l lb II /‘ 7 | UNIVERSITY
LIBRARIES

UNLV Theses, Dissertations, Professional Papers, and Capstones

5-1-2015

Modeling studies and numerical analyses of coupled PDEs
system in electrohydrodynamics

Yuzhou Sun
University of Nevada, Las Vegas

Follow this and additional works at: https://digitalscholarship.unlv.edu/thesesdissertations

b Part of the Mathematics Commons

Repository Citation

Sun, Yuzhou, "Modeling studies and numerical analyses of coupled PDEs system in
electrohydrodynamics" (2015). UNLV Theses, Dissertations, Professional Papers, and Capstones. 2435.
http://dx.doi.org/10.34917/7646071

This Dissertation is protected by copyright and/or related rights. It has been brought to you by Digital
Scholarship@UNLV with permission from the rights-holder(s). You are free to use this Dissertation in any way that
is permitted by the copyright and related rights legislation that applies to your use. For other uses you need to
obtain permission from the rights-holder(s) directly, unless additional rights are indicated by a Creative Commons
license in the record and/or on the work itself.

This Dissertation has been accepted for inclusion in UNLV Theses, Dissertations, Professional Papers, and
Capstones by an authorized administrator of Digital Scholarship@UNLV. For more information, please contact
digitalscholarship@unlv.edu.


http://library.unlv.edu/
http://library.unlv.edu/
https://digitalscholarship.unlv.edu/thesesdissertations
https://digitalscholarship.unlv.edu/thesesdissertations?utm_source=digitalscholarship.unlv.edu%2Fthesesdissertations%2F2435&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/174?utm_source=digitalscholarship.unlv.edu%2Fthesesdissertations%2F2435&utm_medium=PDF&utm_campaign=PDFCoverPages
http://dx.doi.org/10.34917/7646071
mailto:digitalscholarship@unlv.edu

MODELING STUDIES AND NUMERICAL ANALYSES
OF COUPLED PDES SYSTEM IN
ELECTROHYDRODYNAMICS

by

Yuzhou Sun

Bachelor of Applied Mathematics
Shandong University, China
2009

A dissertation submitted in partial fulfillment of

the requirements for the

Doctor of Philosophy - Mathematical Sciences

Department of Mathematical Sciences
College of Sciences
The Graduate College

University of Nevada, Las Vegas
May 2015



Copyright by Yuzhou Sun, 2015
All Rights Reserved



UNLV [&8iPece®

We recommend the dissertation prepared under our supervision by

Yuzhou Sun

entitled

Modeling Studies and Numerical Analyses of Coupled PDEs System in
Electrohydrodynamics

is approved in partial fulfillment of the requirements for the degree of

Doctor of Philosophy - Mathematical Sciences
Department of Mathematical Sciences

Pengtao Sun, Ph.D., Committee Chair

Jichun Li, Ph.D., Committee Member

Hongtao Yang, Ph.D., Committee Member
Monika Neda, Ph.D., Committee Member
Michael Marcozzi, Ph.D., Committee Member
Hui Zhao, Ph.D., Graduate College Representative

Kathryn Hausbeck Korgan, Ph.D., Interim Dean of the Graduate College

May 2015



ABSTRACT

MODELING STUDIES AND NUMERICAL ANALYSES OF
COUPLED PDES SYSTEM IN ELECTROHYDRODYNAMICS

by
Yuzhou Sun
Dr. Pengtao Sun, Examination Committee Chair

Associate Professor of Mathematics
University of Nevada, Las Vegas, USA

Electrohydrodynamics (EHD) is the term used for the hydrodynamics coupled
with electrostatics, whose governing equations consist of the electrostatic potential
(Poisson) equation, the ionic concentration (Nernst-Planck) equations, and Navier-
Stokes equations for an incompressible, viscous dielectric liquid. In this dissertation,
we focus on a specific application of EHD - fuel cell dynamics - in the field of re-
newable and clean energy, study its traditional model and attempt to develop a new
fuel cell model based on the traditional EHD model. Meanwhile, we develop a se-
ries of efficient and robust numerical methods for these models, and carry out their
numerical analyses on the approximation accuracy. In particular, we analyze the
error estimates of finite element method for a simplified 2D isothermal steady state
two-phase transport model of Proton Exchange Membrane Fuel Cell (PEMFC) as
well as its transient version. On the aspect of hydrodynamics arising in the fuel
cell system, the fluid flow through the open channels and porous media at the same
time, both Navier-Stokes equations and Darcys law are involved in the fluid domains,
leading to a Navier-Stokes-Darcy coupling problem. In this dissertation, we study a
one-continuum model approach, so-called Brinkman model, to overcome this problem

il



in a more efficient way. To develop a new fuel cell model based on EHD theory, in
addition to the two-phase transport model of fuel cells, we carry out numerical analy-
ses for Poisson-Nernst-Planck (PNP) equations using both standard FEM and mixed
FEM, which are the essential governing equations involved by EHD model. Finally,
we are able to further extend the traditional fuel cell model to more general cases
in view of EHD characteristics, and develop a new fuel cell model by appropriately
combining PNP equations with the traditional fuel cell model. We conduct the error

analysis for PNP-Brinkman system in this dissertation.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

In this dissertation, we are going to study a coupled system of partial differential
equations (PDEs) which consists of multiple convection-diffusion-reaction equations,
Stokes or Navier-Stokes or modified Navier-Stokes equations, and multiple Poisson
equations together. Such coupled system of PDEs arises from many multiphysics
problems, such as (1) fuel cell dynamics, in which the convection-diffusion-reaction
equation is used to model the multiphase water, hydrogen and oxygen transports
driven by the electrochemical kinetics model (Butler-Volmer equation), Navier-Stokes
equations are used to model the clear fluid flow in gas channels, the Poisson-like Darcy
equation is adopted to model the seepage flow in gas diffusion layers (porous media),
and other Poisson equations are used to define the potential equations of proton and
electron; (2) petroleum reservoir simulation, in which water, oil and gas present a mul-
tiphase transport phenomenon, and their saturations satisfy a convection-diffusion-
reaction equation, the fluid velocity and pressure through the pores in the porous
media are defined by Darcy’s law and Darcy equation; (3) electrohydrodynamics
(EHD), also known as electro-fluid-dynamics (EFD) or electrokinetics, is the study
of the dynamics of electrically charged fluids, studying the motions of ionized parti-

cles or molecules and their interactions with electric fields and the surrounding fluid,



where, the convection-diffusion-reaction equations, also particularly called Nernst-
Planck equations, are used to model the ionic concentrations, the Poisson equation
demonstrates the diffusive behavior of the electrostatic potential, and the fluid flow
is modeled by Navier-Stokes equation, as always.

Taking into account the governing equations of the petroleum reservoir model,
they basically contain most of the essential mathematical features of electrohydro-
dynamics except that the involved fluid flow is restricted as the seepage flow in the
porous media, modeled by Darcy equation instead of Navier-Stokes equations. Ad-
ditionally, there exists a large difference in the physical feature: its fluid flow does
not carry on the electrically charged particles, which significantly differ the reservoir
model from the electrohydrodynamics model. Comparing to the reservoir model, as a
specific application of electrohydrodynamics in the field of electrochemistry through
the combination of open gas channel and gas diffusion layers, fuel cell dynamics
turns out to be more attractive because of its close relationship with the renewable
and green energy technology in sciences and engineering, and its sophisticated model
equations in mathematics which involve multiphysics, multiphase, multi-component,
multi-domain with Navier-Stokes-Darcy coupling, and stackable structure, almost
most of the challenging numerical difficulties are presented in fuel cell model.

In particular, proton exchange membrane fuel cells (PEMFC) have been the center
of attention for over two decades as a possible candidate for next-generation energy
conversion, being versatile, highly efficient and environmentally friendly. in the past
three decades, research has accelerated in order to successfully deploy this promising

technology in daily life particularly for terrestrial transportation to increase the overall



energy conversion efficiency and reduce exhaust emissions of automobiles. Now the
dream comes true soon. The Toyota Mirai, the world’s first commercialized hydrogen
fuel-cell sedan for the mass market was unveiled in 2014, and will go for the global
sales during 2015. The Mirai features the Toyota Fuel Cell System, which combines
fuel cell technology with hybrid technology. The system is more energy efficient than
internal combustion engines, and offers excellent environmental performance without
emitting C'Oy or other harmful substances during driving. in Japanese, ” Mirai” means
"future”, and the Mirai is the future of motoring: It runs solely on hydrogen and its
only emission is water. Expected later in 2015, the Mirai initially will be sold or
leased just in California, where the infrastructure for hydrogen fueling exists.

Thus evidently, there is a huge and timely demand for an intensive research and
development of fuel cell technologies. The research will be a multidisciplinary effort
requiring expertise from many areas of science and engineering. Fuel cells draw en-
ergy through electrochemical reactions from, for example, hydrogen and oxygen and
such electrochemical processes can be potentially modeled by mathematical equations
derived from basic laws in physics and chemistry. With sophisticated mathematical
model, advanced numerical techniques and high performance computing, computa-
tional and applied mathematicians can play a unique role and make a significant
impact in the development of fuel cell technology. Fuel cell and automotive indus-
tries are presently placing their focus on fuel cell design and engineering for better
performance, improved durability, cost reduction, and better cold-start characteris-
tics. This new focus has led to an urgent need for powerful and efficient multiphysics
simulation of hydrogen/air polymer electrolyte fuel cells.
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In Chapter 3 of this dissertation, we will continue to carry out our research on
the modeling and numerical studies for the multiphase transport model of PEM fuel
cell, and more beyond, analyze the derived numerical methodologies and discretiza-
tions, eventually come up with the comprehensive numerical analyses including the
theoretical proofs and the convergence error estimations. In addition, since fuel cells
contain the open gas channels and diffusion layers (porous media) together through
which the clear fluid couples with the seepage flow by contacting with each other
across the interface in between, we adopt the modified (Navier-) Stokes equations,
which is so-called Brinkman model, to describe such (Navier-) Stokes-Darcy coupling
fluid dynamics existing in the fuel cell model, where, a no-slip interface condition is
reasonably assumed on the surface of the solid portion of the interface between the
clear fluid and the porous medium. In Chapter 3, we will also conduct a comprehen-
sive modeling study and an asymptotic analysis between the Brinkman model and
the corresponding Stokes-Darcy coupling model, further, a convergence error analysis
of the mixed finite element method for Brinkman model.

In summary, the fuel cell model basically involves the species transport (convection-
diffusion-reaction) equations, fluid flow (Navier-Stokes-Darcy) equations, energy (heat
convection-conduction) equation, and electrostatic potential (Poisson) equations,
whose source terms are all characterized by a simplified electrochemical kinetics, so-
called Butler-Volmer equation, based on the assumption of local equilibrium of the dif-
fuse (polarization) layer. However, such equilibrium assumption for the diffuse charge
distribution is not always held. When ions can be considered as point charges, without

excluded volume, the structure of the electrolyte including the polarization layer that
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forms on the electrodes is described using the full, non-equilibrium Poisson-Nernst-
Planck (PNP) model for the transport rates of all mobile ions through the electrolyte
[Smith and White (1993)]. The PNP model completes the mathematical description
without arbitrary assumptions such as local equilibrium or electro-neutrality of the
electrolyte or for instance a prescribed, constant surface charge, and can be applied
in such situations as thin electrolyte films (where diffusion layers overlap and/or the
bulk electrical field is a significant portion of the field strength in the polarization
layer), operation at large, super-limiting currents or large AC frequencies, which are
all situations where the diffuse charge distribution loses its quasi-equilibrium struc-
ture, making the standard Butler-Volmer equation no longer fit.

The PNP model describes ion concentration and potential profiles both in the
electrolyte bulk, as well as in the diffusion layers, all the way up to the reaction
planes. The resulting PNP-fuel cell model can be generally used, for the equilibrium
and non-equilibrium situation, as well as for steady-state and fully dynamic transport
problems. Therefore, in Chapter 4 of this dissertation, we will design the appropriate
numerical methodologies for PNP equations, as well as conduct their numerical anal-
yses. Then in Chapter 5, we will develop a new fuel cell model that is distinguished
form the traditional fuel cell model, in which the standard Butler-Volmer approach
is replaced by solving the more general PNP equations. We will first carry out a
numerical analysis for the combination of PNP equations and the modified Stokes
(Brinkman) equations in Chapter 5, and leave the analysis for a more broader com-
bination of other model equations, i.e., the species transports and energy equations,

as the future work, which shall be analogous to the analyses carried out in Chapter



3 and 4.

1.2 Outline

This dissertation can be divided into four parts. In the first part, Chapter 2, we
provide some useful preliminary results and introduce some notations used in the rest
of dissertation.

The second part, Chapter 3, we mainly study the simplified traditional fuel cell
model. Section |3.2]introduces a simplified 2D steady state two-phase transport model
in the cathode GDL of PEMFC using Kirchhoff transformation, describes its finite
element scheme, proves the approximation theorem and carries out the numerical
experiment to verify the error estimate results proved in Section [3.2.4, Section [3.3
introduces a simplified 2D two-phase transport model in the cathode GDL of PEMFC
using Kirchhoff transformation. The semi-discrete finite element scheme is presented
and its error estimate is given in Section A fully discrete finite element method
with Crank-Nicolson scheme is designed and analyzed correspondingly in Section
[3.3.4 Then, Section [3.4]studies the Brinkman model and its relationship with Darcy’s
law and Stokes equation with a parameter re-scaling technique. In Section [3.4.3] the
asymptotic analyses are introduced between the Stokes system and Brinkman model
and between the Darcy’s law and Brinkman model. In Section and Section [3.4.5]
the mixed finite element schemes are described and the approximation theorems are
proved for Brinkman model and Forchheimer model, respectively. In Section [3.4.6] the

numerical experiment is carried out, in which a series of numerical convergence tests



are given to verify the error estimate results proved in Section and Section |3.4.5]
Lastly, in Section [3.5] an innovation to the Butler-Volmer equations is introduced for
the electrochemical kinetic model, leading to the Poisson-Nernst-Planck equation,
which is going to be introduced in Chapter 4.

In the third part of this dissertation, Chapter 4, we put our focus on the Poisson-
Nernst-Planck (PNP) equations. We study the a priori error estimates of the finite
element approximation to a type of time-dependent PNP equations. We introduce

the model problem and describe the semi- and full discretization of the problem using

standard finite element method is Section 4.2.2] and 4.2.3 The main error estimates
for semi-discretization and full dicretization are given in Section and Section
4.2.5] respectively. Numerical experiments are reported in Section [£.2.6 Next, in
Section [1.3], we propose the mixed finite element method to discretize the electrostatic
potential equation in order to improve the convergence rate. Section 4.3.2| introduces
the PNP system and its mixed weak forms, and the error analysis for the semi-
discretization scheme with the mixed finite element method is given in Section |4.3.3|
Section conducts the full discretization scheme. Numerical experiments and
validations are illustrated in Section [4.3.5

The fourth part, Chapter 5, we introduce the new fuel cell model based on the
results from Chapter 3 and Chapter 4, by deriving a new definition of transfer current
density. Section [5.2|studies the a prior error estimate of the new time dependent PNP
coupled with Brinkman model, where the semi-discritization of mixed finite element
is used and the sub-optimal convergence order for velocity in L? norm and optimal

convergence orders for all the other variables achieved.



CHAPTER 2

PRELIMINARIES AND NOTATIONS

We use the standard Lebesgue and Sobolev Spaces [Adams and Fournier| (2003)]. Let
Q2 C R? be an open set, m € N, and 1 < p < co. Let L,(2) denote the linear space
of measurable p™ power integrable function on Q endowed with norm || - ||1»(). The
Sobolev space W™P(Q) consists of functions f € LP(2) that have weak derivatives

D*f € LP(Q) up to m. For 1 < p < oo, the norm in W™P()) is denoted by

s = { [ 32 D]
Q

la]<m
and for p = oo,

e —e
al<m

We also use the standard notations for norms and seminorms associated with
Sobolev spaces. In order to simplify the notation, we denote W™2(Q2) by H™(Q)
and omit the index p = 2 and Q whenever possible, that is, ||ullyme = ||u| gm. We
also denote Wo?(Q) by LP(2) and pomit the index m = 0 and §2 whenever possible,
that is |lullwor = ||ul|zs. The notations HJ () = {v € HY(Q) : v|sq = 0} and the

standard L? inner product (-,-) are adopted.

Lemma 2.1 (Sobolev Embedding Theorem). Given an integer j > 0, we define the

famaly of space C’g(Q) by setting

CJ(Q) = {u € C/(Q)|Va € N, |a| < j, IK.,, | D]l < Ko}



Given a Lipschitz open set ), we have

(1) If d > mp, then W™P(Q) — L1(Q2) for every ¢ < dp/(d — mp).

(2) If d = mp, then W™P(Q) — Li(Q) for every ¢ < oo. If p = 1, then
WnHQ) — Cy(Q).

(3) If mp > d with d/p ¢ N and if j satisfies (j — 1)p < d < jp, then we have
W™P(Q) < CIMNQ), YA <G —d/p.
Ifd/peNandm > j=d/p+1, then Wm?(Q) — C""“IP)72NQ) for every A < 1.

Lemma 2.2 (Poincaré inequality). Let Q C R? be a bounded open set and 1 < p < oo.

Then there exists M (p, Q) such that for all u € Wy ()
|l ) < M| Dul|rr)- (2.1)

Lemma 2.3 (Holder’s inequality). Let 1 < p < oo, and 1 < q < oo with 1/p+1/q =
1, then we have
|(u, 0)[ = |luvl| Ly @) < [lulle@l[v]|La)- (2.2)

When p=q =2, gives a form of the Cauchy-Schwarz inequality.

Lemma 2.4 (Young’s inequality with €). If p and q are positive real numbers such
that 1/p+1/q =1, then

1
pq < ep® + 4—q2-
€

Lemma 2.5 (Gronwall’s inequality). Let J denote an interval of the real line of the
form [a,00) or [a,b] or [a,b) with a < b. Let o, B and u be real-valued functions
defined on J. Assume that 5 and u are continuous and that the negative part of av is
integrable on every closed and bounded subinterval of J.

9



(a) If B is non-negative and if u satisfies the integral inequality

u(t) < alt) + / B()u(s)ds,  Vied

then

a

t t
u(t) < aft) +/ a(s)p(s) exp </ B(r) dr> ds, teJ
(b) If, in addition, the function « is non-decreasing, then
t
u(t) < af(t) exp (/ B(s) ds), teld
(c) Moreover, if B is the constant 1, then
u(t) < Maf(t),  tel,

where M 1s a constant.

Lemma 2.6. Let Q C R? be a measurable set with the Lebesque measure, Yu € LP,

Yv € L and Yw € L2,
/ luwvw| dz < [ull e [[o]| Lo [lw] 22,
Q
1,1 _ 1
where;+a—§,p20,q>0.

Proof. By Holder’s inequality:

1/2 1/2
/\uvw|dx < (/ u202dx) (/ w2dx)
0 0 Q

where %%—tl,:l. Now we let p = 2t and ¢ = 2t/, then %4—5:%, and

1/2
/|uvw|dx < (/ u2v2dx>
Q Q
1/p 1/q 1/2
< (/ qux) (/ qu:z;> (/ w2dx) < ull oo [l el 2.
Q Q Q

10



Lemma 2.7. Under the same assumption given in Lemma[2.6, we have
1 1
lullzs < lfull fallul - (2.3)
Proof. By Lemma [2.6] we have
: 3
25 Z/Q\UI dz < [ullpellul s llull - (2:4)

Because for the dimension d < 3, we have H'(Q) — L%(Q) by Rellich-Kondrachov

theorem, then

lullZs < llullzellullze < flullzeflulla- (2.5)
Therefore ([2.3)) is obtained. O

The Poisson equation for vanishing Neumann conditions g = 0, that is

—Au=f, in Q, % =g, on 0f), (2.6)
on

is of special interest to our analysis and concerns the following regularity estimate for

l<p<oo

[ullwze < MI|f]l 0, (2.7)
which is known to hold with necessary assumptions [Grisvard, (1985)].

Lemma 2.8 (Lax-Milgram Theorem). Given a Hilbert space (V, (-,-)), if a bilinear
form a(-,-) is

(a) continuous: if there exists positive constant My < oo such that

la(u, v)| < Mylullv[lollv,  Vu,veV

11



(b) coercive: on U C V, if there exists constant My > 0 such that

a(v,v) > Ms|v||¥, YveU

and a linear functional F € V' is continuous, then there exists a unique u € V' such
that

a(u,v) = F(v), Yv e V.

Lemma 2.9 (Ladyzhenskaya-Babuska-Brezzi (LBB) condition). Given Hilbert spaces

(U, (+,-)) and (V,(+,-)), if a bilinear form b(u,v) defined on U XV satisfies:

(a) b(u,v)| < Mlul|y||v]v, Yu e UNVv eV,
b
(b) supM > Bllullo, Yu e U,
vev |[v]lv
(c) sup |b(u, v)| > 0, Vo # 0,
ueU

where M, 3 are positive constants and also if f € V', there exists a unique u* € U,

such that

and

1
lu o < Z 1 llv-

Lemma 2.10 (Inverse estimate). Let {T"}, 0 < h < 1, be a quasi-uniform family
of subdivisions of a polyhedral domain Q C R Let (K,P,N) be a reference finite
element such that P C W'Y (K) N W™4(K) where 1 < p < 00, 1 < q < oo and
0<m<Il ForT €T", let (T,Pr,Nr) be the affine-equivalent element, and V" =

{v : v is measurable and v|p € Pr, VT € T"}. Then there exists M = M(l,p,q, p)

12



such that

1 1
1 d_d
[z ||v||$w,,,m] < At [z nvnwmqm]

TeTh TeTh

3=

forallv e V. Whenp = 00, [ e VI, |7 is interpreted as maxpern ||v][yro.

