlmneg, YuweH(Q), (4.4)
where n is the dimensional number, and

0, = max{ V6u max k', 20/ 11l ))-
1<i,j<2

Proof. 1t is obvious that c¢; (w) and ¢, (¢) are linear functionals, and a (u, w) and b (u, g) are bilinear
functionals. Next, we show the continuity of ¢, (w). Let w € H'(Q). Then,

er W = €W @pao)

(f, W>H*1(Q)><H(l) (9))
||W||H1(Q)

||W||H1(Q)

IA

||f||H—1(Q)||W||H‘(Q)7

where we apply the definition of norm on the space H~ (), Eq (3.13), at the inequality. The proof of
the continuities of ¢; (¢) and b (u, ¢) has been shown in [16]. Next, we show the continuity of a (u, w)
in a two-dimensional domain. Define u = (u;, u,) and w = (w, w;). Then, from Eq (3.7), we have

oo [uev(G)(3) [ () ()|

la (u, w)|

u\\7 w
< ,u(k‘l-u)-w‘ ,uslV( ) V( )' fﬂs(v( 1)) :V(—l)'
Q E E
u
< k! u w + sV(— ( )
k] g, Wl + p|jE'V . .
u\\" w
cull (V(2) ], |7 (2)
el eyl \e /g
< Vou max [ Il Wl + i V(S 9(5)
= =iz 10 RO TETAEAR) PO el I \e' i
T
, u w
el (7 (2)) | ¥ (5)
,u” ||L2(Q) ( P 2@ & Nl
= Vou max [ Iullay Wy + 20 [V (S )] |9(5)
1<ijea | Loy T PO e llpo | \ellrg)
1 w
< \/_,u maX |ku |||u||Hl(Q)”W”H1(Q)+ Z,UHSHLz(Q) 8; H@Q) 81 @)
_ ||ll||H1(Q) ”W”H'(Q)
= Vou max |k;'| lull o Wl + 2| 2
1<i,j<2 @ ”‘91” ”‘91”
HY(Q) HY(Q)
1 2u
< Véu max |kij |||u”H‘(Q) Wz () + l[all @) Wl 0
1<i,j<2 ||gl||
H'(©
\/_ —1 2/“‘
< max4 V6u max |kij . all g ) IWll g1 @)
I j<2 el

= QO ||u||H1(Q) ||W||H1(Q) s
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2u

where Q, = max { \/g,u maxi<; j< |kl.‘j1| , } and the inequality [14]

el e

[k -u V6 max ;| il 4.5)

U, <

is applied to the third inequality. For the fifth inequality, we use the fact that || - |2y < || - [z @), SO

Il 2@ . .
————— < 1. Therefore, a (u, w) is continuous.
|- 1l

To show that the bilinear form a(, -) is coercive, we first proof Lemma 4.2, which will be used in
the proof of coercivity presented in Theorem 4.3.

Lemma 4.2. Let w € H'(Q). Then,

[ore(2)evE) e Lo o) = 2 2)- )

for some natural number n,.

Proof. Let w € H'(Q). Since the porosity &' > 0 is a real number, by the Archimedean property, there

. ) w
exists n, € N such that ¢/ > —. Given W = 5 then,
P>

nr
fﬂgv(Zj) V(;—‘;) L”E(V(Z))T‘V(g): Lys’VW:VW+L,ue’(VW)T

& [VW L VW + (VW) : VW]

+

1
5
=

ps' [VW + (VW)'|: v

2;131% YW + (W) : ¥

0x, x> ox, 0x2

ow, oW,
2us'|D? + D + —=| + D?
He 1 12( 0)62 (9)61 ) 22)

1 (oW, oW,
2ue'| D}, + 2D +—|+D3
He | Py 1275 ( ox, | Ox ) 22)

2ue' (D}, + 2D}, + D3,)

2ue' (D}, + D}, + D3, + D3,)

I}
L
L
I}
= LZ,ual D”an +D128W1 +DQ]% +D22%)
L
L
L
L
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\%

2u f (g’)2 (D}, + DY, + D3, + D3,)