1
When q = 00, [> pern ||U||?/Vm,q(T)} 7 4s interpreted as maxpern ||| wm.ce.
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CHAPTER 3

TRADITIONAL FUEL CELL MODEL

3.1 Introduction to proton exchange membrane fuel cells

Proton exchange membrane fuel cells (PEMFCs), owing to their high energy ef-
ficiency, low emission, and low noise, are widely considered as the most promising
alternative power source in the twenty first century for automotive, portable, and
stationary applications. Since PEMFCs simultaneously involve electrochemical re-
actions, current distribution, two-phase flow transport and heat transfer, an exten-
sive mathematical modeling of multi-physics system combined with the advanced
numerical techniques shall make a significant impact in gaining a fundamental under-
standing of the interacting electrochemical and transport phenomena and providing
a computer-aided tool for the design and optimization of PEMFCs.

Figure [3.1] and Figure schematically show a single PEMFC in 2D and 3D, re-
spectively. A typical PEMFC consists of several distinct components [Wang (2004))]:
the membrane electrode assembly (MEA) comprised of a proton conducting elec-
trolyte membrane sandwiched between two catalyst layers (CL), the porous gas dif-
fusion layers (GDL), and the bipolar plates with embedded gas channels. In the
anode CL, the hydrogen oxidation reaction (HOR) splits the hydrogen into electrons,
which are transmitted via the external circuit, and protons, which migrate through

the membrane and participate in the oxygen reduction reaction (ORR) in the cathode
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CL to recombine with oxygen and produce water and waste heat.

Anode || Awode Anede - e Cathde || Cothode Cathode
GAS Gas cony | M@mbrane | cou. Gas GAS
CHANNEL Biffuser Layer brrmrrrmremerreed Ly Diffuser CHANNEL

012, H10,

H2, H2O,
N2

N2

Figure 3.1. A schematic 2D PEMFC ]

Hydragen

&2
_
=
-
-
o
-
(]

Figure 3.2. A schematic 3D PEMFC

In the past two decades, the multiphase mixture (M?) model [Wang| (2004)); Wang

land Cheng (1997, [1996); [Wang et al.| (2001)); Pasaogullari et al. (2007); |[Pasaogullari

and Wang (2004)); Wang et al] (1999); [Liu and Wang| (2007alb)] has been widely
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used for modeling PEMFCs due to its following features: (1) mathematically exactly
equivalent to separate multiphase flow model; (2) based on mixture variables only and
thus involve much fewer PDEs; (3) replace some PDEs with algebraic equations (for
instance, the relationship between the phase velocity and mixture velocity) that can be
calculated in a post-processing fashion; (4) resemble the single-phase transport theory;
(5) a single-domain fixed grid formulation, eliminating the need for interface tracking;
(6) computationally efficient and require less data storage. The most significant ability
of M? model behaves at capturing the most common scenario encountered in fuel
cells, that is, a two-phase zone coexisting with a single-phase region with an irregular
front in between. During transient operation, this phase front would evolve not only
spatially but also temporally.

A multiphysics, two-phase PEMFC model consists the following governing equa-
tions: [Sun| (2011))]
(1) General species transport equations, in channel and porous media, respectively,

for J = HQO, HQ and OQ,

—V - (DJVC7)+V - (uC’) =0, (3.1)

—V - (DJVCT) + V- (yul’) = Gy = S,;(j) + V- (STVCY), (3.2)

where j is the volumetric transfer current density of the reaction given by the modified
Butler-Volmer equation in the anode and cathode derived from the following general

Butler-Volmer equation

. . aaF OZCF
j= azo(eXp(ﬁ(Cbs — o, — Up)) — exp( BT

(D5 — @ — Uh)))- (3-3)

16



(2) Fluid flow equation

=V - (puu’) =V - (uVu) - Vp — Lu, (3.4)
V- (pu) = Sm(j) (3.5)

(3) Energy equation
V- (KVT) 4V - (yrpe,uT) = Sr(j). (3.6)

(4) Electrostatic potential equations for proton transport and electron transport,

respectivley,

V- (5IV,) = Ss, (), (3.7)

V- (0TVd,) = S, (j). (3.8)

All the parameter values and relations in (3.1))-(3.8) are given in [Sun/ (2011))].
Considering water is the only species which bears two-phase characteristics, and
water management is one of the most crucial parts in fuel cell dynamics, we will
intensively study the finite element approximation of the coupled water concentration
equation and fluid flow equations and its convergence error analysis in the remaining
sections of Chapter 3. The numerical analyses of other governing equations shall be

analogous to or less complicated than this one, and thus excluded in this dissertation.
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3.2 Finite element approximation analysis for a steady state two-phase

transport model of proton exchange membrane fuel cell

3.2.1 Introduction

Water management is critical to achieving high performance of proton exchange
membrane fuel cells (PEMFC), and is a significant technical challenge. Despite sig-
nificant progress in recent years in enhancing the overall cell performance, a major
limitation arises from the two-phase transport. This is primarily owing to the block-
age of the open pore paths due to liquid water generated in the cathode gas diffusion
layer due to the electrochemical reaction of H*/O,. If the water generated is not
removed from the cathode at a sufficient rate, it may hinder oxygen transport from
the gas channels to the active reaction sites in the catalyst layers. Thus, a rela-
tively dry air at the cathode inlet is sometimes helpful to remove excessive water
[Sun et al.| (2009a))]. At the mean time, the polymer electrolyte membrane requires
sufficient water to exhibit a high ionic conductivity. During fuel cell operation, water
molecules migrate through the membrane under electro-osmotic drag, hydraulic per-
meation, and molecular diffusion, making it difficult to retain a high water content
within the membrane. Generally, humidification is applied to the inlet gases of the
anode and/or cathode in order to keep the membrane hydrated. Gas diffusion layer
thus plays a crucial role in the overall water management, which requires a delicate
balance between reactant transport from the gas channels and water removal from the
electrochemically active sites [Wang (2004)]. This is referred as balancing membrane

hydration with flooding avoidance.
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Since there are two important and also conflicting needs in PEMFCs: to hydrate
the polymer electrolyte and to avoid flooding in porous electrodes and GDL for re-
actant /product transport, in order to focus on the most important issue in PEMFCs
— water management, only the water transport phenomenon, together with its two-
phase transport modeling and its finite element approximation analysis are considered
in this dissertation. The numerical analysis method carried out in this dissertation
can be equivalently applied to other species transport equations occurring in FEM-
FCs.

For water concentration equation, in order to present a unified model that en-
compasses both the single- and two-phase regimes, and to ensure a smooth transition
between the two, a discontinuous and degenerate function is introduced [Wang et al.
(2001)] as diffusivity of the transport equation in terms of water concentration. In
gaseous water region, the water concentration is below a fixed value called satu-
rated water concentration (16mol/m?® at 80°C'), coinciding with nonzero constant
diffusivity. Once water concentration exceeds this fixed value, excess gaseous water is
generated and condensed to liquid water. Correspondingly, water diffusivity suddenly
jumps down to zero at this point and then slowly grows up to a smooth function with
respect to liquid water concentration (a third degree polynomial in terms of liquid
saturation). Thus a degenerate and discontinuous water transport equation is formed.

Comparing to the plentiful of literature on modeling and experimental study of
fuel cells, less work is contributed to the efficient numerical methodology of two-phase
transport PEMFC model. P. Sun et al [Sun| (2011); |Sun et al.| (2008, 2009albj, 2012))]

lead the field in numerical studies for PEMFC due to the cutting edge work on the effi-
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cient numerical techniques for the multiphase mixture (M?) model of PEMFC, where,
finite element method is adopted to discretize the governing equations of PEMFC
model, and Kirchhoff transformation |Arbogast et al.| (1996)); Eyres et al. (1966));
Rose (1983); Sun et al.| (2008, 2009b)] is employed to specifically handle the derived
discontinuous and degenerate water diffusivity arising in the two-phase water trans-
port model of PEMFC with the intention to accelerate the nonlinear iteration and
obtain an accurate solution. However, the error estimates of finite element method
with Kirchhoff transformation have not been discussed yet for either steady state or
transient PEMFC model in these papers. The goal of this section is to accurately an-
alyze the error estimates of finite element approximation for a simplified steady state
two-phase transport model in the cathode gas diffusion layer (GDL) of PEMFC. We
obtain the optimal error estimate in H' norm and the sub-optimal error estimate
in L? norm for the present finite element approximation scheme. Numerical experi-
ments are carried out as well to demonstrate the consistency between the numerical
convergence rate and the theoretical result.

The rest of this section is organized as follows. A simplified 2D steady state
two-phase transport model in the cathode GDL of PEMFC is studied in Section
3.2.2l Then, in Section [3.2.3] Kirchhoff transformation is introduced to describe
the reformulated water concentration equation, and its efficiency is demonstrated on
dealing with the discontinuous and degenerate water diffusivity. In Section [3.2.4]
the finite element scheme is described and its approximation theorem is proved. In
Section [3.2.5], the numerical experiment is carried out, in which a series of numerical

convergence tests are given to verify the error estimate results proved in Section [3.2.4]
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3.2.2 A simplified two-phase transport model in the cathode GDL of

PEMFC

In this section, the governing equations for a simplified steady state two-phase
transport problem in the cathode GDL of PEMFC, together with the computational
domain and boundary conditions are described.

GDL is the major component in PEMFC that contains both liquid water and
gaseous water vapor. As mentioned in Section [3.2.1] water management is the most
important and challenging work in PEMFC model. Therefore, in this section, atten-
tion is put on only the water species in GDL instead of all species spreading every-
where. To define a simplified steady state isothermal two-phase transport model in
the cathode GDL based on the multiphase mixture (M?) [Wang and Cheng (1996
model, we only need to address a pressure equation using Darcy’s law, and a water
concentration equation in which Darcy’s velocity is used. The two-phase transport
model is defined as follows with respect to water’s molar concentration C' and pressure
p [Sun et al| (2009b); Wang and Cheng| (1996)], where all the physical parameters

and coefficients are defined in Table and Table B.2

- V- (D(C)VC)+V - (yuC) = 0, (3.9)
K
. = 0 3.10
V- (™) = o (3.10)
here the Darcy’s velocity w is defined as u = —qfl;Vp, and 1} is introduced

assuming the incompressibility condition V - (pu) = 0. The diffusivity D(C) in GDL
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is defined as

Dgf(EO)a it C S Csata
D<C) = <MLU, _ Cps_:t) Fcapdiff? if C > Csat7

where Dy is the effective water vapor diffusivity given as a constant for isothermal

model. f(ey) = €° and ¢ is the porosity of GDL.

My, N .
0.(cokC)? ,
P — Csath v 708 (60 ) ds

Leapairr =

is the capillary diffusion coefficient, as shown in Figure for C' > Cyqs- e is the

2e-05] H,»'"
] .’)J
1500 -
I__f
1 =-S5 o
53 e
T EOD 1000 Zooo | 3000 0 4000
[

Figure 3.3. I'cpaiff in two-phase region

advection correction factor, given as

1’ if C S Csata
Ye = % <]\/}_iu + %chat> , if C' > Osat?

where A\, and \; are the relative mobilities of water of liquid and gaseous phases, and
pg and p; are the water density of liquid and gaseous phases, Cyy is the saturated

water concentration which is a constant in this isothermal case. J(s) is the Leverett

function defined as

I(s) = 1.417(1 — s) — 2.120(1 — s)2 + 1.263(1 — )3, if 6, < 90°,
%77\ 1.417s — 2.12082 + 1.263s%, if 6, > 90°,
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here s € [0, 1] denotes the liquid saturation, which has coequality with water concen-

tration, shown as

. C—Cu
A )
My Csat

It is not difficult to see I'egpairr — 0 when C' — Cyu, therefore D(C') nearly

degenerates at Cyy, as shown in Figurd3.4l

Sl - 10-F

Li=1nf .
120w 10

A [

£ InE
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o

Figure 3.4. Water Diffusivity D(C') in GDL

For the sake of simplifying notations, we introduce a new advection correction

eopv’

factor 7, = —£2¢ then the governing equations 1} and (3.10|) can be written as

— V- (D(C)VC)+V - (7.VpC) = 0, (3.11)
V-(%Vp) = 0. (3.12)

The governing equations and take place in the cathode GDL of PEMFC,
as shown in Figure 3.5l The x-axis represents the flow direction and the y-axis points
in the through-plane direction. The dimension sizes of this computational domain are
marked in Figure as well. % =0 and % = 0 on the left and right walls, (09),
and (092)3. On the bottom wall connecting with gas channel, (092);, C' is given as
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Figure 3.5. Computational Domain

X
lpPEMFC

constant Cy, and p(z) = p; — (p1 — p2) . On the top wall connecting with catalyst

layer, (02)4, % = 0, and, to simulate the electrochemical reaction effect occurring

in the catalyst layer, the nonhomogeneous Neumann boundary condition is assigned

to water concentration C' here: D(C)VC -n — (3.VpC) -n = %, where F' is the

Faraday constant and I(x) the volumetric transfer current density of reaction |[Sun

et al.| (2009b))], given as I(x) = <[1 — (I — IQ)ZPE;FC>- Here py, p2, I and I, are the
prescribed constants given in Table[3.2] In fact, I(z) is the linear reduction of Butler-

Volmer equation, indicating that the transfer current density linearly decreases from

the inlet to the outlet.

Density p=pis+pg(l—s)

Molar concentration C=Cis+Cy(l—5)
Kinematic viscosity V= (ky—ll + %’) B

Relative mobilities Ai(s) = #m, Ag(8) =1 —XN(s)
Relative permeabilities k= 8% keg=(1—9)?

Table 3.1. Parameters and their physical relations [Wang (2004)]
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Parameter Symbol Value
Contact angle between two phases 0. 27r
Current density at the left end L 20000 [A/ m?
Current density at the right end I 10000 [A/m?]
Effective water vapor diffusivity D, 2.6 x 107° [m?/s]
Faraday constant F 96487 [A - s/mol]
GDL length lapr 7 x 1072 [m]
GDL thickness dapL 3 x 107 [m]
Kinematic liquid water viscosity iz 3.533 x 1077 [m?/s]
Kinematic vapor viscosity v, 3.59 x 107 [m?/s]
Liquid water density p1 971.8 [kg/m?]
Permeability of GDL K 8.69 x 10712 [m?]
Porosity of GDL €0 0.3
Pressure at the left end D1 101325 [pal
Pressure at the right end Do 10100 [pa]
Saturated water concentration Clsat Cyat = 16.11 [mol /m?] (for 80°C)
Surface tension o 0.0625 [kg/s]
Vapor density Py 0.882 [kg/m?]
Water molecular mass M, 0.018 [kg/mol]

Table 3.2. Parameters values

3.2.3 Reformulation of water equation by Kirchhoff transformation

As discussed in Section [3.2.2] D(C') is nearly degenerate and also discontinuous
at U4, which causes an oscillatory and instable nonlinear iteration in the numerical
simulation. In order to resolve such computational difficulties, we introduce the so-

called Kirchhoff transformation [Sun et al. (2009b)] as

c
= / D(w)dw. (3.13)

Thus

WC gf( ) ifc’gcsatu
( ) D f( sat +IC w (E — MLw> Fcapdiff(w)dw, if C > Csat-

Pg

(3.14)

Furthermore, since AW (C) =V - (D(C)VC),
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e V- (D, f(0)VO), if €' < Char,
w(C) = Ve (2 = 3) Teapiss VC) i € > Coar

Pg

Therefore, we are able to reformulate the water concentration equation (3.11)) with

Kirchhoff transformation as follows

— AW = -V -(3.VpC) inQ, (3.15)
Cyp
W= D(w)dw  on (0Q)q, (3.16)
0

ow

% =0 on (89)2, (69)3, (317)
_ I(x)

VW -n—-34.VpC(W)-n= >p OB (0Q),. (3.18)

It may be improper if one insists on applying Kirchhoff transformation to V -
(7.VpC), because a new convection term that explicitly depends on W will thus be

obtained as

_ _ _ _ \VAY74 B
V- ('YCVPC) - /VCVP VO + V- (70Vp)c - fchP . m +V- (’YCVp)C,

then the corresponding reformulated water concentration equation becomes

AW 4.V % V- (.V)CW), (3.19)

where, a huge convection term may be produced when the water concentration C' is
close to the degenerate point Cy,;. Therefore, for the interest of numerical stability, it

is better to avoid applying Kirchhoff transformation to the convection term in (3.15]),

26



and leave it to the right hand side as an equivalent force term in order to achieve a
stable numerical iteration.

In order to extend the error estimates of finite element method, which will be given
in Section[3.2.4] to a more general case, the reformulated water concentration equation
can be further generalized to the following form of convection-diffusion-reaction
equation

— AW +b(C, Vp) - VIV = £(C,Vp, Ap), (3.20)

where

b(C,Vp) = 2222 £(CVp, Ap) = —V - (.Vp) C.

Obviously, (3.15)) and (3.19)) are just special cases of (3.20]). Without loss of generality,

in what follows, we will carry out the error estimates of finite element method for

(3:20) instead of (3.15) or (3.19).

We also define that g(C') = We assume that all the necessary coefficient

€ V(C)
functions and their proper derivatives are Lipschitz continuous and bounded, satisfy-

ing the following conditions for C' > 0,

0<d<D(C)<D,[YC)] <T,0< gy < g(C), % <G,
b < [b(C.¢)| < B,b, < ‘8” *’”‘ < B,

f<IF(Co. 0| < Ffo < |2GE0| < P foo < |2HE0 < P (3.20)

However, since D(C) is discontinuous at Ci,y, b(C, ¢) is also discontinuous at Cyqy,

in other words, it is piecewise continuous function on either side of C,,;. Therefore

27



the following conditions are to be satisfied when C' is on either side of Cg,; as follows,

bc< ‘M' < Bcabcc< M

oC 0C?

‘ < B,. (3.22)

In order to simplify notation, in what follows, we denote b(C, Vp), f(C, Vp, Ap),

and g(C) as b, f and g, respectively, and use the notations 9.b, 9,b, 92b, d.f and

2 2
02 f instead of 8bé%¢), 8%(:;"75), 2 g(c?;’@, of (gg %) and &L égf ’w), respectively.

Further, using (3.10)), it is not difficult to get

VD _ o K7 Vp
D(C) eoprD(C)

Then by the definition of v, and D(C), we know —V -b = 0 if C' < Cy,;. Meanwhile,

—-V.b=-V-

if C > Osat;

V( Ye >_ V9.  1.VD(0O) (3.23)

D(C))  D(C)  D*C)
Since D(C') is an increasing function with respect to C' when C' < 10000 [mol/m?]
and ., is a decreasing function with respect to C', then we can conclude that ([3.23)

should become a negative function multiplied by VC'. Therefore we have
~V-b>0, (3.24)

assuming C' < 10000 [mol/m?], which is practically true in FEMFCs, and w-VC > 0.
However, since in practice we adopt (3.15)) for the reformulated water transport equa-

tion which is much more stable than (3.19)), we will not actually need the condition

(3.24). So (3.24) is a weak and less important condition for our actual need.

According to the definition of Kirchhoff transformation in (3.14]), the expression
for C' is not explicit. For the case of C' < Uy, since the Kirchhoff transformation is
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just linear, it is easy to calculate C' directly from W using
C = (D,f(e)) ' W. (3.25)

However, if C' > C,y, it is necessary to adopt Newton’s method to find a proper

solution C, given by the following iterative scheme [Sun et al.| (2009b)|(k = 0,1,2,...):

Wit — Dyf (€0)Coat — [SF D(w)dw
Crsr = Oy + —— 2 7 C;) Ceat . (3.26)

Due to the locally quadratic convergence rate of Newton’s method, (3.26)) may only

take a few steps to approach a reasonable solution C'.

3.2.4 Finite element discrete scheme and its error estimate

First of all, we assume the following regularity properties hold for W and p in the

semi-discretization analysis:
C € H" nWh=(Q) and p € WF>=(Q). (3.27)

We define spaces

Cy
H, = {W S Hk+1(Q); W|(3Q)1 = D(w)dw} ,

0

x
H,= {p € H N (Q);ploay, = p1 — (01— pz)szMFc}

and their corresponding finite element spaces
HB, = {W S Hw; W|(8Q)1 = 0} )

HZ(;) = {p € Hp;p|(6ﬂ)1 = 0} .
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To apply standard finite element method to the general reformulated water equation

(3.20)), we first define the weak form of (3.20) and (3.10) as: find (W, p) € H,, X H,,

such that for any (v,q) € Hy, x H):

(VW,Vv)+ (b- VW, v) = (f,v) + /(m) %vds, (3.28)

(9Vp,Vq) = 0. (3.29)

Define the piecewise linear polynomial finite element spaces, S, C H,, T, C Hp,

Sh C HY) and T}) C H)). Then the discretization of ([3.20) and (3.10) is given as: find

(Wh,pn) € Sp, x Ty, such that for any (v, q,) € S) x Tp,

I
(VWh, Vop) + (br - VWi, o) = (fr, vn) + / (), ds. (3.30)
o), 2F

(9n VP, Van) = 0, (3.31)

where gy, bp, and f, represents g(Cy), b(Cy, Vpy) and f(Ch, Vg, Apy), respectively.

Lemma 3.1. Let W be the solution of and Wy, be the solution of .

Suppose W and C' satisfy the relation , Oy is obtained from the Kirchhoff inverse

transformation and , then we have following error estimates
dl|Cllgrer < [Wgrer < DIC| s, (3.32)

Proof. Since W = foc D(w)dw, by taking derivatives with respect to space, one has

VW = D(C)VC. Because d < D(C) < D, and only weak derivatives are needed,

(3.32) can be obtained easily. ]
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Let p € S, be the H! projection of p that satisfies

(gV(p — D), Van) =0, Y, € Ty (3.33)

We first recall the standard error estimates of the above H' projection in various

norms |[Ciarlet, (1978); Wheeler| (1973))], as shown in the following lemma.

Lemma 3.2. Let p be the solution of , and py, be the solution of . Letp

be defined in , then we have the following error estimates:

lp = Bllzz + 21V (p = ) [l2 < MEpll s, (3.34)

and

IV = D)z < MBE*|[pllwrssoe. (3.35)

From ({3.35) and (3.27)), we can conclude that ||Vp||r~ is bounded.

In the following lemma, we prove the error estimates of p — py,.

Lemma 3.3. Let (W, p) be the solution of (3.28)-(3.29), and (Wi, ps) be the solution

of - . Suppose W and C' satisfy the relation and p is defined in

, then we have the following error estimates:
16 = pullzz + [V (B —pr) lz2 < M[|C — Ch| 2, (3.36)
Proof. Subtract from , use , and let ¢, = p — pa,
(9VD = 9nVpn, V(P —pr)) =0,

that is

((9 = 9n)VD, V(B = pn)) + (9nV (D — pn), V(D —pn)) = 0.
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Since

19(C) — g(Ch)lz < Gel|C — Chllre,
and , we get that
9ol V(B = p)llze < M[Vp|lr=||C = Chll 2]V (B — pn)ll 2.
Since ||p||z~ is bounded, we have
IV (B —pn) Iz < M||C = Cy| 2

By the commonly used Aubin-Nitsche duality argument for the error estimate in L2

norm for the nonlinear elliptic equation [Douglas and Dupont| (1975)); |Liu et al.| (1996));

Hlavacek et al. (1994)); Harrell and Layton| (24); [Abdulle and Vilmart| (2012)], we can

get that
15 = prllze < MRV (B = pu) 22 + MIIC = Ch[ 2.
Thus we get (3.36)). O

By (3.34) and (3.36]), we can easily get the error estimates of p — pj, in L? and H'

norms, as shown in the following lemma.

Lemma 3.4. Let (W, p) be the solution of —, and (W, pr) be the solution

of (3-50)- . Suppose W and C satisfy the relation and p is defined in

, then we have the following error estimates:
Ip = palle < MAMHpllgeer + M| C = Call 2, (3.37)

and

IV (0 = pu)llze < ME*(|pll g + M||C = Chllre. (3.38)
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Now we define a H' projection operator P, : H,, + Sj,, and let W = PW €S,

satisfy

(VW —W),Vop) + (b- V(W — W), v,) =0, Yo, € Sh, (3.39)
and prove its convergence property in the following lemma.

Lemma 3.5. Let W be the solution of and Wy, be the solution of .
Suppose W and C' satisfy the relation and W is the projection defined in

, then we have following error estimate,
||W—WHL2 —|—hHW—W||H1 < MDY C| . (3.40)
Proof. Let II,W € Sy, be the interpolation of W, since II,IW — W € Sy, by 1}

(VW =W), VW = W))+ (b- V(W = W), W — W)
= (VW = W), V(W —IL,W)) + (b- V(W — W), W — II,IW).
Since
(b- V(W — W), W — W) = (b, %V(W W) = —%w b, (W — 7)),

where —V - b > 0 by ([3.24]), then together with the bounds given in (3.21]), we have

DIV (W — W)z

< IV = W) 2[V(W = TLW) |22 + BV (W = W) 2 [W = TLW || 2

thus

DIV(W — W)z < |[V(W — TL,W)|| 2 + BI|W — W 2.
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This implies

W — W || < M _inf [ — W | < MREF||[W || grer < MBF||C| s
h

f |
€Sy

Now we move our focus to the L? error estimate of W — W. We define w €

H?(2) N H} () to satisfy the adjoint problem of (3.39)) as follows,

—Aw—V-(bw) =W —W, in Q,
w =0, on 0f).

Then by we have
W — W2, = — (W - W,Aw) - <W W,V (bw))
— <V(W W),V (w— th)> + (V(W W), b (w — th))

< MW = W [lw = Thyw| g,

where II,w is the interpolation of w. Since ||w — w1 < Mh||w| g2 and ||w| g2 <

|W — W|| L2, therefore,

W = Wllze < MA|W = W[ < ME*YC| s,

O
Subtract (3.30) from (3.28)), we get
(V(W — Wh), Vvh) -+ (b -VW — bh . VWh, Uh) = (f - fh; Uh). (341)

Let n=W — W and &= W — W, choose v), = ¢ and use 1) that is,

(VEVE) + ((b—bp) - VW.€) + (by - VEE = (f = fi€).  (342)
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Use the bounds given in (3.21]) and (3.22)), when C' and C}, are both greater than or

both less than Clg,

16(C, Vp) = b(Ch, Vpn) ||z < Bel|C = Chllz2 + BylIV (p = pn) [| 2

< M(HC—ChHLz +hk||p”Hk+1). (3.43)
When C,; is between C' and C},,

16(C, Vp) — b(Ch, Vpp)|| L2
< [[6(C,Vp) = b(Csar, Vi)l 22 + |6(Ciat, V) — b(Ch, Vpp)|| 22
S BCHC - Csat||L2 + Bc||Csat - C(hHLQ + QBQHV(]? - ph)||L2

< M(|C = Chllzz + B¥||pll ). (3.44)

Without loss of generality, this technique can be applied to f as well. Next we also

have

(f(C,Vp,Ap) — f(Ch, Vpu, Apn),§)
= —(V-(v(C)Vp)C =V - (v(Ch)Vpr) Cy, &)
= (V(C)Vp,V(CE)) = (V(Ch)V(p — pn), V((C — Cr)§))

+ (VCW)V(p —pn), V(CE)) + (7(Ch)Vp, V((C = Cp)E)) — (v(Cn)Vp, V(C¥))

IA

M (% + [|€]1Z2 + el V€72 + [InllZ2 + [ VnllZ:) - (3.45)
Let r = 3 and ¢ = 6 in Lemma then from (3.42)) we get that
IVENZ2 < 116 = ballz [ VW [lwosl[€llwos + BIIVE| 2 [1€]] 2

+M (P +1I€]15 + el VENL: + InllZ: + 1IVnllZ:) - (3.46)
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Since by Lemma , VW [wos < V(W — W)|lwos + |[VW]|wos < (hF +

D||C|| gr+1. Also by Lemma 2.7/ and Young’s inequality with €, we have

1 1
1€llwos < (IENZ- 1€ < ell€lm + MIE]] 2.

Thus, (3.46) now reads as below:

IVEllL: < M (h* + I€lIZ2 + el VENL: + InllZ + [ VllZ2)

then,

IVElle < M (|IC = Callzz + 1)

Therefore

VW = Wi)llze < IVE€]Iz2 + IVnllze < M (C = Chllr2 + 1) (3.47)

Let v = W — W}, define ¢ to be the solution satisfying the adjoint problem of
(13.20)):

1 1

©) ©) n

¢=0, on 09,

where we used the facts

ob _ g poc
ow aCb@W

of oC __ O.f
o = Ocf 5y =

Then we have

[6I12 = (V4, Vo) + (V4. bo) + (w, B0 vw) _ (w,

1
e %)
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Use (3.41)), that is,

10115 = (f = fa @) — (b- VW — by - VW, ¢) 4 (b Vb, ¢)

(w’ Pl VW“’) (w’ <>af¢)‘

Because

(V,bo) + (w, D(C )8 .b - VW(b) (b- VW = by, - VW, ¢)

= (b,VY, ) + ((b — by)V,0) + (¢,0:.b- VIW¢) — (bBVW — b,VW),, ¢)
— (BuV0, 6 — én) — (b — b)YV, 64 — 9)

~((b= BITW0) + (b= b0 + (557001 W)

< (BaV0, 6 — n) — (0,b(G, VB)(C — C)VW, 65 — 0)

—(Db(Ch V) (p = p) VW, 61— 6) — (:b(Cer VP)(C = C) W, )
—(@b(Ch, V&) (p = pr) VW, 6) + (9:b(Ce, V)(C = GV, )
HO,b(Ch, V&) (0 — 1)V, 6) + (0.b(C, Vo), TWo)

1
< (bnVY, ¢ = dn) = (0b(Ce, VP)UVW, dn — ) + = (Decb(Ce, Vp)U* VW, )

+(0:b, Vi) — (9,b(Ch, V) (p — pr) VW, ¢1) + (9,b(Ch, VG ) (p — pr) VY, ¢),

where (. is between C' and C}, and ¢, is between p and py. Thus, with a constant

difference,

1915 < (br VY, & — dn) — (9eb(Ce, VPIUVIV, f — )
+(0:b(Ce, VP)U VIV, ) + (0:b(C, V)i, Vi)
—(Fpb(Ch, V&) (p = pn) VW, 1) + (3,0(Ch, V) (p — pn) V), 0)

+(02f (¢ Vb, Ap)Y?, ¢)
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<|IVellollg = énllze + 10 1s VW (| s ll¢ = @nll e + 10117 IV [l s |l 22
Yl 2 VYl sl @l 2z + [[p — pulls VW | Lsllé — dnll 2

o = pall s IVW sl 0ll 2 + [P = pall s IVl o lldll 2 + [[91|72 0]l 2

< B2l 190l e + 115 9] 2 + REF2 ([0 2 + RE(pl 22 4 BE ([0 (|90 2
+lll2:

< M(* + B2([¢) g + 90150 + 1101132)- (3.48)
Substitute (3.47)) into the above inequality (3.48]),

[llze < MBS+ B2 [[]]z2 + [[9]1Z2)-

By the compactness argument |[Krolyi (2005); Thomson et al| (2001))], we know

that [|¥|lo — 0, then [|¢||2 — 0 quadratically as h — 0 in contrast to |[¢|o — O,
therefore

W — W2 + |W — Whllmn < MAF.

Finally by Lemma |3.1
|C = Chllzz + |C = Cullm < MR,

Now we give the final analysis result in the following theorem.

Theorem 3.1. Let (W, p) be the solution of (3.28)-(3.29) and (Wi, ps) be the solution

of - . Suppose W and C' satisfy the relation and W is the projection

defined in , then we have following error estimates

lp=pnllz2+lp=pnllr +1C=Crll 2 +1C = Crllr < ME*(|[pll e+ +[1C rsr). (3.49)
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3.2.5 Numerical results

In this section, we implement the finite element method for a practical case in
PEMFC by taking b(C,Vp) = 0 and f(C,Vp,Ap) = =V - (7.VpC) in the general-
ized steady state PEMFC transport equation , and further in its finite element
discretization scheme (3.30)) on the computational domain shown in Figure with
boundary conditions given in Section . We simply give the L? norm convergence
tests for water concentration C' and pressure p to verify the theoretical results.

To simulate a 2D PEMFC model with the numerical discretizations and algorithms
demonstrated in Section [3.2.4] we generate a considerable resolution: 15617 grid
points, 30720 triangle elements, and 31234 degrees of freedom in the systems. The
entire numerical simulations are carried out stably and quickly, as we expect for an
efficient iteration. The convergent results are eventually obtained within 10 nonlinear
iteration steps under the stopping criterion: the relative iterative error is less than
the tolerance, 107°.

We carry out the following numerical convergence study by doing simulations for
the aforementioned simplified steady state two-phase transport PEMFC model on a
sequence of nested grids produced by a grid doubling, e.g. from 10 x 6 to 160 x 96
(five levels of grids), and compare the obtained number of iteration and convergence
errors on different mesh levels with increasing DOFs, as shown in Table [3.3] and [3.4]

To investigate the convergence error for the obtained numerical solution uy, we
carry out the following error estimates based on the numerical solutions on a sequence

of nested grids ||ugi-1;, — Uginllzz < [Ju — ugi—1p ||z + [Ju — ugsipllz2. We use linear
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Mesh Size Error Order
h=25x10"" | 1.89FE — 06 -
h=125x10"° | 4.00E — 07 | 2.24F + 00
h=6.25x10"% | 1.00E — 07 | 2.00E + 00

h=3.125x10"°% | 2.55E — 08 | 1.97E + 00

Table 3.3. Convergence test for water concentration C'

Mesh Size Error Order
h=25x10"° 8.04F — 04 -
h=125x10"°" | 2.28E — 04 | 1.82F + 00
h=6.25x10"% | 6.285 — 05 | 1.86E + 00

h=3.125x107% | 1.70E — 05 | 1.88E + 00

Table 3.4. Convergence test for pressure p

interpolation and apply Theorem to two adjacent mesh levels with the mesh size
2771h and 27h, respectively, and get ||Coi-1, — Caspllze = 3 x 277 h and ||pgi-1j, —
poinllze = 3 x 227 h. Here j = 1,2, ..., denotes the mesh level number. j = 1 means
the finest mesh with mesh size h, and the mesh size of j-th level mesh is 2/~!h. Thus,

in the discretization level

Caip, — Cos h — Do
In <|| 2J.h _2J+1'h”L2> /1112 ~1 and In <||p2j,h fyﬂ,hHLQ) /1112 ~1
||O2J—1h 02]h||L2 ||p23—1h Pzah||L2

Even though the numerical errors and convergence orders appear to have a super
convergence for water concentration C' and pressure p (as shown in Table and
in Table compared to the theoretical results in theorem , it is obvious that
the convergence orders have a trend of decreasing in Table 3.3 and slight increasing
in Table [3.4], which shall be able to be accepted as a reasonable verification of our
theoretical results.
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3.3 Numerical analysis of finite element method for a transient two-phase

transport model of proton exchange membrane fuel cell
3.3.1 Introduction

This section continues our effort in [Sun and Sun| (2014))] where the error estimates
of finite element method with Kirchhoff transformation have been given for steady
state PEMFC model. The goal of this section is to accurately analyze the error
estimates of the semi-discrete finite element scheme and fully discrete finite element
method with Crank-Nicolson scheme for a simplified transient two-phase transport
model in the cathode gas diffusion layer (GDL) of PEMFC. We obtain the optimal
error estimate in L>°(H') norm and the sub-optimal error estimate in L>°(L?) norm for
both finite element schemes in spatial discretization, and second order approximation
in temporal discretization for the fully discrete scheme.

The rest of this section is organized as follows. In Section [3.3.2] a simplified 2D
two-phase transport model in the cathode GDL of PEMFC is studied. Then Kirch-
hoff transformation is introduced to describe the reformulated water concentration
equation, and its efficiency is demonstrated on dealing with the discontinuous and
degenerate diffusivity. The semi-discrete finite element scheme is presented and its
error estimate is given in Section A fully discrete finite element method with

Crank-Nicolson scheme is designed and analyzed correspondingly in Section [3.3.4]
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3.3.2 A simplified 2D transient two-phase transport model in the cathode

GDL of PEMFC

In this section, the governing equations for a simplified 2D transient two-phase
transport problem in the cathode GDL of PEMFC are described, together with the
computational domain and the corresponding boundary conditions. To define a sim-
plified 2D transient isothermal two-phase transport model in the cathode GDL, we
only need to address a pressure equation using Darcy’s law, and water concentra-
tion equation in which Darcy’s velocity is used. As mentioned in the introduction
in Section 1.1, water management is the most important and challenging problem in
PEMFC model. The physical feature of water determines that the two-phase zone
and the single-phase zone are co-existing. For water concentration equation, in order
to present a unified model that encompasses both the single- and two-phase regimes,
and to ensure a smooth transition between the two, a discontinuous and degenerate
function is introduced [Wang et al. (2001)] as diffusivity of the transport equation
in terms of water concentration. In gaseous water region, the water concentration is
below a fixed value called saturated water concentration (16mol/m? at 80°C'), coin-
ciding with nonzero constant diffusivity. Once water concentration exceeds this fixed
value, excess gaseous water is generated and condensed to liquid water. Correspond-
ingly, the diffusivity suddenly jumps down to zero and then grows up into a smooth
diffusivity function with respect to liquid water concentration. Thus a degenerate
and discontinuous diffusivity is introduced. Nevertheless, GDL is the major compo-

nent in PEMFC that contains both liquid water and gaseous water vapor, while gas
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channel only contains water vapor. Therefore, in this chapter the attention is put on
the water species only in GDL instead of all species spreading everywhere. Based on
the M? model, the two-phase transport model is defined as follows with respect to

water’s molar concentration C' and pressure p [Sun et al| (2009b)); Wang and Cheng

(1996)]:
€00,C —V - (D(C)VC)+ V- (y.uC) =0, (3.50)
K
\E (eou(C) Vp) =0, (3.51)

where 0, = 0/0t. Here ¢, is the porosity of GDL, the Darcy’s velocity u is defined

as u = ——2-Vp. We assume V - (pu) = 0, thus the pressure equation 1} is

€0pV

introduced. All the parameters relations and values are defined the same as in Section

3.2.2] By defining a similar new advection correction factor in Section [3.2.2] as 7. =

_K'Yc
eopv’

the governing equations (3.50[)-(3.51f) can be written as

€0,C — V- (D(C)VC) + V- (7.VpC) = 0 (3.52)
K
V. (eoy : C)Vp> ~ 0. (3.53)

The governing equations — take place in the cathode GDL of PEMFC,
as shown in Figure 3.5l The computational domain and boundary conditions are the
same as given in Section [3.2.2]

As discussed in Section , D(C) is degenerate and also discontinuous at Clq,
which causes the numerical simulation to be inefficient and unstable. In order to

resolve such computational difficulties, we use the Kirchhoff transformation [Sun et al.

(2009b))] used in Section (3-13)). Thus with similar techiniques, we are able to
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reformulate the water concentration equation (3.52)) with Kirchhoff transformation as

follows

€0 _ .
_ 0 AW AW — V. 0 54
D) T 6atW w V-(®VpC) inQ, (3.54)

W = D(w)dw  on (09Q), (3.55)
OnW =0 on (09)y and (09)s, (3.56)

VW -n—3VpC(W)-n=—= on (09Q),.. (3.57)

Here ¢ is a sufficiently small positive number for the sake of avoidance of possible
zero denominator at C = Cyy.

In order to extend the numerical analysis on error estimates of finite element
method, which will be given in Section to a more general case, the reformulated
water concentration equation can be generalized to the following form of convection-

diffusion-reaction equation

r(CYOW — AW + b(C, Vp) - VIV = f(C, Vp, Ap), (3.58)
where
. €o . ﬁch _ (=
r(C) = D) 10 b(C,Vp) = D) 10 f(C,Vp,Ap) = =V - (3.Vp) C(W).

Obviously, (3.54) is just special cases of (3.58). Without loss of generality, in what

follows, we will carry out the error estimates of finite element method for (3.58))

instead of (3.54)).

We also define that g(C') = % All the necessary coefficient functions and their

proper derivatives are Lipschitz continuous, and their upper and lower bounds satisfy
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the following conditions for C' > 0,

d<D(C)<D,0<r<r(C)<Rb<|bC9¢)|<B,1C)<T,

0< 90 < 9(C), %S < Goby < [2422| < By by < | 2552 | < By (3.59)

However, since D(C') is discontinuous at Cyy, 7(C) and b(C, Vp) are also discontinu-
ous at Cy,;. Therefore the following conditions are to be satisfied when C'is on either

side of Cyyt,

(C) < R, [P(C)| < R, b, < (WW \ < B,

92b(C,p)
ac?

bee <

| < Bees by < |25 ’ < B, (3.60)

969C

In order to simplify notation, in what follows, we denote r(C') as r, b(C,Vp) as b,
f(C,Vp,Ap) as f, and g(C) as g.
Since the expression for C' in Kirchhoff transformation (3.14)) is not explicit, we

use the same Kirchhoff inverse transformation defined in (3.25)) and (3.26)).

3.3.3 Semi-discrete scheme and its error estimate

First of all, we assume the following regularity properties hold for W and p in the

semi-discretization analysis:
C € W (0,T; H*™' nW'*°(Q)) and p € WH2(0, T; WrHeo(Q)). (3.61)

Then we define spaces

Cy
H, = {Wehﬂ (0,T; H*(Q) nWhe(Q)) ; W]aq), = D(w)dw},

0
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=
Il

{W € Hy; Wlga =0},

H, = {pe H"(Q)NW"(Q);plwa), =p1 — (p1 — p2)z/lppmrc}

"Sm‘
I

{p S Hpr’BQ == O}

Since after applying Kirchhoff transformation (3.14]), the water concentration
equation is given as (3.54)), here we for the convenience of referencing, we rewrite

the governing equations as follows

€o v (s

V- (gVp) = 0. (3.63)

Apply standard finite element method to (3.62))-(3.63), their weak form is given as:

find (W,p) € H, x H,, such that for any (v,q) € H, x Hy:

(#&W,v)ﬂvmvm —  (3.VpC, Vo) + / 1) s,

(gVp,Vq) = 0.

Define piecewise linear polynomial finite element spaces, S, C H,, T, C H,,
S, C H, and T, C Hp. Given C}' € S, find (W,?H,pzﬂ) € S5, x T}, such that for

any (vp,qn) € Sy x Ty,

€0 nt1 nt1 = n I(x)
(D(C}?) T 68tWh 7/Uh) + (VWh 7V/Uh) - (’}/CVpCh y V’Uh) -+ /(‘24 _2F Uhds,

(Vo™ Van) = 0.