= 2.“( ( 1D11)2+f(alD12)2+f(ng21)2+f(le22)2)

2p (”‘9 D““LZ(Q) + ||81D12||L2(Q) + ”8 D21||L2(Q) + ||81D22||L2(Q))

2u (”(‘(’JD”) ||L2(Q) + ”(‘91D12) ||L2(Q) + ”(SIDZl) ||L2(Q) + ”(SIDZZ)ZHU(Q))
2u &' Di)* + (6'D1)* + (6'Da)* + (6'Do)?|

2 2
Z Z |81Dij|2
=1 j=1
‘(O_max (81D))2 2@

= 2u f O'max dQ)
Q

= (o (D))" |

= (e (D))" V1)
= 2u \/M (O’max (81D))2
= 2u \/m ||81D 2

L2(Q)

\%

\%

L2(Q)

Il
\°]
=

L2(Q)

v
)
=

1

2
1 dQ)

2
V] ‘%l (VW +(VW)')

L2(Q)

T)2

LX)

\%

- e ||vw+<vw>T||

0o o). o)

1 T o L : 1(oW; oW,
where D = E(VW + (VW)") is symmetric with the indicial notation D;; = 3 8_ + 8_ The
X X;

variable D;; is considered to be a real number for all 7, j = 1,2, and |V] is the volume of the domain Q.
For the first inequality, we use the fact that the porosity & < 1. For the second and third inequalities,
we apply Holder’s inequality and the triangle inequality, respectively. For the fourth inequality, we
apply the spectral norm of a matrix E [29], i.e.,

L2(Q)
2

L2(Q) ’

IEll 2@ = Oma (E) < [Z |a,~j|2} : (4.7)
i 1
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where o, (E) represents the largest singular value of a matrix E, and s and m are the dimensional
numbers. For the last inequality, we use the Archimedean property [30]. Therefore,

f ue'VW : VW + f ue (VW) YW > B + (VW[ . (4.8)
Q Q
Hence, the proof is complete.
Next, we show the coercivity of the bilinear functional a(:, -).
Theorem 4.3. The bilinear functional a (-, -) is coercive, such that
a (W, W) 2 QC”W”?'II(Q)’ vw € HI(Q)’ (49)

uNIVI
n2K

Proof. Let w € H'(Q). Then,
fg;,u(k_1 -w)-w+f£;,uslV(g) : V(g)+ fg,ugl(V(g))T : V(g)
f,u(k_l-w)-w+f,uslVW:VW + f,us’(VW)T

o Q

where Q. = min {,qu, (N-1) } and Q is a positive number.

a(w,w)

> ,quIIWIIiz(Q) ||VW (VW)T”LZ(Q)

= QW + 5 2‘/2_ (IFW + TW [+ [TW = OW .,
- ||vw—(VW)T||Lz(Q))

> QW + ”2‘/2_ 2IVWIE. o, + 2[TW) [y = (VW + [(FW)[[ )|

= UQL W g + W_(”Vw”mﬁ||<VW)T||L2<Q>)

> 0 + I VW,

= QI + & ‘/_IWIHI«»

= UQ Wl + “n—‘/; e

> qunwniz(Qﬁ’%'z gim)

> QWP + 5 ‘/_II(N ~ D Wl

= QL IWIE g, + 5 ‘/_(N = D Wl 0
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. HNTV] 4

>  min {,qu, (N -1 }(”w”%}(g) + ||w||i,1(g))
) \/

> min {/JQk, H (N - 1) ”W”i]l(g)

= QWi -

LNV

where Q. = min {,qu, N-=-1) } > (. The property [14]

fg (k" w)-w > Oliwl},, ~ where Q; >0 (4.10)

and inequality (4.8) are used in the first inequality. Parallelogram law [31] Yu,w € U, |[u+ w|[> + |ju —
wl? =2 (||u||2 + ||w||2) and the fact that |[u — w|[* < [lu* + ||w||* are applied to the second inequality.

Poincaré inequality [31] K > O such that [W|gmgq) > %lelm(g), Yw € H;'(Q) where m > 0, is
applied to the fourth inequality. For the fifth inequality, we apply Archimedean property [30] Vr €
R, AN € N such that N — 1 < r < N and use the fact that £’ is a positive real number. Hence, the proof
of the coercivity of the bilinear form a (w, w) is complete.