For the purpose of error estimate, as mentioned in Section [3.2.3] the more general

governing equation (3.58|) will be used in place of (3.62). Apply the standard finite
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element method to (3.58)) and (3.63), their weak form is given as: find (W,p) €

H,, x H,, such that

(ro,W,v) + (VW,Vv) + (b-VW,v) = (f,v), Vv € H,, (3.64)

(9Vp,Vq) =0, Vqe H, (3.65)

The semi-discretization form of (3.58) and (3.63) is given as follows: Find (W}, ps) €

Sy X Ty, such that
(rhﬁtWh, Uh) -+ (VW}L, V?)h) + (bh - VW, Uh) = (fh, Uh), Yy, € Sh, (366)
(9nVpn, Van) =0, Vg, € T),. (3.67)

where 7y, by, and f;, represents 7(C},), b(Cr, Vpy) and f(Ch, Vpp, Apy), respectively.

Similar to Lemma [3.4] from Section [3.2.4], we can get the following lemma.

Lemma 3.6. Let (W, p) be the solution of -(53-6), and (Wy, py) be the solution

of —. Suppose W and C satisfy the relation , then we have the

following error estimates:
lp = pallze < MEHpl g + MIIC = Cil e, (3.68)

and

IV(p = pr)llze < MA||pl s + MIC = Chll 2. (3.69)
Also similar to Lemma [3.1] in Section [3.2.4] we can get the following lemma.

Lemma 3.7. Suppose W and C' satisfy the relation , then their norms have the
following relation
d|Cllmre+rpwree < (W [merrawree < DOl arriawie. (3.70)
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Define a projection W € S, to satisfy
(VW = W), Vo) + (b- V(W — W), v,) =0, Yo, € Sh, (3.71)
then (3.64)) also reads: Find W € H,,, such that
(ro,W,v) + (VW, Vo) + (b- VIV, v) = (f,v), Yo € H,,. (3.72)

Lemma 3.8. Let (W, p) be the solution of -[3.68) and (Wy, py) be the solution

of —. Suppose W and C' satisfy the relation and W is the projection

defined in , then we have following error estimates
W — W |2+ h[[W = W g < ME*|C| s, (3.73)

10u(W = W)llz2 + Rl[O:(W = W)l < MESE (I Clgers + 10 C L) . (3.74)

Proof. Let 11,W be the finite element nodal interpolation of W. Since IL,W—W € S,

by (3.71)),
(V(w-w).v(w-))+(b-v(W-w)Ww-1W)
- <V(W—W),V(W—HhW)>+(b-V(W—W),W—HhI/I/).
Thus by (3.59),

VW = W)z < BIVW = W)|lzal|W = W]l

VOV = W)|z2 [V (W = TW) |22 + BIV(W = W)l [W = LW ||z (3.75)
Divide (3.75) by ||[V(W — W)||%, on both side, we have

V(W = W)z < B|W — W2 + |V (W = IL,W) |2 + B|W — IW|| 2.
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By the error of finite element nodal interpolation, we can get
W =W || < MW =W || 2 4-ME¥|W|| grsr < MW =W || 12+MB||C|| grs1. (3.76)

Next, we consider the L? error estimate of W — W by using Aubin-Nitsche duality

argument. Let e = W — W, and define w € H2(Q) N HL(Q) to satisfy the adjoint

problem of (3.71)) as follows,

{—Aw—v-(bw):e,

w = 0.

Let II,w be the finite element nodal interpolation of w, then we have that
lellf: = — (e, Aw) = (e, V - (bw))
= (Ve,V(w —ITjw+ Ipw)) + (Ve, b (w — w4+ Iyw))
= (Ve,V (w—1Iw)) — (Ve,b(w — [ w))
< Mllellmlw — Tywl| 1.
Since ||w — yw| g < Mh||w|| gz and ||w| gz < |le||Lz2, it is easy to see that

lellZ> < Mhllel |lell 2.

Therefore by (3.76)) and (3.70]),

||W — WHL? < MhHW — W”Hl < th+1||W||Hk+1 < th+1||OHHk+l.

Lastly, we obtain the L? and H' error estimates of 9,(W — W) by taking derivative

with respect to ¢ in (3.71)),
((‘)N(W —W), m) + <8tb V(W - W), vh> + <b V(W — W),vh> ~0.

Similar to the process above, (3.74) can be obtained.
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Next we give the error estimate in max norm for W — W as below.

Lemma 3.9. Let W be the solution of and Wy, be the solution of (3.66]).
Suppose W and C' satisfy the relation and W is the projection defined in

, then we have following error estimates:
IW = W lwoe < MBS I |3 Ol g, (3.77)
W = Wllwroe < ME*[InA|[|C] i (3.78)
Proof. Define a projection operator P, to satisfy W = P,WW € S, then by ,
W—-W=W—PW=(—-P)W=(—-P,)(W-IL,W),

where [ is the identity operator and P,I1,W = II,W. Since from |Ciarlet| (1978])], we

know
Ao~ [[PaW [woee + B [PAW |00 < M ([[Wlwoe + A I A[[W]y)
so when h is small enough, one can obtain

W = Wlwose < [[W = TIW [[woe + | Pa(W — T W) o
< M (|1nh|% + 1) W — TL W |[yoe + MA|Inh|? W — T W |

M |In h|2 B[ s,

IN

and

hW — Wl < B|W — W |wiee 4 B Py(W — W) .00
< MW =T, W||wose + Mh (14 |Inh|) |W — W]
< M [Inh| WEHIW || i,
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therefore
W — Wl < Mh*|Inh| (|1nhy% ht 1) W | iess < ME|InhJ]|C s
O

Remark 3.1. When h — 0, h|Inh| < 1 and h|Inh|'/? < 1. Since k > 1, we know
that h*|Inh| < 1 and h**'|Inh|*? < 1, thus |W — W||y1e and |[W — W||oe are

bounded.

Corollary 3.1. Let W be the solution of and Wy, be the solution of (3.60).
Suppose W and C' satisfy the relation and W is the projection defined in

, then |[W || and |[VW ||z~ are bounded.

Proof. Since

(Wl + VW |z < W = Wl + W |,

use ([3.78), we can get the boundedness of |[W||z~ and || VW||pe. O

Theorem 3.2. Let (W, p) be the solution of -(3.6) and (Wi, pr) be the solution
of —. Suppose W and C' satisfy the relation and W is the projection
defined in . With and (3.60), we have the error estimates as follows:

1D = pallzoe 2y + 1P = Pall ooy + 1€ = Gl oo 22y + 1€ = Cll oo ey < MA*. (3.79)
Proof. Let n = W — W and £ = W — W,. Choose v, = &, the error equation of (3.58)
can be achieved by subtracting (3.66|) from (3.72]) as follows,

(Thatgv f) + (Thatn7 5) + ((T’ - Th)atm 5) + (Vf) Vf)
(6 =b1)- VIV, &) + (B~ VE&) = (f = fu€). (380)
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Since the first term on the left hand side in (3.80) can be written as

/th(&gf)ﬁdx = /that (%§2> dr = /Qﬁt (%rh£2> dx — /Qrﬁl(?tCh (%fQ) dx.

Use the same techiniques in (3.43)), (3.44) and (3.45)), integrate both sides of ([3.80)
with respect to ¢t. By (3.73]) and (3.74)), we can get

i+ [ 19ele <o (e [ 19el+ [leliea). sy
Then apply Gronwall’s inequality to (3.81]),
€0l e (z2) + I V] L2(z2) < MA".
Use again, we have,
IW = Willgwny + IV OV = Wil < M. (3.82)

Lastly, we let v, = ;¢ in (3.80)) and use a similar approach as above to obtain

the error estimate of |V(W — W},)||poe(z2) as follows,

VW — W) ||l zoo 2y + [|06(W — Wi) || 1212y < M. (3.83)

Finally, combine (3.70)), (3.82)), (3.83)), (3.68)) and (3.69), we can get (3.79).

3.3.4 Fully discrete scheme and its error estimate

In this section, a fully discrete scheme is designed for the model using Crank-
Nicolson Scheme. The error estimates in L>°(H') and L>(L?) norms are also given.

First we give regularity assumptions for C' and p in the full discretization analysis:

C'e W(0,T; H T nWh(Q)) and p € W (0, T;WHE2(Q)). - (3.84)

92



In order to give the full discretization of the system (3.64)-(3.65)), we first define

a uniform partition 0 = t° < ¢ < ... < t¥ = T with time-step size At = T/N,

N|=

and t7 = oAt, 0 € R. Also, for any function ¢, denote ™ = p(z,t"), ™"

("t + ") /2, and dy" = (" — ") /At. We use Crank-Nicolson scheme for the
time discretization of (3.58) and (3.63)), i.e., given (W', p), we seek (WH! pith)
such that for any (v, qn) € Sp x T,

1

(rT%dtW;},vh) " (VWS+%,Vvh> n (b;w% -VW,?*?%) — (f;+§,vh> ,(3.85)

1 41
(gZJrQVpthQ,th) —0. (3.86)

Next, use the similar analysis for Lemma [3.6) and Lemma |3.8] we can prove the

following results.

Lemma 3.10. Let (W,p) be the solution of -(5.65) and (W, pn) be the so-

lution of —. Suppose W is the projection defined in . For any

n=0,1,...,N, we have the following error estimates:
lp" = pillee + 1p" = il < M (RF+]|C" = Cll12)

and
l|lof (W™ — W")”LQ + hl|of V(W™ — Wn)”]ﬁ < thJrl,

where a =0,1,2, 3.

Theorem 3.3. Let (W, p) be the solution of — and (W, pr) be the solution

of —. Suppose W and C' satisfy the relation and W is the projection

defined in . Then there exists a constant M depending only on the reqularity of
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C and p, such that
ICY = Cllzz + [V(CY = C)Iz2 < M (" + (At)?). (3.87)
Proof. Let 1' and l} take value at "2, 0 < n < N — 1, we have

(r(w%)atvv(tn%),v) + (vW(tn+%), w) + (b(tn+%) : vW(tn+%),v)
- (f(t”+%), v) . (3.89)

Thus the error equation of the fully discrete scheme is achieved by subtracting ((3.85)

from (3.88]), given as below,

(et yam @) - NARPATES o) + (VI (Ee) - vt Vo)

1
n+3

- nl nal
(b ) VI () — b VW ) = (£ = £ ) (3.89)
Let n* = W" — W and & = W™ — W, then 1) becomes:
11
Z G =0, (3.90)
1

where



1
no__ n+tg n+ 1
Glo — bh 2. V§ 2 9 Uh) 3

1 n—l—l
G?l = — (f(tn+2) — fh 27Uh> = 0
We have the following results from Taylor’s expansions: 8tg0(t”+%) — dyp" =
M(A)?|| 0ol e r2y and @(t72) — "2 = M(A#)?||0u¢| oo (z2). The also intro-

duce the following technique for full discretization that is similar to the technique

(3.43) as follows,
Ib(t" %) — by 2|2
< (" E) — bR e+ 07— by 2
2 n+3 n+i n+3 ntg
< M (A7 + M (1€ gz + ™+ E e + V93— T 212
< M (A0 4K 4 e s+ ) (3.91)

Here by (3.59)), (3.60) and Corollary [3.1] the choice of constant M in ([3.91) is possible.
Choose v, = £"*2 in (3.90), then

n n 1 n 1 n 1 n 1
Gy < M (1167 332 + el V™330 + ™ 22 + [0 3|22 + b2 + (A1)

Apply Taylor’s expansion to Gg, G5, Gg and Gg; and apply the similar technique as
(3.91) to G; and Gg. Keep only G5 and G7 on the left hand side and neglect all

the constants. Take the sum from 0 to J on (3.90), 0 < J < N — 1. By using the
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telescoping skill and Young’s inequality with ¢, (3.89)) now becomes:

J
1 ol
s (I = 1€°)3) + S e 2

n=0

J J
< M (I 3B + I E 1 + IV 2 + (A0 + h%) + €3 [VeE .
n=0 n=0

Since

J-1
1 1 1
< D IVET e+ SIVE 1 + SIVE

L? n=0

J
>ver
n=0

J
1 1
< S IVE 2+ 51VE 12,
n=0

use Gronwall’s inequality,

N

167 2 + (A)

< M (BF + (A + 1€ 12 + V€ 12) -

J
>V
n=0 L2

Because WO and W} are both defined in their approximation forms, appropriately,

one can pick up an appropriate initial values for both, such that |VE%||z2 + ||€°]| 2 <

M((At)? + h*). Thus

J
[€7 o + (A0 | ST ver| < M (BF+ (A1)?).
n=0 L?
Therefore,
T
W+ — W+ (A2 ||V (W = W)
n=0 L?
TR
< M (A1) + [ln Ml + (A7 || Y vy
n=0 L2
<

M ((At)2 Rk (At)%hk) .

Since At < 1, we can get

N

W+ — WY 2 + (AL) < M ((A1)?+ hF) .




Let J =N —1, we get
WY —WN|[2 < M ((At)* + 1F). (3.92)

Choosing v, = di&" in 1) instead of £”+% and follow an analogous proof for
|V(W — W3)|| zee(z2) in Theorem 4.1} we can prove the error estimate in L®(H')
norm, i.e.,

VWY = W)l < M ((At)* + h¥). (3.93)

Finally, (3.87) follows from (3.92)) and (3.93)).

3.4 Modeling study and numerical analysis of Brinkman model
3.4.1 Introduction

It is well known that the free fluid flow in an open channel and the seepage flow
in a porous medium can be modeled by the Stokes (or Navier-Stokes) equations and
Darcy’s law, respectively. However, when the porous medium is adjacent to the
clear fluid in the open channel, the clear fluid can freely flow through the interface
between the open channel and the porous medium, thus a coupled Stokes-Darcy (or
Navier-Stokes-Darcy) system shall be formed in order to model such fluid dynamics
phenomenon. To couple the two different problems defined in two different domains
together, one usually connects them via the interface of the clear fluid and the porous
medium by introducing some proper interface conditions. One can simply match

the seepage velocity in the porous medium with the velocity in the clear fluid on
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the interface. The interface of the porous medium contains both pores and solid
particles. In the pores, the fluid velocity in the porous medium matches with the
fluid velocity outside the medium. Over the solid portion of the interface, the velocity
is obviously zero in the porous medium. On the other hand, if we assume that the
no-slip condition holds for the clear fluid on the surface of solid portion of the porous
medium, then the velocity is zero as well at the solid portion of the interface in the
neighboring clear fluid. The average velocity in the porous medium thus matches
with the average velocity in the neighboring clear fluid, resulting in the continuity of
normal velocity and tangential velocity, and the continuity of normal stress and shear
stress. However, if the slip condition is applied to the clear fluid on the solid portion
of the interface, then the tangential velocity in the neighboring clear fluid no longer
matches with the tangential velocity in the porous medium, leading to the so-called
Beavers-Joseph interface condition |[Beavers and Joseph| (1967)); |Cai et al.| (2009)); [Mu
and Xu/ (2007)] which states that the jump of the tangential velocities is proportional
to the jump of shear stresses along the interface. Beavers-Joseph interface condition
contains an empirical constant, to be determined experimentally, and this permits
the needed flexibility in modeling the shear stress requirement. Also, unfortunately,
from a mathematical point of view, the Beavers-Joseph interface condition poses some
difficulties because this condition makes an indefinite contribution to the total energy
budget. Consequently, many simplified versions of this interface conditions have
emerged, among which the Beavers-Joseph-Saffman-Jones interface condition |[Jones
(1973); Layton et al. (2003); Saffman| (1971))] is wildly used. Despite the convenience

for mathematical analysis, models using the Beavers-Joseph-Saffman-Jones interface
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condition can lead to an inaccurate accounting of the exchange of fluid between the
porous media and open channel.

In this section, we consider the no-slip condition on the solid portion of the inter-
face of the clear fluid and porous medium, which is usually true when the clear fluid is
viscous. Motivated by the qualitative difference between the descriptions of the above
two different fluid flow problems occurring in the clear fluid and porous medium,
Brinkman |Brinkman| (1949)] suggested a general equation, later called Brinkman (or
Forchheimer) model, to redefine the entire coupled system of the Stokes (or Navier-
Stokes) flow and Darcy flow in a unified single domain by adding a so-called Darcy’s
force term to the momentum equation, in which a piecewise constant permeability K
defined in each sub-domain plays the role to relate flow in a porous medium (finite K)
with flow in a clear fluid (K — o0). It can be considered as an interpolation between
the Stokes (or Navier-Stokes) equations and Darcy’s law. It is worthnoting that simi-
lar to Brinkman model, the Forchheimer model is one continuum equation defined in
one region with piecewise parameters that is used to describe a Navier-Stokes equa-
tion and Darcy’s system in two regions. Though Brinkman’s derivation was heuris-
tic, he compared his results with an experimental relation due to Carman |Carman
(1937)]. |Kim and Russel (1985)] also shows that theoretical predictions of perme-
ability based on the Brinkman equation agree well with experimentally measured
values from |Carman| (1937)]. Subsequent investigators have rigorously established
the validity of this equation at low volume fraction of solids [Tam/| (1969)); Childress
(1972); Howells (1974); |Hinch (1977); [Freed and Muthukumar (1978); [Muthukumar
and Freed (1979); Rubinstein (1986)]. A comparison was done in |[Durlofsky and
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(1987))] between the solutions of the Brinkman model and the fundamental so-
lution or Green’s function for flow in porous media, and it showed that the Brinkman
model accurately describes the flow in porous media when the volume fraction is below
0.05. The efficiency of such single domain approach is even more significant in three
dimensions. The comparisons on the simplicity and accuracy between Brinkman (or

Forchheimer) model and the coupled Navier-Stokes-Darcy system has only been seen

in some limited literature such as [Chen et al.| (2010)); |Shi and Wang| (2007)); Nield|

(1983)]. Asymptotic analysis was given by [Chen et al. (2010)] by comparing the real

solutions of the partial differential equations. Though the results was accurate in

[Chen et al. (2010)], but the authors were limited by the techniques of finding the an-

alytic solutions of PDEs and therefore were only able to discuss the one dimensional
case.
An important application of the coupled Stokes-Darcy (or Navier-Stokes-Darcy)

system arises from the Proton Exchange Membrane fuel cell (PEMFC) model [Wang

(2004); [Wang and Cheng (1997, [1996); Wang et al. (2001); Pasaogullari et al. (2007);

Pasaogullari and Wang] (2004); [Wang et al| (1999); Liu and Wang| (2007alb); [Sun|

(2011)], on the coupling of gas diffusion layer (GDL) and gas channel (GC), where
the momentum transport in GDL is treated as the flow in the porous media. In

addition, two forms of Brinkman (or Forchheimer) model have been used. One has

the porosity to square power appearing [Sun (2011); Jiang (2009)], while the other

has the porosity to the first power |[Discacciati and Quarteroni (2004))]. More recently,

base on a PEMFC model, [Shi and Wang| (2007))] gave a detailed numerical comparison

between four models: Darcy’s Law, Navier-Stokes equation, the Brinkman equation
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and the pure diffusion model and showed when the Brinkman parameter K was chosen
as different small values, there was no visible difference on the fuel cell’s performance
between the prediction from Brinkman model and the experiment data obtained from
[He et al.| (2000))]. However, this paper did not give a quantitative measure of the
differences.

In this section, we study the Brinkman model obtained from applying a parameter
re-scaling technique on the traditional Brinkman model, to overcome the numerical
difficulties raised from the discontinuous pressure and flux across the interface between
the Darcy and Stoke domains. We apply mixed finite element method on both the
Brinkman model and the Forchheimer model to achieve the optimal convergence rate
in all parameters. We also conduct the asymptotic analysis between Brinkman model,
Darcy’s law and Stokes equation, and obtain the convergence result with respect to the
piecewise constant permeability. Such quantitative measure of the difference between
the models is first proved here to the author’s best knowledges. We eventually gave
numerical experiments to verify the error analysis by mixed finite element method
and the quantitative measure of differences by asymptotic analysis.

The rest of this section is organized as follows. The Brinkman model and its
relationship with Darcy’s law and Stokes equation is studies in Section (3.4.2] and
a parameter re-scaling technique is also introduced in Section [3.4.2l Then, in Sec-
tion [3.4.3] the asymptotic analyses are introduced between the Stokes system and
Brinkman model and between the Darcy’s law and Brinkman model. In Section [3.4.4]
and Section [3.4.5] the mixed finite element schemes are described and the approxima-

tion theorems are proved for Brinkman model and Forchheimer model, respectively.
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In Section [3.4.6] the numerical experiment is carried out, in which a series of numer-

ical convergence tests are given to verify the error estimate results proved in Section

[3.4.4] and Section B3.4.5]

3.4.2 Model Development

Let Q € RY (d = 2,3), be a bounded domain. The classical Brinkman model
was introduced by H. C. Brinkman [Brinkman| (1949)] using a general equation that
interpolates between the Stokes equation and Darcy’s system to describe the two

different types of fluid flow, laminar flow and porous media flow, as follows

—Au—{—Vp—i—%u:f, in €2,
V-u=g, in (),
prdx:(), in €2,

u=ug, on Jf),

(3.94)

where Q = Qp U Qg, Qp denotes the Darcy domain and g the Stokes domain,
' = 9Qp N 9N represents the interface of Qp and Qg. u € H%(Q) is the velocity

and p € H'(Q) is the pressure. The parameter K is a piecewise constant defined as

o KD, n QD7
K= { KS7 in QSa

where 0 < K,;n < Kp <1l and 1 < Kg < K0, < 00. As a consequence, the right

hand side f turns out to be a piecewise function defined as

f= fp, inQp,
fs, iIl Qs.

For the compatibility purpose, we require |, oo UBdSs = fQ gdx due to the divergence
theorem. For the simplicity, we let g(z) be zero in this dissertation to model the case
of an incompressible laminar flow. We will discuss about the compressible case of
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g(x) # 0 in the latter section as a remark. And, without loss of generality, we assume

up = 0 in the rest of this section. Therefore the governing equation now is given as

—Au+Vp+ fu=f, in(Q,
V-u=0, in €,
Jopdr =0, inQ,

u =0, onJf.

(3.95)

Remark 3.2. Obviously, Brinkman model is a one-continuum-system defined in a sin-
gle domain, in contrast to Stokes-Darcy coupling system [Mehdaoui et al. (2008));
Chen et al.| (2010); Durlofsky and Brady| (1987); |Shi and Wang (2007))] which has
two systems of equations defined in two different domains connecting through the in-
terfacial conditions (Beavers-Joseph conditions) on the interface [Beavers and Joseph
(1967); |Chen et al.| (2010))].

One of the applications of Brinkman model is to describe the fluid motion in the
gas diffusion layers and gas channels of proton exchange membrane (PEM) fuel cell
[Wang| (2004)], where, the steady state momentum equation of Brinkman model is

defined as (see also [Chen et al.|(2010))])

-V - (pvoVu) + ¢Vp + %u =f. (3.96)

Here the density p, the two-phase mixture viscosity v of liquid phase and gaseous
phase of water, the porosity of porous media ¢ and the permeability K are constants
in the single-phase region. p and v are not constants in the two-phase region, but
could be roughly considered as constants under a certain circumstance such as the
liquid saturation s < 20% under which a single-phase case could be approximated
admitted [Wang| (2004))].

Therefore by re-scaling the pressure by ﬁ, we could derive , where K in
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(3.95) actually is not just a mathematical parameter but the physical permeability.

Theorem 3.4. 18 an equivalent development from the system below,

—Au+ =Vip+ su=f, inQ,
V-u=0, 1inf(),
Jopdz =0, inQ,

u=0, ondf,

(3.97)

where 0 < a < 1 1s a properly chosen parameter.
Though 1s more wildly used as Brinkman model, s the model that
allows the approximation for Darcy and Stokes models as K approaches zero and

infinity, respectively.

Proof. First, it is obvious when Kp — 0 and Kg — oo, for a properly chosen a €

(0,1), (3.97) approximates the following Stokes-Darcy coupling system
1 ~ _ .
7z VP + wu=0, inQp,
—Au + KLgvp' = fs, in Qg, (3.98)
V-u=0, in (),
which are essentially Darcy’s and Stokes models defined in €2p and g, respectively.
The approximation rate between (3.97) and (3.98) with respect to the parameter
e = K& will be discussed in Section [3.4.3] Now for i = D, S, we re-scale (3.97) and
(3.98) in €;, respectively, using
p=Ki'p, (3.99)
then we get the equivalent system (3.95) and the following re-scaled Stokes-Darcy
coupling system
Vp+ gzu =0, inQp,

—Au + Vp = fs, in Qs, (3100)
V-u=0, in .
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Remark 3.3. From the proof of Theorem , we can see that (3.95) does not directly

approximate (13.100) when K approaches zero, i.e., in the aspect of Darcy’s system,

although (3.95)) and (3.100) are re-scaled from (3.97) and (3.98)), respectively, and at

the same time (3.97)) approximates (3.98)). The approximation of (3.95) to (3.100)

only exists for the case of Stokes, i.e., when K approaches infinity.

Remark 3.4. Due to (3.99), p is not a continuous function in €2, i.e., it is discontinuous
across the interface I', while the solutions of Brinkman model ([3.95]), both p and w,

are continuous functions in €2.

Remark 3.5. Although is a more accurate form to approximate Darcy and
Stokes models with different values of K, we always use as Brinkman
model but not to describe the scenario of Stokes-Darcy coupling. The reason
is that the flux of across the interface I', (Vu — 1/KpI) - m, is not continuous
at all, and there exists a jump due to the difference of the values of K across I
however, the flux of , (Vu — pl) - n, is always continuous across I'. Because of
the discontinuous flux of , It is much harder to solve than in an
accurate manner. More complicated and advanced numerical method and/or locally
much finer mesh have to be considered in order to resolve the difficulty arising from
the jump coefficient K across I'. Nevertheless, in contrast, can be solved with
the standard Stokes element and less computational cost, the desired pressure solution

is then easily obtained by the re-scaling (3.99)).

Remark 3.6. In Theorem , a # 1, otherwise then the first equation in ((3.97))

approximates u = —Vp in {)p as K approaches zero, which is inconsistent with the
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well-known Darcy’s law defined for the seepage flow in the porous media as follows:

K_ _ .
u= —£Vp, in Qp. (3.101)

Obviously, K/(v¢) # 1 in reality for the seepage flow in the porous media, where, for
instance, in the gas diffusion layers of PEM fuel cells, the magnitude of permeability

K could be as small as 1072, in contrast with the magnitude of the mixture viscosity

of water v, 107, and of the porosity ¢, 107!, as shown in Table in Section m

Corollary 3.2. Let € = K¢ be small enough and Kp = Kg° , where 0 < o < 1 and

B >1, then can be rewritten as
—caAu+ ea 'Vp+u=eafp, inQp,
1 1
—Au+erVp+eabu=fg, inQg, (3.102)
V-u=0, inf.

which approximates the following systems in Qp and g, respectively, as € — 0,

e 'Vj+u =0,
{ V-u=0, inQp, (3.103)
and
1
—Au+e?Vp = fg
’ 3.104

Proof. Since f > 1, when Kp approaches zero, Kg approaches infinity. Thus, with the

help of the sufficiently small positive number e = K¢ (0 < « < 1) as Kp approaches

zero, we can equivalently reformulate (3.97) to (3.102), and (3.98) to (3.103) and

(3.104)) in terms of a single parameter ¢ € (0,1). Therefore, by dropping the high

order terms of €, (3.102) approximates (3.103)) and (3.104)) in 2 and €2g, respectively,

as € — 0. O

In order to avoid any confusion on the notations, in the rest of the section, we

denote the solutions to (3.103|) as (up,pp) and the solutions to (3.104) as (us, Ds)-
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3.4.3 Asymptotic analysis of the difference between Brinkman model and

Darcy/Stokes system
(I) Between Brinkman model and Darcy’s system

The weak formulation of Darcy equation (3.103]) is given as follows: find (up,pp) €
(H'(Qp))¢ x L*(Qp) such that for any (v,q) € (H'(Qp))? x L*(Qp),

—ea NV v, pp) + (up,v) = 0, (3.105)

(V-up,q) = 0. (3.106)

And the above weak forms ([3.105))-(3.106)) are approximated by the weak formulation

of (3.102)); as follows: find (u,p) € (H'(Qp))? x L*(Q2p) such that for any (v,q) €

(H'(2p))? x L*(Qp),
o (Vau, Vo) —ea (V- v, ) + (u,v) = ea(fp,v), (3.107)
(V-u,q) = 0. (3.108)

Theorem 3.5. Let (up,pp) be the solution of - and (u,p) be the so-
lution of - , we have the asymptotic approzimation in Qp as follows,

lw —upllrz < e (lullm + | follz2) (3.109)
Ip = pollze < € (ulla> + 11 follz2) - (3.110)

Proof. By subtracting (3.105) and (3.106)) from (3.107)) and (3.108)) respectively, we
get the error equations as follows,

o (Vau, Vo) —ea (V-v,p—pp) + (w—up,v) = ea(fp,v), (3.111)

(V- (u—up)q) = 0. (3.112)
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Let v =4 —up and ¢ = p — pp, we have

eé(V’u, V(u—up))+ (u—up,u—up) = eé(fD, u—up), (3.113)

then
—ea(Au,u — up) + (u — up, u — up) = €= (fp, u — up), (3.114)

thus
lw —wpllze < e (|Aulze + [ £llz2) < €= (Julmz + (| £ollz2) - (3.115)

Use the error equation (3.111]), we also get

1

e (V- v,p—pp) =€

Q=

(Vu,Vv) + (u —up,v) — €é(fD> v).
By the LBB condition and the continuity conditions, we have

i_ ~ ~ 1
ex ol llp = pollez < €= (lulm + I fpllz2) [0l + llw — wpl callv]l o,

that is,
191~ - 1
2P —ppllze < e ([ullme + | £plle)
which then gives (3.110)). m

Remark 3.7. Because (3.95]) does not approximate (3.100)), there does not exist any
convergence between p and pp. However, if we re-scale p and pp in (3.110) using

p = Kpp = ep and pp = epp, then we would have
[P = pollr: < |lullm = O(1),

which actually illustrates that (3.95)) does not converge to (3.100) in the aspect of

Darcy’s system as e approaches zero.
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(IT) Between Brinkman model and Stokes system

The weak formulation of Stokes equations (3.104)) is given as follows: find (ug, ps)

€ (H*(Qs))? x L?(Qg) such that for any (v,q) € (H*(Qs))? x L3(Qg),
(Vus, Vo) — €7 (V- v,5s) = (fs,v), (3.116)
(V-ug,q) = 0. (3.117)

And the above weak forms (3.116|)-(3.117)) are approximated by the weak formulation

of (3.102), as follows: find (u,p) € (H'(Qg))? x L*(Qs) such that for any (v,q) €
(H'(Qs))? x L*(s),

(Va, Vo) — e7(V -0, 5) + €5 (w,0) = (fs,0), (3.118)

(V-u,q) = 0. (3.119)

Theorem 3.6. Let (ug, ps) be the solution of - and (u,p) be the solu-

tion of - , we have the asymptotic approzimation in Qg as follows,
lw — ws|[ < Coea ||ul| 12, (3.120)
101
15— Bsllue < (1+ Ca)en & ful| 2. (3.121)

Proof. By subtracting (3.118) and m from ( and (| , respectively, we

get the error equations as follows,
(V(u —us), Vo) — €7(V - v, — fs) + €2 (u,v) = 0, (3.122)
(V- (u—wug),q) = 0. (3.123)
Let v =u — ug and ¢ = p — pg, we have

(V(u —ug), V(u —ug)) + eTllf(u, u—ug) =0, (3.124)

69



thus
1 a1
IV(u — ug)|l72 < € | 2]|u — us||> < €2 CollulL2]|V(w — ug)||2,  (3.125)

which then gives us (3.120)).

Also by the error equation (3.122]), we have
5 (V0,5 —ps) = (V(u—us), Vo) + € (u, v). (3.126)

By the LBB condition and the continuity conditions,

1 N a1
P ||vll i [|p — psllrz < e*d||ullpz||v] e + lu — ws|[ a1 [|v] a1, (3.127)
that is
1 1 1
eb||p — psllrz < €v?llu|rz + [[u — us||m < € (1 + Co)l|u|| 2. (3.128)
O

Remark 3.8. Although (3.95)) does not approximate (3.100) in the aspect of Darcy’s

system when K approaches zero, (3.95)) does approximate ([3.100|) when K approaches

infinity, namely, in the aspect of Stokes model. By using p = Kgp = e_%p and
- _1
Ds = € Bpg, we have

Hp—pSHLQ < 6?5(1+CQ)H’U,HL2. (3.129)

(3.120]) and ([3.129)) show that both velocity and pressure solutions of Brinkman model

approximate those of Stokes model in the same convergence rate O(e=%%).

Remark 3.9. By (3.120) and (3.121)), 5 shall be sufficiently small in order to get the

best approximation of Brinkman equation to Stokes equation in Stokes domain. Since
£ > 1, we can safely choose 5 = 1.
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Remark 3.10. In |[Chen et al. (2010)], a parameter € is used, which is the same as

our € when o = Interestingly enough, as a result in |Chen et al| (2010)], the

L
difference between the velocity in the conduit for the Stokes-Brinkman system and
the Stokes-Darcy system with the Beavers-Joseph-Saffman-Jones (BJSJ) interface
condition [Saffman! (1971); [Layton et al.|(2003); |Jones| (1973)] is O(e?). This matches
our results given in and perfectly though we only consider the two

domains separately without introducing the BJSJ interface condition.

3.4.4 Mixed finite element approximation for Brinkman model

Now we define

U= (H)Q), Q=1I3(Q)={q< [*Q), / 4z = 0}, (3.130)

and

(fig)p=[ fgdz , (f,9)s= [ [fgdr,

Qp Qg

111220 Z/ Pz (1 fl1720q) = fda.
Qp Qg

The weak formulation of ([3.95) is defined as: find (u,p) € U X @, such that

L(u,'v)D + L(u,v)g + (Vu,Vv) — (V-v,p) = (f,v), VYoveU/ (3.131)
K Ko

(V-u,q) =0, VqgeQ.(3.132)

We now define the bilinear forms

a(u,v) = KLD(u,v)D+KLS(u,v)S+(Vu,VU), (3.133)
bv.p) = —=(V-v,p), (3.134)
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then (3.131))-(3.132)) could be written as: Find (u,p) € U x @, such that

a(u,v) +b(v,p) = (f,v), wveU, (3.135)
bu,q) =0, q€Q. (3.136)
Easily we have
1
lalw, V)| < 2—llullizep) [vllz2@p) + 7= lullzes[vlizes) + [IVull:[[Vol .
D S
1
< wollll@llvllze + Vel Vol
D
1
< _HU’HUH,UHU7VU’7/U € U7 (3137)
Kp

b(w,p)| < IV -ulellpllz < [Vullrellpllz < |lullvlplle, Vu € U,Vq € Q(3.138)
and

1
2 2 2
alv,v)] = —|v 4+ —|lv + [[Vv
la( )| e | HL2(QD) KSH HL2(QS) Vo7

1 1
> vl +IVollZ2 > min{-— 1} ([v[|7> + [ Vvl[7:)
Ks Ks

1
> Il (3139

Also, for any ¢ € @, there exists v € U such that V- v = —¢. Actually we just need

to solve an adjoint problem as follows,
—A¢ = q, in €,
¢ =0, on 0,
where ¢ € H*> U H}(Q). Then let u = V¢. Then
b(v,q) = —(V-v,9)=(q,9) = [lq7,

[ollv = [IVolla < Cligllm> < Cllgllz2
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so that

b i i
aup2000) 5 Nallie o allee o

ve |[ollv — llvlle — Cligllz

Therefore,

>~ >0, (3.140)
9€Q yeU HUHUHQHQ

By the Ladyzhenskaya-Babuska-Brezzi (LBB) condition, there exists a unique

solution to (13.135))-(3.136]).

We define

Z = {uecU|V- -u=0}, (3.141)

Zp = {un € Uplb(un, qn) = 0,qn € Qn}, (3.142)
then (3.135))-(3.136|) can be reformulated as follows: Find w € Z such that
a(u,v) = (f,v),Vv € Z, (3.143)

Let Uy, @, be finite dimensional subspaces of U and @), respectively. We look for

a solution to the following problem: given f € U’, find (wp, pn) € Uy X Qp, such that

a(uhavh) + b(vh7ph) = (.f:vh)a vy, € Uh7 (3144)

b(un,qn) =0,  qn € Qn. (3.145)

We can similarly obtain the coercivity of the bilinear form a(-,-) in U, x Uy and
the continuity of the bilinear forms a(-, -) over U, x U, and b(-, -) over Uy, x Q. Also

we have the LBB condition
Van € Qn, Fup € Up,up # 02 b(un, qn) > Bllunllv||qnllo-
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Therefore, (3.144))-(3.145)) has a unique solution. Moreover, we choose to use P*P5!
element, which is the well known Taylor Hood mixed element that is a stable pair for
Stokes and Navier Stokes equations, and is also stable for Brinkman equations (3.95]).

By Brezzi’s theory [Brezzi (1974))], we have the following Lemma.

Lemma 3.11. Using P*T1P* element, s > 1, we have the following finite element
error estimate results for interpolations given by Brezzi’s theory [Brezzi (1974))] as

follows,

inf |Ju—vpllo < CRTH || grsse, (3.146)
v eUR
inf [lp— gullo < Ch**||pl| . (3.147)
an€Qn

Theorem 3.7. let (u,p) be the solution to - and let (wp,pp) be the
solution to (3.144))- , then we have

K
|w — wp||z2 + hllu — wp|| g < Ch5H2 ((K_Z + 1) ||| grs+2 + KSHpHHsH) (3.148)

K 1
Ip = pallzz < OB (=2 41 ) [ ——|lw]lgorz + ||pll s (3.149)
Kp Kp

Proof. Let v, € Uy, and ¢, € Q). Subtract from , we have
a(w — wp, vp) + b(vp, p — pr) = 0,
and further let u;, € Z;,,
a(Up — Un, V) + (v, pp — qn) = a(w — Un, V) + (v, p — Gn). (3.150)
Choose v, = up — up, € Zp,. Since uy, € Zy, we have b(up — tp, pp — qrn) = 0, so

a(up — Up, up, — Up) = a(w — Up, Up — Up) + b(Up — Uk, p — q1).
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from the continuity and coercivity of a(us,v,), we get

1 . 12 _ B
K_SHUh — || < a(up — Up, up — Up)
1 - - -
K—DHU — apllv|un — tnllv + |un — arllullp — allo,

IN

thus
- 1 -
|un — @nlv < Ks K—||U—Uh||U+HP—qhHQ :
D

and then

lu —wnllv < fun = Gallf; + llu — @nll

1 1
K — + — —u — 151
(5 + ) lu=anl + - alle) (3150

IN

For each v, € Uy, there exists a unique z;, € (Z;,)* [Brezzi| (1974); Quarteroni

and Valli (2008)], such that

b(zh, qn) = b(w — vu, qn), Van € Qn,
thus
1
[znllullanlle < ;Hu —upllullanlle-
Setting up := 25, + vy, we see that

- 1
= dinllo < flu— vallo + 2o < (1 T ;) = wallo

Together with (3.151]), consequently we have

1 1
fu—wnlly < O%s (7= + 7 ) lu=wnl + o ail)
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therefore

K
|lu —up|| g < CRS ((K_Z + 1) || wl|| stz + KSHp||Hs+l> : (3.152)

Now we shall use the Aubin-Nitche duality argument to obtain the L? error esti-
mate of w — uy,. We define the adjoint problem of the strong form of (3.143)): find

w € H*(Q) N U such that,

1
AW+ —w=u-— in O
'w—i-KDw u — up, m {2p
Aw + ! in 2
—AW+ ——w=u-— mn
e U — Up, s

w = 0, on Of).

Then by the regularity theory of PDE, ||w| g2 < ||u — upl[z2. Let Iyw € Zj be the

finite element nodal interpolation of w,

lu—unlliz = (Vw,V(u—uy)) + 7o (W, u —un)p + (W, u —un)s

1
+ K—((w — Hh'w),'u, — 'Ufh)D + —(Hh'w,u — uh)D
D

1
+ F((w —w),u—up)s + — (w,u —up)s
s

IN

(V(w —Tw),V(u —up)) + —((w — Iw),u —uy)

IN

1
Pllwll 2]V (w = wn)l 12 + 7= 17 [[wl]| 2w — |2
D

1
Pl = wnll 2l (= wn) 22 + 2= 0¥ = w2
D

IN

So we have

1
lw —wnllz < IV =)z + 7B [lw — ]2
D
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Since we can always pick a sufficiently small parameter A whenever K is determined,

we can have (3.148)).

From the LBB condition (3.140)), for each g, € @, we have

1 b(v —
In— gl <t sup OmPr=G)
’7 v €U, vp #0 ||Uh||U

From (3.150)),
b(vh, pr — qn) = a(w — wp, vp) + b(Vn, p — ).
By the continuity of b(vy, pr) we obtain

1 — b —
I —allo < = sup a(u — up, vy) + b(v, p — @)
Y vhEUR,vR#0 ”UhHU

1 1
< 5 K_DHu_uhHU"‘HP_QhHQ ,

then

Ip = prlle < llpn — anlle + llp — anll

1 1
< 5 K_DHu_uh||U+(1+7)||p_Qh||Q :

Therefore we get (13.149). O]

For the non-divergence free case of Brinkman model (3.94)), we can follow [Brezzi
(1974); |Quarteroni and Valli (2008)] to analyze its wellposedness and get the same

results as Theorem We give a sketch of such analysis in the following remark.

Remark 3.11. We first give the weak form of the non-divergence free Brinkman system
(3.94) as follows: Find (u,p) € U x @, such that
a(u,v) +b(v,p) = (f,v), wvelU, (3.153)

b(u,q) =(9.9), q€Q, (3.154)
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where a(-, -) and b(+, -) are defined the same in (3.133)) and (3.134). Then the continuity

and coercivity of the bilinear form a(-,-) over U x @ remain as in (3.137)) and (3.139)),

and the continuity and LBB condition of b(-,-) over U x @ also remain as in ([3.138))
and (3.140)). Therefore by Brezzi’s theory |Brezzi| (1974)], there is a unique solution
to (B-153)-(3.154).

Then the discretization of (3.153)-(3.154) is given as follows: Find (wuy,pn) €

Un X @y, such that

a(uh,'vh) + b(’l)h,ph) = (f,vh), v, € Uy, (3155)

b(un, qn) = (9:qn),  qn € Q- (3.156)

As defined in , Zy, is the space of discretely divergence-free functions associated
with the finite dimensional spaces. The bilinear form a(-,-) remains coercive in 7
as it is coercive in U and Zj, is a subspace of U. Moreover, the continuity of the
bilinear forms a(-,-) over U x @ and b(+,-) over U x @) also remains. Thus once more
by Brezzi’s theory [Brezzi (1974))], there is a unique solution to (3.155))-(3.156)).
Define Z9 = {v € Ulb(v,q) = (9,¢),Yq € Q} and Z] = {v, € Uplb(vp, qn) =

(9,4qn),Yqn € Qn}. Then choose @y, € Z7 and follow the proof of Theorem , we

can get the same convergence results as (3.148) and ((3.149)).