5. The existence and uniqueness of the generalized Stokes-Brinkman model

In this section, we provide the proof of the existence and uniqueness of the generalized Stokes-
Brinkman equations. Before illustrating the proof of the well-posedness, we present the following
proposition.

Proposition 5.1. Let f € L*(Q) and s € H'*(0Q). Then, there exist ug € H'(Q) and a unique uy € V*
such that

1 n
g + || (@) < B”f”L?(Q) + (1 + £) OlIsll 1250 (5.1)

B

where n is the dimensional number, and 3 and Qg are positive constants.

Proof. Let f € L*(Q), and s € H'/*(0Q). Therefore, there exist u; € H'(Q), a unique uy € V* C Hy(Q)
and Q; > O such that uglyo =s, f — V- us € Lg(Q), Voug=f-V-u,,

[l @) < OslIsllaraa)s (5.2)

and there exists 8 > 0 such that

ol ) < Bf-V- Ul 12(0y)- (5.3)

See Lemma A .4 for the details. Next, we show that ug + ug is bounded, as follows.

IA

g + wol| 1 () gl 1) + ol @)

1
OslIsllgir@a) + Il f =V - a2

B

IA
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1 1

< Olisllarea + Sl + IV - w2
B B
1 \Vn

< Olisllaree) + Sl + — sz @)
B B

<

1 n
5l + (1 + %) Qulsllinza.

where the fact that [16] ||V - ¢l[;2q) < \Vnl|o|;o, where n is the dimensional number, is applied to the
fourth inequality.

Next, we show the theorem of the well-posedness of the generalized Stokes-Brinkman equations.

Theorem 5.2. Let f € H'(Q), f € L*(Q) and s € H'*(0Q). There exist a unique u € H'(Q) and
pE LS(Q) satisfying Problem 1. Moreover,

1 Oa\,~

g < E”f”H*l(g) + (1 + @) Q|1 (2 (5.4)
1 1

Pl < IEHf”H*l(Q) + BQa”u”HI(Q), (5.5)

where 1 = ug + g, 8 > 0, as presented in Proposition 5.1, and Q, and Q. are defined in Theorem 4.1
and Theorem 4.3, respectively.

Proof. Letf € H'(Q), f € L>(Q) and s € H'?(0€). From Proposition 5.1, we have u, € H'(Q) and
u, e V+c Hé(Q) such that ug|sgo = sand V-uy = f—V-ug. Let@t = ug+ug and L(w) = ¢;(w)—a (G, w)
for any w € V. By adopting the linearity and continuity of ¢, (-) and bilinearity and continuity of a (-, -)
along with the coercivity of a (-, -), we have that L (-) is a linear and continuous function. Then, from the
Lax-Milgram theorem, there exists a unique 1 € V C Hé () such that a (i, w) = L(w). Letu =i + Q.
Then,

Uso = Ulgo + Ulan + Uglan
= 0+s+0

= S.

Therefore, u € H Sl (QQ). Next, we show the uniqueness of u. Since a (i, w) = L(w) = ¢; (W) —a (4, w),
by using the bilinear property of a(:, -), we have

ata,w)=a@+1a,w) =c(w). (5.6)
Suppose that uy and u, are two such solutions satisfying
a(a,w)=c(w) and a(uz, w) = c; (W). 5.7
Then, substituting w = u; — u, in Eq (5.7) and subtracting one equation from another equation, we get
0 = a(u—w,u—uy) > Quy - 112||§,1(Q) >0,
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where we apply the coercivity of a (-, -), Theorem 4.3, at the first inequality. Since the constant Q. > 0,
it implies that [luy — wy||51q) = 0. Then, u; = u,. Therefore, u is unique, satisfying a (u, w) = ¢; (w),
forallwe V.