Corollary 3.3. When ¢ = K7, and Kp = Kgﬁ,

1,1
lw = wnllie + bl — wall < C =GR (] yera + )

o), (3.157)

1
lp—palle < Ce 2GRt (||ul

Hs+2 + ||p| H5+1)~ (3.158)

Proof. Substitute e = K = K;O"B into (3.148)) and (3.149)), and because 0 < Kp < 1,
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0<a<landf >1, we have 0 < € < 1. Therefore we obtain (3.157)) and ((3.158]).

]

For a fixed mesh size h, from (3.157)) and (3.158]), we know that the finite element

approximation requires a bigger € in order to get a better numerical approximation,

while the PDE asymptotic analysis results in (3.109)), (3.110), (3.120) and (3.121)

imply that a smaller e will produce a better approximation from the Brinkman model
to the Darcy’s and Stokes model. So overall, we proceed to find an optimal € in the

following corollary for a fixed mesh size h.

Corollary 3.4. When g =1, and

3 7043 1
((1 + =)h*T(h + 2)> , when 0 < a < 3

e = “ . (3.159)
3+«

4

1
——ht(h+2 hen = < o < 1
(1—a (—l—)) s when 5 < a <1,
the re-scaled finite element solution (wp,py) of Brinkman model has the best
approxzimation to both the solution (ug,ps) of Stokes equations in Qg and the
solution (up,pp) of Darcy’s equations (3.104}) in Qp in the sense that both numerical

and PDE’s asymptotic accuracy are achieved at the same time, where p, equals epy,

in Qp and e 'py, in Qg.

Proof. By Remark we know it is optimal to choose 8 = 1. And when 8 = 1,

(3.157)) and (3.158]) give that

llw — w2 + ||p — pallrz < Ce o (h+ e )Rt (3.160)

When 0 < a < 1, (3.109), (3.110), (3.120) and (3.121) show that

lw — upllr20p) + lu — usllr2q) + 1D — Pollrz@p) + 16 — Psllr2@s) < Ce. (3.161)
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Thus, by adding (3.160|) and (3.161]) together, and considering the re-scaling identity

(3.99) which results in pp = ep in Qp and pg = ¢ p in Qg, we have

lwp—wnllL2(p) +llws—unll 2s) F1PD—Drll 1200 T D5 —Drll L2(0s) < Céle), (3.162)
where
- _2 -1 —1-Liy\7s+1
éle)=e+e a(h+e a4e "a)h.
As long as é(¢€) reaches its minimum at a certain value of €, we know the approximation
on the left hand side of (3.162)) is the best. Since

& _
de

2h 2 3. _3 3 3

1+ (——eba4+(1—-ea—(14+2)e 2 a)hst 3.163
(-7 HA— e (14 )ee) (3.163)
it is not difficult to verify that % > 0 for all € > 0, thus é(€) must exist a minimum
value at its critical number. However, it is very hard to solve the equation % =0

as defined in (3.163)) for a critical number €. In order to easily find an optimal € at

which the right hand side of (3.162)) reaches its minimum, we further magnify é(e) as
é(e) < ele) = e+ h*H (b +2)e ' =,

Hence, instead of é(e), we deal with e(e) which is simpler than é(e) and is still held
the right hand side of (3.162). Since %€ =1 — (1 + 2)e 2 ah**(h + 2), and 2% > 0

for all € > 0, we know that e(e) reaches its minimum at

3 s+1 ﬁ
€= (1+5)h (h+2) ,

which means, at this value of ¢ the approximation on the left hand side of (3.162])

1

becomes the best for 0 < a < 3,

i.e., both finite element approximation and PDE’s
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asymptotic property of Brinkman model (3.95)) achieve their accuracy at the same

time.

When § < a < 1, (3.109), (3.110), (3.120) and (3.121) show that

~ ~ ~ ~ 1_
lu — wp||z20p) + lw — wsl 2 + 16 — Boll2p) + 1P — Psllz20s) < Cea.

Following the same analysis approach, we can attain the following optimal value of ¢

4
e — <i’+—0‘hs+1(h + 2))

—«
at which the approximation on the left hand side of (3.162) becomes the best for

<a<l L]

N

3.4.5 Mixed finite element approximation for Forchheimer model

Similarly to Brinkman model, the Forchheimer model is one equation defined in
one region with piecewise parameters that is used to describe a Navier Stokes equation
and Darcy’s system in two regions. Though our main focus in this paper is Brinkman
model, we still give the finite element error approximation for the Forchheimer model

since they use very similar techniques. We define the governing equations as follows

—Au+(u-V)u+Vp++u=f, inQ,
V-u=0, in (),
Jopdz =0, inQ,

u=0, ondf.

(3.164)

The parameter K is a piecewise constant defined as

. KD, in QD,
k= { KS7 in QS:

where 0 < K < Kp<land 1< Kg < Kppge < 00.
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Let U and P be the same as in (3.130) and a(u,v) and b(v, p) be the same as in

and . Define
c(w; z,v) = /Q(('w -V)z) - v.
Then we have the weak formulation of as: Find (u,p) € U x @, so that
a(u,v) + c(u;u,v) + b(v,p) = (f,v), Yvel, (3.165)
bu,q) =0, VqgeQ. (3.166)

Define Uy, € U and Uy, = {v € U|V - v = 0}, so Uy, is the subspace of
U of divergence-free functions. The Forchheimer equations (3.167))-(3.168) can be

reformulated as follows: Find u € Uy, such that
a(u,v) + c(u;u,v) = (f,v), Vv € Uy,. (3.167)

Lemma 3.12. Ifu is a solution to problem , then there exists a unique p € @

such that (w,p) is a solution of problem - .

Now we give the proof of the existence and uniqueness of a solution to (3.169)).

We define the space
Hy = {v € (L*(Q)YV -v=0in Q,v-n=0on dQ},
where n is the unit outward normal vector on 9.

Theorem 3.8. Let f € Hgy, with ||fllzz < 1/Cq, where Cq only depends on the

Poincaré constant, then there exists a unique solution u € Ug;y, to problem .
Proof. For each w € Uy, we define

Ap(z,v) = a(z,v) + c(w; z,v),Vv,z € U.
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Since

0z;
c(w: z,0)| < Z|/wja—évjdx|

0z
ijHL‘l”a_;HLQ”ijL% (H' < L* for d = 2,3)
j

IN

IN

Cllwllulizlvllvll,

we get that A, (z,v) is continuous. By using Poincaré inequality for v € U and

because w € Uy;,, we also have

1 1
Ap(v,0) = |[Volll2 4+ ((v- V)v-w) + —[v][720,) + 7 VIl72(0y)
Kp Ks
> L2 —l/v w|v\2dx+1/ w - njo|2de
T Co U2 g 2 Jao
1
= C—QHUHQU,

where Cq, only depends on the Poincaré constant, then by Lax-Milgram theorem, for

each w € Uy,, there is a unique solution z € Uy, to the equation
Aw(z,v) = (f,v),Yv € Uy,. (3.168)
Further, we have ||z||3 < Cq|Aw(2, 2)| < Callfllzzllzll2 < Callfllz2]|2]l, and thus
Izllv < Call fll .- (3.169)

Now we define a map ®(w) = 2z, and define A = {v € Ug,|||v|lv < Callfll12},

so we have ®(Ug,) C A. Assume for wy, wy € Uy, 21 and z, are the solutions to

(3.170)), respectively, that is

A, (z1,v) = (f,v) (3.170)
and
Aw,(22,v) = (f,v). (3.171)

83



Subtract (3.173)) from (3.172), we get
a((z1 — z2),v) + c(wy; 21 — 22, v) — c(wW; — Wa; 22,v) = 0.

Let v = z1 — 29 € Uy, then

1 1
|21 — Z2||(2] + K—D||Z1 - Z2||%2(QD) + K—SHzl - z2||%2(95)

+ c(wy; 21 — 29,21 — 29) — c(wy — we; 29,21 — 29) = 0. (3.172)
Since

1
c(wy;z) — 29,21 — 29) = §/w1V-(21 — 2;)?

1 1
= ——/V-wl(zl—z2)2+— wy - n(z; — 29)%dr = 0,
2 2 Joa

(3.174]) gives,

1 1
21 — 2|5 + ——llz1 — Z2||%2(QD) + =1 — 22\@2(93) = —c(wy — wa; 22, 21 — 22),

Kp Ks
and then

21 — 2|7 < C’le —wallu|z2llullz1 — 22|u-
Since also z1, zo € A, we have the following from ,
|21 = 22|v < Caflwr — wallu|[ £ 22
Thus when C|| flz2 < 1,
[@(w1) — P(ws)[lv = [|z21 — 22[lv < [Jlwi — wallu.

This means ® is a contraction mapping, so there is a fixed point to ®(w) = z, that

is ®(u) = u € A as the unique solution to (3.169)). O
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Furthermore, when using P*™'P?® element, that is, Taylor - Hood element, by

Brezzi’s theory [Brezzi| (1974))], the following result holds.

Corollary 3.5. There exist two operators v, : (H'(Q)) — Uy and sp, : L*(Q) — Qn

such that

v — ()|l < Chw||gere, Yo € (H2(Q)), (3.173)

g — sn(@llo < CRYlgllmer, Vg € HL(S). (3.174)

Now we look for a solution to the following problem: given f € U’, find (up,pp) €

Uy, X @y, such that
a(uh, ’Uh) + c(uh; Uy, ’Uh) + b(’l)h,ph) = (_f, ’Uh), Yoy, € Uh, (3175)
b(’U,h, qh) =0, Yan € Qn, (3176)

where U, Q) are the finite dimensional subspaces of U and @), respectively. We can

similarly obtain the wellposedness of (3.177))-(]3.178) as in Section m For what con-

cerns the convergence estimate, we obtain the following theorem using the techniques
introduced in Section 10.2.2 in |[Quarteroni and Valli (2008))] and the similar error

analysis we did in Theorem for the zero-order term of w involving the parameter

K in (3167).

Theorem 3.9. let (u,p) be the solution to - and let (wp,pp) be the
solution to - , then we have

lp = pulle + |l — wp || m
K 1
< Cpstt 25 ) (— 1) +1
<o (o) (my+1) +1)
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Proof. Define W =U x Q,Y = U’ = (H}(Q))? and A = RT. Define linear operator

T as follows: given f* € U’, we denote by
Tf =", p)elUxQ
the solution of the following Stokes problem

1 1
—((u",v)p + —(u",v)s + (Vu",Vv) — (V-v,p") = (f*,v), Vv elB.178)
Kp Kg

—(V-u*,q) =0, Vqe@.179)

A C*°-mapping from A x W into Y defined by

G 2) = Gp,z) = p (Zvj% —f>

J=1

is associated to f € (L*(Q))¢. Here z = (v,q) € W.

Then (3.167))-(3.168) can be regarded as particular cases of the following class of

problems: given A € A, find w(\) € W such that
FAw\) :==w\) + TG\, w(N) =0.

(3.177)-(3.178)) can be represented in the following form: given A € A, find w,(\) €

W), such that

Fh<)\, 'wh()\)) = wh(/\) + ThG()\7 wh(/\)) = 0.

Indeed, we set W), = Uy, x Q) and define T}, : (H1(Q))? — W), as follows: for any

fre (H Q) Thf* == (u},p;) € Uy x Qp is such that

1
uy,, vp)p + E(Uz,vh)s + (Vuy, Vo) — (V- vy, pn) = (7, vn), Vv, € Uy,

ot
—(V-up,qn) =0, Vg, € Q.
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Obviously, (3.182)-(3.182) is the finite dimensional approximation to the Stokes prob-

lem ((3.180)-(3.181)). If we set wy, := (un, pr) we deduce from (3.177)-(3.178) that
wp = —ThG(l,wh),
or equivalently,
Fh(/\, 'wh) = wy + ThG()\, ’th) = 0,

with A\ = 1. This is specifically for the viscosity v = 1. If v # 1, then we choose
wy, = —T,G(1/\, wy). [Quarteroni and Valli (2008)].

The conditions in Theorem 10.2.1 in [Quarteroni and Valli (2008))] are all satisfied
in our case, hence we conclude that, for h small enough, there exists a unique branch

of non-singular solutions of (3.177)-(3.178). Moreover, the following convergence in-

equality holds
lw(A) —wi(N)lw < C([lwA) = awa(Mlw + (T = Th)G(A wA))llw) , (3.180)
where for each (v,q) € U x Q, I (v, ) is defined as
(v, q) := (Hy, (v),11g, (q))-

Here IIy, and I, are the orthogonal projections over U; and @), with respect to

the scalar product of (H'(Q))? and L*(Q), respectively. For any w = (u,p), define
|lwl||w = ||u|lv + ||pllq- Then by (3.175) and (3.176]),
[w(A) = MwM]lw = [[u(d) =Ty, (wX) v+ [p(A) =T, (p(V))

< flu(A) = ra(uM)llo + lIp(A) = sn(p(V)

IN

Ch* (lul

Hs+2 + ||p| Hs+1) (3.181)
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Moreover ||(T'—T5)G(A, w(A))||w is nothing but error arising from the finite element

approximation to a Stokes problem whose right hand side is G(A, w())). By (3.152))

and (3.149)), we have

(T = Th) G, w)) [[w

K 1
< s+1 S
< Ch ((—KD + 1) (—KD + 1) (||

Thus by (3.182)), (3.183) and (3.184)), we have (3.179)). O]

K
Hs+2 + (—S + KS + ].) ||p| Hs+1) . (3182)
Kp

Corollary 3.6. Given 0 < a <1 and 8 >, fore = K¢, and Kp = Kgﬁ,

_1(1 s
lw = wnlls +llp = pallie < Ce s 2R (faflgoss + [pllaess).  (3.183)

3.4.6 Numerical Experiment

Remark 3.12. Actually, the first equation in approximates u = —K!'7*Vp as
K approaches zero in {2p, which implies that, in order to be consistent with Darcy’s
law (3.101), K™% = K/(v¢), i.e., « = In(vg)/In K.

For instance, in the case of PEM fuel cells, since v is the mixture viscosity of
liquid phase and gaseous phase of water, v = sy, + (1 — s)v,, where 0 < s <1 is the
liquid saturation, thus v can be estimated by average as (v, +1v,)/2. Given the values
of parameters in Table [3.5] we are able to evaluate the value of o =~ 0.449 in the case

of PEM fuel cell.

For the convenience of numerical experiment, without loss of generality, we choose
the mean value of « in its range (0, 1), i.e., 1/2, as a specific value of « to carry out
the numerical experiment. o = 1/2 is also close to the physical value of a shown in
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Parameter H Symbol ‘ Value ‘ Unit ‘

Kinematic viscosity of fluid ) 3.533 x 1077 | m?/s
Kinematic viscosity of gas vy 3.59 x 107> | m?/s
Permeability of porous media K 8.69 x 10712 | m?
Porosity of porous media 10} 0.6

Table 3.5. Values of parameters in PEMFC [Sun| (2011))]

Remark [3.12] As shown in Remark [3.9) § = 1 is optimal for the value of 5 to get the

best approximation. Then (|3.102) can be particularly rewritten as
—EAu+eVp+u=€efp, in Qp,
—Au+eVp+ u = fg, in Qg, (3.184)
V-u=0, in (),
which approximates
eVpp +up =€ fp, inQp,

—A’U;S + EVﬁS = fs, in Qs, (3185)
V-u=0, in .

(I) Convergence with respect to h for Brinkman model

We first choose s = 1, that is, we choose to use P**!P* = P2P! eclement. We

choose the real solutions as

U1 = — Ccos T siny,

up = sinx cos y, (3.186)
_ 1 cos 2x4-cos 2y

P=s5———71

where u = (u1,u2)”. On a uniform rectangular mesh, we investigate the error esti-

mates in L? and H! norms of velocity and L? norm of pressure.
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L? for velocity | H' for velocity | L? for pressure
e=10"1 3.00 2.00 2.00
e=10"2 3.01 2.00 2.09
e=10"3 3.01 2.01 3.73
e=10""1 3.01 2.01 3.98
e=10"° 3.01 2.01 3.88
e=10"° 3.01 2.01 2.32
e=10"7 3.01 2.01 1.97
e=10"° 3.01 2.01 1.96

For each e chosen, Table shows that the convergence rates are optimal in L?

and H' norms of velocity and L? norm of pressure. This matches our theoretical

Table 3.6. Convergence rate of u and p

results proved in Theorem [3.7]

(IT) Convergence with respect to h for Forchheimer model

Same as in Brinkman model, we choose s = 1 and use the same real solutions as

(??). On a uniform rectangular mesh, we investigate the error estimates in L? and

H' norms of velocity and L? norm of pressure.
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H?' for velocity | L? for pressure
e=10"1 2.00 1.93
=102 2.00 1.86
e=10"° 2.01 3.68
e=10"% 2.01 3.98
e=107" 2.01 3.88
e=10"° 2.01 2.32
e=10"7 2.01 1.97
e=10"8 2.01 1.96

Table 3.7. Convergence rate of u and p

For each e chosen, Table[3.7 shows that the convergence rates are optimal H! norm
of velocity and L? norm of pressure. This matches our theoretical results proved in

Theorem [3.91

3.5 An innovation of Butler-Volmer equation for the electrochemical ki-

netic model

As shown in Section [B.1] the fuel cell model involves the species transport (
convection-diffusion-reaction) equations (3.1)-(3.2)), fluid flow (Navier-Stokes-Darcy)
equations —, energy (heat conduction) equation , and electrostatic po-
tential (Poisson) equations (3.7)-(3.8). An assumption of local equilibrium of the
diffuse (polarization) layer must hold for such model since the source terms of (3.1])-
(3.8) are all characterized by a simplified electrochemical kinetics, Butler-Volmer
equation . However, such strong equilibrium assumption for the diffuse charge

distribution does not always hold. The standard Butler-Volmer equation no longer

91



fits the mathematical description without arbitrary assumptions such as local equi-
librium or electroneutrality of the electrolyte or for instance a prescribed, constant
surface charge, thus it can no be applied in such situations as thin electrolyte films
(where diffusion layers overlap and/or the bulk electrical field is a significant por-
tion of the field strength in the polarization layer), operation at large, super-limiting
currents or large AC frequencies, which are all situations where the diffuse charge
distribution loses its quasi-equilibrium structure. On the other hand, the full, non-
equilibrium Poisson-Nernst-Planck (PNP) model for the transport rates of all mobile
ions through the electrolyte [Smith and White| (1993))] describes the electrochemical
kinetic system when ions can be considered as point charges, without excluded vol-
ume, the structure of the electrolyte including the polarization layer that forms on
the electrodes.

The PNP model describes ion concentration and potential profiles both in the
electrolyte bulk, as well as in the diffusion layers, all the way up to the reaction
planes. The resulting PNP-fuel cell model can be generally used, for the equilibrium
and non-equilibrium situation, as well as for steady-state and fully dynamic transport
problems. In the next Chapter 4, we will first study PNP equations, and its numerical
methodologies and analyses, then develop a new fuel cell model with the replacement

of Butler-Volmer equation by PNP equations in Chapter 5.
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CHAPTER 4

POISSON-NERNST-PLANCK (PNP) MODEL

4.1 Introduction to Poisson-Nernst-Planck (PNP) model

Poisson-Nernst-Planck (PNP) equations provide a mean-field continuum electrod-
iffusion model for the flows of charged particles in terms of the average density dis-

tributions and the electrostatic potential. This model has been widely used to de-

scribe the transport of charged particles in semiconductors [Jerome, (1996|); Markowich)

(1986); Newman| (1991); Rouston| (1990)); Selberherr| (1984)], electrochemical systems

[Bazant et al.| (2009); |Ciucci and Lai| (2011]); Marcicki et al.| (2012); Richardson and|

King| (2007); Rubinstein| (1990); |Soestbergen et al.| (2010)] and biological membrane

channels [Bolintineanu et al.| (2009)); Cardenas et al.| (2000); Coalson and Kurnikova;

(2005)); [Eisenberg (1998)); [Eisenberg et al| (2010)); [Eisenberg (1996)); Hollerbach et al.|

(2000)); [Kurnikova et al.| (1999)); |Lu et al. (2007); |Singer and Norbury| (2009)].

The mathematical analysis and numerical approximation of the PNP equations

have attracted considerable interests. The existence of solutions to the PNP equations

has been shown in [Jerome| (1985); Mock| (1972)]. In (2009)], the existence and

local uniqueness of a solution to the one-dimensional steady-state PNP systems with

multiple ion species has been shown. In [Gajewski and Groger| (1986)); Mock! (1972))],

the existence and uniqueness of temporally global solutions have been proved for

PNP systems based on maximum principle and compactness arguments. Analytic
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solutions have been found for one-dimensional case [Bicknell et al.| (1977)); Golovnev,

and Trimper| (2010, 2011))].

Due to the nonlinearity of the coupled system of partial differential equations
(PDESs), in general, it is mathematically challenging to find the analytic solution of
PNP equations. Therefore, numerical methods are often employed to find the ap-
proximate solutions. There are many existing studies on the numerical techniques

for solving PNP equations. Finite difference method has been widely used to solve

PNP equations [Bolintineanu et al.| (2009)); Cardenas et al|(2000]); Cohen and Cooley

(1965)); Eisenberg and Chen| (1993); Im and Roux (2002); Kurnikova et al. (1999)].

In [Kurnikova et al| (1999)], a lattice relaxation scheme is used together with the

finite difference scheme to solve three-dimensional PNP equations. A second-order

finite difference method has been designed to solve PNP equations in ion channels

[Zheng et al.| (2011)]. The use of finite difference method has certain limitation on

the description of ionic channel geometry. Finite volume method was then used in

[Mathur and Murthy| (2009); Wu et al. (2002)] to solve PNP equations in the irregular

domains, but was still limited by the low convergence rate because of the difficulty

of the design of high-order control volume. Finite element method has the advantage

of handling ion channels with irregular surfaces [Gatti et al| (1998)); Lu et al. (2007,

2010)); [Song et al (2004ab); [Zhou et al| (2008); Jerome and Kerkhoven| (1991)], and

its convergence rate only depends on the regularity of the solution. In |Jerome and

Kerkhoven| (1991)); |Jerome| (1996)], a convergence theory has been established for the

finite element method by defining a fixed point mapping 7', termed Gummel’s map

[Gummel (1964)], solving each of the decoupled PNP equations and substituting these
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solutions in successive PDEs in a Gauss-Seidel fashion. The fixed points of the map-
ping T' then coincide with solutions to the PNP system, however, no convergence rate
was given for this finite element approximation. Spectral element method [Hollerbach
and Chen| (2002)] and boundary element method |[Zhou et al.| (2008)] have also been
studied for three-dimensional PNP equations, but their convergence analyses were
not conducted. Recently, an error estimate of the standard finite element method
was given in [Yang and Lu (2013)] for a type of steady-state PNP equations modeling
the electrodiffusion of ions in a solvated biomolecular system, however, their error
estimates for the potential and concentration in H' norm depend essentially on the

L? error of the concentration, which was only numerically shown to be second order.

4.2 Error analysis of finite element method for Poisson-Nernst-Planck

equations

4.2.1 Introduction

In this section, we study the a priori error estimates of the finite element approx-
imation to a type of time-dependent Poisson-Nernst-Planck (PNP) equations. Two
types of temporal semi-dicretization schemes for the time-dependent PNP equations
are introduced in |[Prohl and Schmuck (2009)] and employed to prove the existence
and uniqueness of the solutions of the discretized PNP equations. An optimal er-
ror estimate for a fully discrete finite element discretization of the time-dependent
Navier-Stokes-Poisson-Nernst-Planck system using linear element is claimed in [Prohl

and Schmuck| (2010))] without a complete proof. In fact, the techniques used in [Prohl
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and Schmuck| (2010)] for the error analysis of the temporal semi-discretization cannot
be carried over to either spatial semi-discretization or full discretization of the time-
dependent PNP equations. So far, we have not seen a priori error estimate of the
standard finite element method for time-dependent PNP equations with either semi-
or full discretization schemes in a completely correct manner.

The main purpose of this section is to provide a complete a priori error analysis for
the finite element discretization of the time-dependent PNP equations. We obtain op-
timal error estimates in L>(H') and L*(H') norms and a sub-optimal error estimate
in the L°°(L?) norm for both semi- and fully discrete finite element discretization
using linear elements. In addition, we also give an optimal error estimate in L°°(L?)
norm for the quadratic or higher-order finite element discretization.

The rest of this section is organized as follows. Section introduces the model
problem. Section describes the semi- and full discretization of the problem. The
main error estimates for semi-discretization and full dicretization are given in Section
and Section [4.2.5] respectively. Numerical experiments are reported in Section

4.2.0l

4.2.2 PNP system and its variational form

Let Q C R? (d = 2,3), be a convex bounded Lipschitz domain. The classic PNP
system was introduced by W. Nernst [Nernst| (1889))] and M. Planck [Planck] (1890))].

It describes the mass concentration of ions Cy,Cy : Q x (0,7] — RT U {0}, and the
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electrostatic potential ® : Q x (0,7] — R,

2

i=1
where 0; = 0/0t. The index i corresponds to the different ionic species, and ¢; is the
charge of the species 7, for simplicity, in the following we choose ¢ = 1, ¢o = —1. F;
(1 =1, 2, 3) denote the reaction source terms. Note that the convection terms given
in (4.1)) are in divergence form.

Denote the initial concentrations and potential by (C?, C9, ®°). Either flux-free
condition or Dirichlet type boundary conditions can be applied to the PNP equations
[Burger et al.| (2012)]. For simplicity, we shall consider the homogeneous Dirichlet

boundary conditions as follows:
Cl CQ = O, on 0 x (0, T]

The weak formulation of the system (4.1)-(4.2]) is given as follows: find C; €

L2(0,T; HY () N L= (0,T; L= (), i = 1,2, and ®(t) € HJ (Q) such that,

(0:Cs,v) + (VC;, Vv) + (qu-VCD Vo) = (Fj,v), Vv e Hy(9), (4.3)

(VO, V) — Zqz L 0) = (F3,0), Voe HNQ).  (4.4)

In [Gajewski and Groger (1986)], it was proved that there exists a unique solution

(Cy, Cy, @) satistying (4.3)-(4.4) when F; € L2(0,T;R?).
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4.2.3 Finite element discretization

Let 75, be a quasi-uniform mesh of  with mesh size 0 < h < 1 |[Brenner and Scott

(2002)] and define the corresponding finite element space S, C H} by
Sy = {U € H! (Q) : U|3Q =0 and U|K S Pk(K),VK € E},

where Py (K) is the set of polynomials of degree k or less.
The semi-discretization to (4.3))-(4.4) is defined as follows: find (Cyp, Caop, @) €

[S]? such that,

(atcz',ln Uh) + (Voi,ha vvh) + (qui,th)}H V'Uh) - (EJ Uh); vvh S Sh7 (45)
2

(Y, Vn) = > 6 (Cin,én) = (Fs,61),  Vou € S, (4.6)

=1

with the initial condition (C?,, C3,, ®}) given by the interpolation of (C7, C3, ®°) in
[Sp]? and the Dirichlet boundary condition Cy , = Cyy, = @), = 0.

In order to give the full discretization of the system —, we first define
a uniform partition 0 = t9 < ¢! < ... < ¥ = T, with time-step size At = T/N,
and t7 = oAt, 0 € R. Also, for any function ¢, denote ¢" = @(x,t"), @”*é =
(" + ™) /2, and dyp" = ("' — p")/At.We use the Crank-Nicolson scheme for
the time discretization, i.e., given (C7,,, C3,, ®7), we seek (Cﬂrl, C’;jjl, oty € [S,)3

such that, for any v, € S, and ¢, € S},

(2

(@CP o) + (VO Vu) + (aCl 3 9e, 8 Tu) = (5w, (47)
(vcb’;*é,wh)—qui (Citon) = (0. (48)
=1

The wellposedness of (4.7)-(4.8)) can be proved by the approach given in [Prohl and

Schmuck| (2009)].
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Finally, we use the Picard’s linearization for the nonlinear term in (4.7)) and obtain

the following practical numerical algorithm:

Algorithm 4.1. 1. Initialization for time marching: Set time step n = 0, and take
the initial value (C7,,, C3,,, @) € [Sh)*.

2. Initialization for nonlinear iteration: Let (C’nJrl o C’"+1 0 CI>"+1 0) take the value
of( Ths g’h,®ﬁ) when n > 0.

3. Finite element computation on each nonlinear iteration: For | > 0, compute

<Cn+1 J+1 Cn+1 l+17 Z+1,l+1) e [Sh]i”, such that for all (vyp,vap, ¢n) € [Sh]3 and for

i=1,2,

(At <CZL;1 I+l ?h) ) (V0n+2,l+1 Vvh>

1
n (qlcn+2,l+1vq)n+2,l Vvh> _ (F-n+2,vh> 7

(2

<V®n+2’l+1 V¢h> qu< n+2,l+1,¢h) _ ( n+2’¢h>

4. Checking the stopping criteria for nonlinear iteration: For a fized tolerance € |

stop the iteration if

2
n+1,14+1 n+1,1 n+1,14+1 n+1,1
E ||Cz,h - Ci,h D, =&, e <

and set (C7Y, Cypt, @) = (C’ﬁ:l’lﬂ, Cypt, @ZH’lH). Otherwise, setl < 1+ 1
and go to Step 3 to continue the nonlinear iteration.

5. Time marching: Stop if n+1 = N. Otherwise set n < n+1 and go to Step 2.
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4.2.4 Error analysis for the semi-discretization

In this section, we give a priori error estimates for the semi - discrete solution
(Cypy Cop, @p). For the sake of simplicity, we sometimes drop the time dependence
in Ci(t), Cin(t), (t) and Pp(¢) in the following sections. Denote M as a generic
constant throughout this section.

First of all, we assume the following regularity properties hold for C; (i = 1,2),

and @ in the semi-discretization analysis:
C; € Wh(0,T; H™ nWh*°(Q)) and & € W (0, T; W1 (Q)). (4.9)
For any 7 € [0, 7], let ® € S), be the H' projection of ®(7) satisfy
(V(®(7) — ®(7)), Von) = 0,Y¢y, € Sh. (4.10)

We first recall the standard error estimates of the above H' projection in various

norms |Ciarlet (1978); Wheeler| (1973))], as shown in the following lemma.

Lemma 4.1. Let (Cy,Cy, ®) be the solution of - satisfying the regularity

assumptions , and (Cyp, Cop, ®p) be the solution of —@. Let @(7’) be

defined in , then for T € (0,T], we have the following error estimates:
ROV (@(7) = B(7)) llz2 + 10(@(7) = B(7))l|z2 + BV (@(7) = (7)) I]z2
+|0(7) = @(7)l|z2 < MAF(@(T) || rrss + [0 (7)[|rnsr) , (4.11)
and
IV(®(7) = &(7))l|zee + [10:V(D(7) = B(7)) =
< ME*((|0(7) [lwrsioe + 0@ (7) lwrsroe) . (4.12)
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In the following lemma, we prove the error estimates of d — P, and 9, <<i> — CIDh).

Lemma 4.2. Let (Cy,Cy, ®) be the solution to —, (Cip, Cop, @p) be the

solution to -(@, and ® be defined by . Then for T € (0,7,
~ ~ 2
[8(7) = @712 + IV (&(7) = @u(7)) llz2 < M D_NICH(T) = Con(Pllgz, (4.13)
=1

and

10 (B() = @u(7)) 122 + 197 ((7) = @n()) |1

<MY )0, (Ci(r) = Conl) e (414

Proof. Subtract 1| from , use . and let ¢, = ® — @, we have for 7 €
(0,77,
~ ~ 2 ~
(V(® =), V(P = @) = > qs(Ci — Cip, @ — @) = 0.

=1

By Poincaré inequality,
~ 2 ~
IV(® = @n)l72 < D NG = Cinllzz|® — @2
i=1
~ 2 ~
< MY |G = Conll 2|V (@ — @) 12,
i=1

where M is a constant depending on the size of the domain . Hence, we get

2
IV (= @) 2 < MDNIC; = Cinlo

i=1

Use the standard approach of Aubin-Nitsche duality argument for nonlinear ellip-

tic equation [Douglas and Dupont| (1975)); Liu et al.| (1996); Hlavacek et al.| (1994));

Harrell and Layton| (24); [Abdulle and Vilmart| (2012)], we can get the the L? norm
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error estimate as follows,
) ) 2
1® = @il < MBIV (& = ) [lz2 + D 1€ = Cillze.
i=1

Thus we get (4.13]).

Differentiating (4.6) and (4.10) with respect to time, and following the similar
process we can obtain the L2 and H' error estimate of 9,(® — ®,). Thus we get

(E.14). O

By (4.11), (4.13)), (4.14) and Poincaré inequality, we can easily get the error es-

timates of ® — ®, and 9;(® — ®;) in L? and H' norms, as shown in the following

lemma.

Lemma 4.3. Let (Cy,Cy, @) be the solution of {§.9)-(4.4) satisfing the regularity

assumptions and (Cy p, Cop, ®p) be the solution of —@. Then for T €

(0, T], we now have the following error estimates:

12(7) = @n(7) ]2 < MBS D(7) || s + MZ 1Ci(7) = Cin(Dll2, (4.15)

IV (@(7) = Du ()12 < MAM|S(T) || gss + M Y |ICilr) = Con(T)llz2,  (4.16)

10:(®(7) = Pu(7))ll2 < MAH(|®(7) || tr + [0, (7) | pre1)

+ MZ ICi(7) = Cin(Dllz2 + 10/(Cil7) = Cin(T))[£2) , (4.17)

and

10:V(@(7) = Pu(7)) 12 < ME* (|9(7) ]| s + 10.2(7) | s1)

+ MZ ICi(m) = Cin()l[z2 + 10:(Ci(7) = Cin(T))l[22) - (4.18)
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Next we move our focus to C; and introduce its H' projection. Define the finite
element solution C; € S, to satisfy the following variational problem at any given

time 7 € [0, 7] as
(v (ci(f) - (Zy(f)) , wh) ¥ g ((Ci(T) _ (Zy.(f)) V(1) wh> — 0, Yoy € Sp(4.19)

The well-posedness of (4.19)) can be proved by a similar approach for (4.7)) [Prohl and
Schmuck| (2009)], which shall be even simpler since (4.19) is linear with respect to C;.

Now we consider the error estimates of C; — C; in L? and H! norms.

Lemma 4.4. Let (Cy,Cy, ®) be the solution of — satisfing the reqularity
assumptions , and C; defined in . We have the following error estimates

for T €0,T]:
IC(r) = Gz + BV (Cilr) = Colm)) 122 € MIFICH() s, (4:20)

and further,

101 (C.(7) = Cim)) 1z + W97 (Cilr) = Cilr)) [

< MBF(|Cs(7) | psr + |0:CH(T) || gwsn) - (4.21)

Proof. Let I1,C; € Sy, be the finite element nodal interpolation of C;, use (4.19) we

get

(v(-0).v (e-e)) ra((e-c)vv(a-c)

C
= (V(ci- ). V(G -me) +a ((C: - C) VO,V (Ci-TLCh) . (422)
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Use Cauchy-Schwarz inequality and Young’s inequality,
IV(Ci = Cll7: < IV(Ci = C)ll2[[V(Ci = TTACy) | 2
V| 1o |V (Cs = TWC) | 22| Ci = Cil 2

+H[|V®| 1 |V (Ci — C)||12]|C; — Cil 2

IA

1 1 o NIE 2 _C112
(4_€+§) <||V(OZ ,Ci)[[72 + [[VO[|7 | Ci Cz||L2>

+2€||V(C; — C) |32,
hence

IV(Ci= ol < M (IV(C = ThCi)lle + ICi = Cilli2) - (4.23)

IN

M (BHCillsps +11C; = Cillzz )

The last inequality comes from the interpolation error estimate in H' norm |Ciarlet
(1978)].
Now we shall use Aubin-Nitsche duality argument to obtain the L? error estimate

of C; — C;. We define the adjoint problem of 1) as below,

u; =0, on 0.

By the regularity theory of partial differential equations [Evans| (2010)], it is well
known that |Ju;||g> < M||C; — Ci|12 for ®(7) € Wh=(Q).
Let II,u; € S, be the finite element nodal interpolation of u;, and use (4.19)),

Cauchy-Schwartz inequality and Poincaré inequality, we have
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== (V(Cz — OZ), V(Uz — Hhuz)) + q,,(C'Z — éi, Vo - V(Uz — Hhuz))

IN

IV(C; — C)l 2|V (w; — Tpuy) || 22

MV = V(Ci = Ci)l 121V (ui — Tws) | 12

IN

Mn||V(C; = Ci)| 2 ||ui 2

IN

MRV (C; = C)ll12[1C; = Cill 2,
where M is the Poincaré constant. Therefore,
1C; = Cillz2 < MA||V(C; — Ci)|| 2

Thus when £ is sufficiently small, use (4.23)), we get (4.20)).
Take derivative with respect to ¢ in (4.19)), and similar to (4.22)), for any v, € S,

we have,

O,V (C; — C;),0,V(C; — C)) + ¢:(8,((C; — C;)V D), 8,V(C; — C))

= (O,V(C; — Cy), 0V (Cs — I,Ch)) + ¢:(9,((C; — C)VP), 9,V (C; — II,Cy))
Therefore, by Poincaré inequality and Young’s inequality,

10,V(C; — G2, < i—EHVM%mH@t(Q = C)7: + €|V (Ci = Ci)[7a
+LIOVOIlC ~ Gl + av(C — G2
n iuatV(Oi — I,C)|172 + €|V (Ci — G317
S IVIEa(C — Gl + 510V (C: ~ THC) 2

1 ~ 1
+ §||atv®||%oo||0i —Cill72 + §||atV(Cz‘ — I01,C;) |72

105



Since € is arbitrary small, and ® € W1 (0, T; W*T1(Q)), we can get
10:V(Ci = C)|l 2 < M <||Ci — Cillz2 + 10, V(Ci = TLC) | 22 + [10:(Ci — éi)||L2> :
Use and the interpolation error estimate [Ciarlet| (1978]))], we have
9:9(Ci = Co)llzx < M (B (ICillser + 10Cillmesa) + 104(Ci = Ci) 1)

Again, by a simiar Aubin-Nitsche duality argument, we can obtain (4.21)). m

For the maximum norm error estimates of C; — C;, we give the following lemma.
The proof can be done using a similar fashion as Lemma [4.4 and some classic results

of the error estimate in maximum norm given in [Brenner and Scott| (2002); |Ciarlet

(1978); [Wheeler| (1973)].

Lemma 4.5. Let (Cy,Cy, @) be the solution of {§.3)-(4.4) satisfing the regularity
assumptions , and (Cyp, Cop, @p) be the solution of —@. Let CNQ(T) be

defined in , then for T € (0,T], we have the following error estimates:

ICi() = CilPllzee + 194 (Ci(r) = Co(r) ) s

- { MEF=2 log b (|Ci(7) | grsr + |0Ci(7) | gaer) , when k = 1,

4.24
MB35 ([|Co(7) | g1+ 10Co(7) 01 when k > 1. 2

Finally, we give a priori error estimate for C; — C;j and ® — @), in L*>°(L?) and

L>(H"') norms in the following theorem.

Theorem 4.1. Let (Cy,Cy, ®) be the solution of and satisfying the regu-

larity assumptions and (Cy p, Cop, Pp,) be the solution of and . Then
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when k > d — 1, we have a priori error estimates for T € (0,T],

1Ci(7) = Cin(T) || oo (r2y + [[V(CiT) = Cin(7)) || oo 22y

H|R(7) = (7)o 2y + [IV(R(T) = (7))l w2y < M, (4.25)

where i = 1,2 and M is a constant depending only on the reqularities of C; and ®.

Proof. Subtract (4.5)) from (4.3), and use the Galerkin orthogonality (4.19)), we have

(0(Cs — Cip),vn) + (V(Ci = Cip), Vup) + ¢ (CV® — C; , VP, V) = 0, Yoy, € Sy,

Hence,

(0,(Cs—Cip), vn)+(V(Ci—Cip), Vou) = —(0:(C; — Ci), ) — qi((Cs — Ci ) VP, Vo)

+ qz((C’Z — C%h)V((I) — (Ph), Vvh) — qZ(CZV<(I) — (I)h), Vvh). (426)

Let n; =C; — C‘Z and & = C‘Z — C} , choose v, = §; € S, we can write 1} as

4

(0 &) + (V&, V&) = Z H; (4.27)

i=1

where H;, 1 = 1,2, 3,4, are defined as

Hy = —(0mi, &),
H2 = —qz(@vfb, V&),
Hz = q'i((ci - Ci,h)v<q) - (I)h): Vfi),
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In the following, we shall estimate H,, Ho, H3, and Hy, respectively.

M 1
Hy < 0millzl&lle < MEF|& ] 22 < 7h2k+2 + §||5i||%2, (by (4.21))
1
Hy < ||V oo ||&] 22| VEi[ 2 < 4—€||V<I>||%oo||§,-||%2 + €| V&7,
Hy < ||Cillp=|I[V(® — @p) 22| VEi]| 2
2
< |ICillz (Mh’“||®||Hk+1 + Z |Cs — Cz',hHH) V& 2 (by (4.16))
=1
2
< ME|V&lze + MY 1&)172 + 2| V&7 (by (E20))
=1

Hy < qi(niV(® = ®3),VE) + ¢(6V (P — D), VE)

IN

M|millz2 (| V(@ = @)l + [ V(@ = @p) | 2=) [ VEil |2

+ M&l 2 (IV (@ = @) |z + V(S — D) || 1) [ Vil 2

IN

M (W YIVE |2 + BP||&] 121V 2)
M (R ([ 22) (IV(@ = @a) | oo [V 22 (by (4.12),(4.20))
By inverse inequality and (4.13)), we have
V(@ — @)1 < MA™2[V(® = B3)]| 2
2 2
_d _d
< Mh72) |G = Conllee < ME72 > (5122 + IImgllze)

j=1 j=1

also by (12) and (20),

Hy < M (B"VE&] 2 + A&l 2| VEll )

2
M (W4 ) D 6 e+ mslse) 96

j=1

IN

2
_4d
MBI e+ MB2 Y 6]l VE 12
j=1

2
_d
+ME75 & 2 > €] 2Vl 2.

J=1

108



Now we conduct a mathematical induction process and propose the following

induction hypothesis

W2 ||&(t) |2 < M.Vt € [0, T]. (4.28)

By the initial conditions and (4.20]), we have

h=2 (16022 < h72[|Ci(0) = Cin(0)|[z2 + B2 [|n:(0)]| 22

< MAFF2||C5(0) || s < M. (4.29)

Assume that (4.28) holds for any ¢ € [0,7%], T* < T. Use Young’s inequality, we

have

2
Hy< M (h + 3 Ng1E + e||vsi||ia) -

j=1

Hence (4.27)) reads,

2
1
SOl + V&l < M (h‘“f“ + AR Y g + eHV@-Hé) :

j=1

Take integral with respect to ¢,

t 2 t
162 + / IIV&H%QSM<h2’“+Z / ||§j\|iz>,
i=1

therefore,
2 t 2 t
> (el + [ 176l ) < (h > H@-n?p) ,
i=1 0 j=1"0
then use Gronwall’s inequality, we have for 0 <t < T™,

2
Z (H&HLW(L?) + ||V§i||L2(L2)) < MRk,

=1

thus for i =1, 2,

[1€ill 2o z2) + | VE&ill 222y < MA". (4.30)
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This implies that for £ > d — 1,

d
2

ho2||&|| e < MRF2 < M.