Next, we show that u = @ + ug + uy satisfies the continuity equation. Since t € V, V - @t = 0. Then,

V-u = V-(i+ug+ugy)
= V-ia+V-u+V-ug
= 0+V.u+f-V- u
= f,

where V- uy = f — V - uy is applied at the third equality. Hence, u satisfies the continuity equation.
We prove the existence and uniqueness of p € L%(Q). Define L, such that (L;, w) = {f, w) = c;(W).
Then, from Eq (5.6), we have

a@w)+a(@w)—(L;,w)y=0, Ywe V. (5.8)

By the definition of the linear operator, seen in Appendix A, we can rewrite Eq (5.8) in operator notation
as Al + AL — L; = 0. Then, At + At — L, € V°, where V? is the polar set of V; see Appendix A for the
definition. Given that B’ : L3(Q) — V? is an isomorphism grad operator, from Theorem A.2 and the
property of isomorphism, there exists a unique p € Lg(Q) such that B'p = An+ At — L, = Au—L;.
Then,

Au+Bp=1L, =t

Therefore, there exist a unique u € Hﬁ (Q)and p € L(Z)(Q) satisfying Problems 1 and 2.
Next, we show the variables u and p are bounded. We first illustrate that @ ia bounded. Employing
Eq (4.9), we have

IA

~ 112 "~
chlu”Hl(Q) Cl(u, u)

cy () —a (i, )

€111 0l ) + Qal 11 [0l 11 (5.9)

IA

where the second inequality is obtained from Theorem 4.1. Dividing both sides of Eq (5.9) by |[a]|z1q,

and Q., we get
O,

- 1 .
”u”H‘(Q) < _”f”H“(Q) + 5”“”}11(9)- (5.10)

c

Thus,

a1 ) [0+ @l o)

IA

1|1 + 10l 1)

1 Ou\,in
E”f”H‘l(Q) + (1 + E) Q] ()

To show that p is bounded, we first employ Eq (3.5):

b(w,p) = ci(w)—a(u,w)
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< ”fHH*I(Q)”W”Hl(Q) + Qa”u”Hl(Q)Hw”H'(Q)’ (5.11)
where inequalities (4.1) and (4.4) are applied to the inequality. Since

b(w,p)
sup p
weH) (Q) Wl @)llpll2g)

is independent of p, from Eq (A.11),

b(w, b(w, . b (w,
IIPIIZZI(Q) sup blw.p) _ s w. p) > sup (W. p) >B>0. (5.12)
weH) (Q) IWll&1 @) weH) (@) Wl @llpllize) — peLi@ weHl Q) Wz @llPll2)

Rearranging Eq (5.12), we obtain that

1 b(w,p)

:8 weHé(Q) ”W”Hl(Q)

IA

||P||L2(Q>

1 c1(w)—a(a,w)
B weH}(Q) Wl
1 sup (||f||H—1(Q)||W||H'(Q) + Qa||u||H'(Q)||W||H1(Q))

||W||H1(Q)

IA

B weH, (Q)

1
= = sup (Il + Qullllzy)-
weH (Q)

Since |If|lz-1q) + Qullullzi ) is independent of w € H, (L),

sup (”f”H"(Q) + Qa”u”H'(Q)) = Ifllz-1 @ + Qullullg ).
weHL(©Q)

Therefore,
1
wm@sﬂmm@+gwm@y

Hence, the proof of existence and uniqueness of the generalized Stokes-Brinkman equations is
complete.

6. Conclusions

In this research, we focus on the fluid movement in a porous medium induced by self-propelled solid
phases and the adjacent free-fluid region. In the porous medium, we employ a macroscale equation
derived from an upscaling technique called Hybrid Mixture Theory (HMT) because we consider a
bundle of solid phases. Then, we apply a non-dimensionalization scheme to the macroscale equation to
obtain the Brinkman equation. Our model is more general than the Brinkman equation in the literature
because the porosity in our equation is considered as a function since the beginning of the derivation.
Then, our model in the porous medium conserves the reality of the problem. In the free-fluid region, we
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start with the generalized Navier-Stokes equation and use the non-dimensionalization method to derive
the generalized Stokes equation. Our Brinkman and generalized Stokes equations can be matched at
the free-fluid/porous-medium interface. We name them as the generalized Stokes-Brinkman equations.
We also show that the discretized form of the mathematical model is a well-posed system with the
use of a mixed finite element method. The weak formulation of the generalized Stokes-Brinkman
equations is rewritten in linear and bilinear functional structures. We show that the bilinear form a (-, -)
is continuous and coercive. Then, we present the well-posedness of the generalized Stokes-Brinkman
equations in the last theorem. The system of equations can be useful for more complexity of a real
problem in a macroscopic scale than a typical Stokes-Brinkman equation and can be applied to the fluid
flow through the regions where fluid is driven by the moving solid phases such as hairlike structures
and animal hair. The numerical research will be presented in the next study.
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Appendix
A. Fundamental definition and theorems

In this Appendix, we provide notations, definitions, theorems and lemmas used in the proof of
the well-posedness of the generalized Stokes-Brinkman equations. They are all presented and proved
in [14,32-34].

Notations and spaces

In this section, we introduce some notations and spaces used in the proof of the well-posedness of

the governing equations [14]. Define

Ly(Q) ={ge L*(Q): f qdQ = 0}, (A.1)
Q

Hy(Q) = {w e H'(Q) : Wlsq = 0}, (A.2)

H\(Q) ={we H'(Q): Wy =S5}, (A.3)
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H™'(Q) = (H}(Q)) , the dual of H}(Q), (A.4)
V={weH(Q):Wa=0and V- w=0}, (A.5)
VL:{wleHg(Q):fwl-w:o Vw eV}, (A.6)

Q
VO={w e H'(Q) : (W, W)y apy = 0 YW e V), (A7)

where (-, '>H—1(Q)XH3(Q) denotes the duality pairing between H~'(Q) and Hé(Q). Notice that for n

dimension, w € H'(Q)" and Vw € H'(Q)”". In any case, for the sake of simplicity, we write
w € H'(Q), and the implication comes from the context of the surrounding sentences.

Next, we provide the fundamental definition, theorems and lemma used in the proof of the existence
and uniqueness of Problems 1 and 2 [12, 14,31-35].

Definition A.1. Leru,w € H'(Q) and g € L(Q)(Q). Define linear operators A : Hé(Q) — HY(Q) and
B: Hé(Q) — Lé(Q) by

<Au,W>H(1)(Q)XH—]<Q) = a(m,w), Yu,we H)(Q), (A.8)
(B, Qmpoxie = bMg), YueHy(Q),Yq e Li(Q). (A.9)

Let B € L (Lé(Q); H ‘1(Q)) be the dual operator of B. Then,

(B'q,u) = {q,Bu):= b(u,q), VYue H)(Q),Yqe L¥Q), (A.10)
where the dual spaces of L(z)(Q) = (L%(Q))/ and the dual spaces of H™'(Q) = (Hé(Q))l.
Theorem A.2. Let Q be connected. Then,

1. the operator grad is an isomorphism of L§(Q) onto V°,
2. the operator div is an isomorphism of V* onto Li(Q).

Therefore, there exists 8 > 0 such that

. b(w,
inf (W,q)
qeL(Q) weH) (@) 1wl @llgll 2

>B>0 (A.11)

and for any q € Lj(Q), there exists a unique u € V= C Hy(Q) satisfying

||U||H1(Q) < ﬁ71||Q||L2(Q)- (A.12)
Theorem A.3. There exist positive constants Q, and Q, such that, for each v € H' (Q), its trace on 6Q

belongs to H''*(0Q), and
||V||H1/2(BQ) < Qt||V||H1(Q)~ (A.13)

Conversely, for each given function s € H'*(0Q), there exists us € H'(Q) such that its trace on 0Q
coincides with s and

”us”H‘(Q) < Qs||S||H1/2(aQ)- (A.14)
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Lemma A.4. Suppose that f € H'(Q), f € L*(Q) and s € H'>(0Q). Then, there exist ug € H'(Q),

Qs > 0 and B > 0 such that

and ||usllgi ) < Oslisllazoa), (A.15)
Aluy € V' c Hy(Q) satisfying V-ug=f -V -u, (A.16)

and
ol < B7NF = V- w2 (A.17)
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