On the other hand, since A~ ||&]| ;2 is a continuous function with respect to ¢ €

[0, 7], thus due to the uniform continuity with time, there exists ¢ such that for any

€ [0, T* + 6], we have h™2||&]||z2 < M. Because [0,T] is a finite interval, so the
induction hypothesis holds true for all ¢ € [0, T].

Therefore, for any ¢ € [0, T7,
1Cs = Cinllpos(zz) + |V(Cs — Cin)ll 22y < MAF. (4.31)

Use (4.31)) in (4.15)) and (4.16)), we can get

| — @l poor2) + || V(P — @) || poor2) < MAF (4.32)

Lastly, we use a similar approach as above to obtain the error estimate ||V (C; —

Cin)|lLe(r2)- Choose vy, = 0, € Sy in (4.26)), thus
4 A
(v&,a atv&) atgu 8t€z Z H (433)

where fIi, 1 =1,2,3,4, are defined as

~

H, = —(8t7h'7 at£i)7
Hy = —q¢((C;—Cip)VP,0,VE),
Hy = Qi((ci - Ci,h)v(cb - ‘bh), 3tvfi)>

H4 = —q,(CZV(QD—@h),@tVfZ)
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We estimate H; respectively below:

Hy < |0millr2|0:&ill e < M (B2 + €]|0&il72) (by ([@:21))
i = ¢ (9&Ve,V (Ci—Cin)) +a ((Ci = Cin) 4V, VE) = 40, (679, 7€)
< [VOllrel|0ill 12l VEill L2 + 10V ®| oo [[&ill 22 [ VEill 22 — 60 (§V P, V&)

< M (P +ello&lz: + 1VE&I7:) — 60 (6V P, VE), (by (4.30))
Hy = —q(0(Ci—Cip) V(2 —®),VE) — ¢; (Ci — Cip) O,V (@ — @), VE)
+ ¢;0: ((Ci = Cip) V(= @), VE)
< 0:(Ci = Cip) [[22]|V (R = @p) (|10 [V 2
+Ci = Cinll 210V (P — @n) | Lo [[ V& 22
+ qi0, ((C; — Cip) V(O — Dp), V&)
< M (W 41108172 + IV&7) + @0 (Cs = Cin) V(@ — 1), V)
(by (4.12)), (4.14), (4.21)), (4.28), (4.31))
Hy = ¢ GV (®—),VE) + 4 (C:oV (@ — D), VE)
=0 (CiV (@ — @), VE;)
< NOCill L= V(D = @) [ 22|Vl 12 + |Cil| o2 [|0:V (P — D) |[ 12 ([ VEi[ 22
—qi0, (C;V (@ — ©4) , V)
< M (P + el + IVET:) — 60 (CV (@ — @), VE).
(by (ET6), (E18),[E21), (725))
Thus becomes
%%”V&H%2 + [0l 72 < M (B + el 9&[I72 + [ VET2) — 4:0:(&V®, VE)
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+ q,@t(((]z — C’%h)V((I) — @h), sz) — q,-@t (CZV (CD — q)h) ,sz) .

Since C; = C;;, and ® = ®;, when t = 0, take integral with respect to ¢, and use

Gronwall’s inequality, we have

t
IVEI7Z +/0 l0ill7> < ME* 4 116 I VO] e [ Vil 2
G = Cinll 2 IV (@ = @p) || oo [[VEi]| 12

Gl L= [V (@ = @p) [ 22 [ VE | 2-

Thus by (4.30)), (4.25), (4.31) , and the error estimates of previous terms Hy, Ho, H3

and H,, we obtain

t
V&2 + / 10,612 < M (12 + e[ Ve |2)
0
that is,
IVE&] oo (z2) + 1106l 22y < MAF,

and

IV(C; = Cip)lpos(r2) + 1(Ci = Cin)ellz2crey < MAF. (4.34)

Finally, together with (4.31)), we get

IC; = Cinllzeerzy + [IV(Ci = Cip) || 2o (z2) < MAF, (4.35)
then use (4.15)) and (4.16), we get (4.25)). O

Remark 4.1. Theorem {.1] requires that kK > d — 1 in order for the error estimates to
hold. This is due to the inverse estimate and mathematical induction technique used

in (4.28]). Therefore, this restriction of the order of the estimate polynomial should
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only apply to C}, i = 1,2, but not ®. In other words, when d = 3, it is sufficient to
use second order finite element for C; and linear finite element for ® in order to get

the results proved in Theorem [4.1]

Theorem [£.1]shows that for PNP system with convection terms in divergence form
defined in and , when k > d — 1, its finite element approximation based
upon the weak formulation (4.3) and has an optimal convergence rate in both
L>(H') and L?(H"') norms but a sub-optimal convergence rate in L°°(L?) norm.
Alternatively, if we break the convection terms in divergence form into two parts,
then the first part, ¢;VC; - V®, turns out to be a convection term in non-divergence
form, and the second part, ¢;C; AP, can be further transformed using , inducing
an equivalent governing equation of concentrations with convection terms in non-

divergence form and an extra nonlinear term on the right hand side as follows
0,C; — AC; —¢;VC; - V& = F; — q,C; (Cy — Cy + Fy) . (4.36)

Thereafter, following an analogous analysis given in [Ewing and Wheeler| (1980)] and
the proof of Theorem [4.1| we are able to obtain the following convergence theorem

for the above reformulated PNDP.

Theorem 4.2. Let (Cy,Cy, ®) be the solution of and and (Cyp, Cop, Pp)

be the solution of the corresponding discretization equations. We define
My, ={ve H (Q) :v|so =0 and v|x € P.(K),VK € T} (4.37)

and
Ny ={ve H (Q):v|po =0 and v|x € P,(K),YK € T} (4.38)
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such that, for i = 1,2, |G| peo(mr+1y, ||®| poo(ms+1y are bounded, also C;p € My and

&, € Ni,. Then we have the following error estimates,

[® — Ppl[roc(r2) + B V(® = @p)|poor2) + |Ci = Cinllroo(r2)

+ h||V(C; = Cip)llpezzy < M (R 4+ 7T+ 5T 1 (4.39)

where M s a constant depending only on the reqularity of C; and ®.

Remark 4.2. Theorem shows that, the optimal convergence rate for C; — C;p, in
both L? and H! norms could be reached if s = 2 and r = 1, or s+r > 4. The optimal
convergence rate for ® — ®,, in both L? and H! norms could be reached if s = 1 and

r=2ors+r>4.

Remark 4.3. shows that, to achieve a fully optimal a priori error estimates
given in Theorem one has to force an extra nonlinear term into the right hand
side of concentration equation, which is, however, not natural for PNP system from
the physical background perspective, moreover, the original concentration equation
is changed to be a more strongly nonlinear PDE, and may need an advanced lin-
earization scheme and more nonlinear iterations in order to reach a convergent result,

which is a tradeoff of such approach.

4.2.5 Error analysis for the full discretization

In this section we give the error estimate of the Galerkin procedure (4.7)-(4.8)) in
L>(HY), L*(H') and L*°(L?) norms.
First we give regularity assumptions for C;, i = 1,2, and ® in the full discretization
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analysis:
Cy € W30, T; H* "' nW*°(Q)) and & € W2*°(0, T; Wr>°(Q)). (4.40)
We also assume that for i =1, 2,
Fy € W2=(0,T; L*(Q)).

Next, using the similar analysis for Lemma[4.3]and [£.4] we can prove the following

results.

Lemma 4.6. Let (Cy, Cy, @) be the solution of ({{-3)-{-4)) satisfying the reqularity
assumptions , let (Cyp, Cop, ®p) be the solution of —@ and let C; be

defined in . For anyn =0,1,..., N, we have the following error estimates:

2

|07 — @12 < ME + M SO = Cyle, (4.41)

=1

2
IV(@" — @)z < MEF+ M ||ICF = Ol 2 (4.42)

=1

and
‘ a2 (Cf - C*;L) + h‘ Y (C{L - C[‘) < MR, (4.43)
L? L2

where a = 0,1,2, 3.

Theorem 4.3. Let (Cy,Cy, ®) be the solution of and satisfying the regu-
larity assumptions , and (Cy p, Cap, ®p) be the solution of and @ Then

there exists a constant M depending only on the reqularity of C; and ®, such that,

when k >d—1, fori1=1,2,

ICY = Clllze + IV(CY = Cl)llze < M ((A1)? + 1¥) (4.44)
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and

9% — B s+ V(@ — @) 12 < M ((A02 + 1) (4.45)
Proof. Let and take values at t"*1/2. 0 <n < N — 1. For any v € H}, we
get
(@O,-(t’”%), v) + (va(tn+%), w)
+ g <C~’i(t”+%)V<I>(t”+%),Vv> - <F,~(t”+%),v> . (4.46)
= C

Subtract || from l} let &8 = — C7, and 7}

+
vh—f' 2 € Sy, we have

— (7, and choose

(@Ci(t’““ ) — d,CPy €. +1> + (V@(t”* ) — VC’?,?,anﬂ)

)

ta (0 (V) — 1 IVaNT e ) (Fi(t”+%)—ﬂ"+§7§f+%>,

(4.47)
that is
(dugr. &%) + (Ve ve™s) = Sar (4.48)
where .
G = = (G — dr gt
ar o= —(dtC” 4,Cr €" l)
Gy = = (V (Gl - O v
Gt = —g (G (a(rh) - 0pth) V)
G o= —qz(<C~'Z(t”+%)—C' >V®"+2 Ve )
Gy = —qz(sfﬂvcb’ﬁ,vs )



Use Taylor’s expansion, Young’s inequality and (4.42]), we determine the estimates

for G to G as follows,

G < (AP I0uCilimam € e < (AN uCillir) + 5 16 IR,

Gl = |(dr&"H)| < (A00umil e € ez + 100l ooy 1€ 1
< S i + 510 Br + I

G5 < (BP0 Cillima € lx < SAN NI Cil i) + 56

il < |(Cie v (o) - one3) vt

1 n 1 n 1
‘ tn+ (q)n+§ _ (I)h+2) 7v§i+2)‘

= nt = n+ 1
< (A4 V| o121 Cill e 1) [IVE 2 122 + MAF(|Cil oo (10 [IVE 2 112
2
TL—{-l ~ 'n,—|-l ~ n+l
+M Y N E 21 Cill oo o) [ VE 2 2 + MBIl poo o) [ VE 2 | 12
7j=1
<

2
M, - nd
2 Cill i) ((At>4||aﬁw||im(m) + I3 + h%)
j=1
26| VE T2,
n n+ n+
G2 < (A0 F | o) 1€ 2|12 < <At> 100 Fill e z2) + 5 Lentse,

In G? and G§, we shall use mathematical induction again. Since

41
IVE 2|12

oo

G5l < (AD?[0uCill L= r2)

- ntl
v (& - @)

. - ntl
(AL |0uCill o) IV R || o) [VET [ 22

+1 +1
le 2 122 V& 122

LOO

GEl < Hv(én+é_q>z+2)

= n+3 n+ts
HIVOl oo ooyl 2 22 lIVE 2] 2,
and by inverse estimate and (4.42)),
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_d
2

<h
LOO

S g —

L2

2 2
_d nt+i n+i 4 ntl
<h BN (06 R e+ 2 e ) < MBE 4+ T8N e,
=1

=1

we give the following mathematical induction hypothesis to estimate G7 and G¢, for
any n=0,1,..., NV,

W2 ||€0|e < M. (4.49)

When £ is sufficiently small, by the given initial conditions, we have

d
2

d _d _
2|2 < B2 (0|2 + |CF = CPyllr2) < MA*H'2 < M.

Assume (4.49) holds for any n =0,1,...,J, 0 < J < N — 2, then

n ~ F n+y
G2l < MO 0uCill e ey (14 IV ) + 26l1VE 73,

n 1 ~ ntl ntl
Gel < = (L IV® i) ) 62 e + el VE 2

Note the fact that ”V(i)HLoo(Lz), Hv(i”Loo(Loo), Héi’lLoo(Loo)’ HattVéiHLoo(Lz) and

|0:4¢Cy|| oo (r2) are bounded following (4.11)), (4.12), (4.24) and , respectively.

Use the regularity of C; and ® given in (4.40)), and apply a summation of time step n
from 0 to J on both side of (4.48)), where 0 < J < N — 1, we are then able to obtain

the following inequality by means of the telescoping technique

J
]_ n—‘,—%
o (167 2 = 11EV52) + D IVE™ 1z

n=0

J 2 .
<MY ((At>4 + DN + el Ve H%) ,

n=0 J=1

then apply Gronwall’s inequality,

J
nti
&7 )20 + At IVETZ 22 < M (At + 1+ ]|€2][2,) .

n=0

118



Since

J J—-1
DUVEN <D IVE Pl + SIVE e + SIIVE e
n=0 L2 n=0
J n+i 1 0
< DOIVE " e+ 51VE e,
n=0
we have

2

16 22 + (At

J
> ver
n=0

Because C’? and C’g ,, are both defined in their approximation forms, appropriately,

) < M (A2 + 1+ [V 1o + 19 12)

L2

one can pick up an appropriate initial values for both such that ||[V&?||z2 + [|€0]|z2 <

M((At)? 4+ h¥). Thus

J

> Ve

n=0

2

&+ 22 + (At

)2 < M ((At)> +1n").

L2

This implies that when h and At are sufficiently small, for £ > d — 1,
BoEE e < M,

which proves the mathematical induction hypothesis (4.49)) holds uniformly for any
n=1,2.,N-1.

Finally, we have

ol

J
1T OO (Atn SV (- on) ||%2>

n=0
1
2 2
L2>

J

Sy

n=0

< M ((AD? + 1) + In/ | + <At

< M <(At)2 +RE (At)%h’“> .

Since At < 1, we can get

J

>_v(Cr-ci)

n=0

2
G = Gl + (At

)2 < M ((At)*> + h¥).

L2
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Let J =N —1, we get

ICN — CNll2 < M ((At)? + RF). (4.50)

Choosing v, = dt§?+§ in (4.47) instead of £?+§

and follow an analogous proof

for ||V(C; — Cip)|| L (z2) in Theorem , we can prove the error estimate in L>(H?!)
norm, i.e.,

IV(CF = e < M (A1) + 1*). (4.51)

Finally, (4.44])) follows from (4.50)) and (4.51)), and (4.45)) follows from (4.41]), (4.42))
and (4.44)). O

Having Theorem the following corollary can be easily obtained.

Corollary 4.1. Let (Cy,Cy, @) be the solution of and satisfying the regu-
larity assumptions , and (Cy p,, Cop, ®p,) be the solution of and (@) Then
there exists a constant M depending only on the reqularity of C; and ®, such that for

i=1,2,

N[

N-1 % N-1
(Atz IV (CF = ) Hiz) + (Atz IV (9" — &) ||iz>
n=0 n=0

< M ((At? +h¥). (4.52)

4.2.6 Numerical Experiments

Let © = [0, 1] x [0, 1] and choose the right hand side functions such that the exact

solutions of (4.1]) and (4.2) are given by

O (1, 19,t) = sin(may)sin(razz)(1 —e™),
Ci(1,ma,t) = sin(2mxy) sin(27wz,) sin(t), (4.53)
Cy(x1,29,t) = sin(3mxy) sin(3mxs) sin(2t),
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The boundary conditions and initial conditions are homogeneous.

In the following, we use Algorithm to find the approximate solution and com-
pute the error in L>®(L?), L>*(H'), and L?*(H') norm using both bilinear elements
and biquadratic elements. We choose the nonlinear iteration tolerance ¢ = 10~% in
Algorithm [4.1]

We first use bilinear element on uniform rectangular mesh, and choose At = h and
T = 0.5. From Tables [4.1}4.3] we can see that the convergence order in L?>(H') norm
and L>°(H") norm for both C; and ® coincide with the convergence theory shown in
Theorem and Corollary . The errors in L>(L?) norm is second order, which
indicates our theoretical estimate is sub-optimal, however, the numerical solution

presents an optimal convergence phenomenon in L*(L?) norm.

Mesh Size 1/4 1/8 1/16 1/32
[Cy = Crpllezey | 472E —02 | 1.I8E — 02 | 2.94E — 03 | 7.40E — 04
Order - 2.00E + 00 | 2.00E + 00 | 1.99E + 00
[Cy = Colleeay | 943E — 01 | 479E — 01 | 241E — 01 | 1.21E — 01
Order - 9.77E — 01 | 9.92E — 01 | 9.98E — 01
[Cy — Cunllzzany | 5-31E — 01 | 2.35E — 01 | 1.09E — 01 | 5.24E — 02
Order - 1.18E + 00 | 1.10E + 00 | 1.06E + 00

Table 4.1. (', bilinear element

Next we use biquadratic element on the same rectangular mesh and choose At = h?
and 7' = 0.125. Tables show that the convergence order is optimal in L>°(L?)
norm which also coincide with the error estimates shown in Theorem .3l The con-
vergence order in L®(H') norm and L?*(H') norm for both C; and ® are third order,

presenting a superconvergence phenomenon. Same to the case of bilinear element
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Mesh Size 1/4 1/8 1/16 1/32
|Co — Coplloo(r2y | 1.92E —01 | 4.51E —02 | 1.12E — 02 | 2.79E — 03
Order - 2.09E£ 400 | 2.01E+00 | 2.00E + 00
|Co — Copll ooy | 3.72E +00 | 1.88E 400 | 9.49F — 01 | 4.76E — 01
Order - 9.86F — 01 | 9.84F — 01 | 9.95F — 01
|Cy — Copllr2@ary | 2.14E +00 | 9.54F — 01 | 4.50F — 01 | 2.17E — 01
Order - 1.17E +00 | 1.08E + 00 | 1.05F + 00
Table 4.2. (5, bilinear element
Mesh Size 1/4 1/8 1/16 1/32
|® — ®p|lpoo(r2) | 1.19E —02 | 3.01E —03 | 7.55F — 04 | 1.89F — 04
Order - 1.98E +00 | 2.00E + 00 | 2.00E£ 4 00
|® — Dy || ooy | 1L9TE — 01 | 9.90E — 02 | 4.95F — 02 | 2.48E — 02
Order - 9.93F — 01 | 9.99F — 01 | 1.00E + 00
|® — L2y | 1.14E —01 | 5.01E — 02 | 2.33E — 02 | 1.12E — 02
Order - 1.19E +00 | 1.11E + 00 | 1.06 £ 4+ 00
Table 4.3. @, bilinear element

which produces a numerically optimal but theoretically sub-optimal order conver-
gence rate, such superconvergence for biquadratic element may be caused by the use

of uniform meshes and tensor product elements which requires further investigation.

Mesh Size 1/4 1/8 1/16 1/32
1Cy — Chnlleqz?y | 2-16E — 03 | 3:25E — 04 | 4.23E — 05 | 5.43E — 06
Order - 2.73E + 00 | 2.94E + 00 | 2.96E + 00
[Cy — Cunllz~(ar | 2.37E — 02 | 3.07E — 03 | 3.87E — 04 | 5.05E — 05
Order - 2.95E + 00 | 2.99E + 00 | 2.94E + 00
[Cy — Cunllz2any | 6.68E — 03 | 6.87E — 04 | 8.06E — 05 | 1.03E — 05
Order - 3.28E + 00 | 3.09E + 00 | 2.98E + 00
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Mesh Size 1/4 1/8 1/16 1/32
|Co — Copllpoo(r2y | 1.08E —02 | 2.04F — 03 | 2.79E — 04 | 3.57FE — 05
Order - 240E +00 | 2.87E 400 | 297E + 00
|Co — CopllLoomry | 2.12E — 01 | 2.98E — 02 | 3.78E — 03 | 4.75E — 04
Order - 2.83E +00 | 2.98E 400 | 2.99E + 00
|Cy — Copllr2@ary | 5.96E —02 | 6.70E — 03 | 7.95FE — 04 | 9.81F — 05
Order - 3.15E + 00 | 3.08£ 400 | 3.02E + 00
Table 4.5. (5, biquadratic element
Mesh Size 1/4 1/8 1/16 1/32
|® — Dyl poo(r2) | 3.19E — 04 | 4.03E — 05 | 5.04E — 06 | 6.31E — 07
Order - 2.99F + 00 | 3.00E 400 | 3.00E + 00
|® — ®p || Loy | 1.60E — 03 | 1.87TE — 04 | 2.26E — 05 | 2.815 — 06
Order - 3.10E+00 | 3.04E 400 | 3.01E + 00
|® — ®ull2mry | 6.76E —04 | 5.27E — 05 | 5.19E — 06 | 6.11E — 07
Order - 3.68E +00 | 3.34E 4+ 00 | 3.09E + 00

4.3 Error analysis of PNP equations using mixed finite element method

4.3.1 Introduction

This section continues our effort in Section and |Sun et al.] where the error
estimates of standard finite element method for a time dependent PNP model was
conducted. The goal of this section is to accurately analyze the error estimates using
Taylor-Hood mixed finite element of the semi-discrete finite element scheme and fully
discrete finite element method with Crank-Nicolson scheme for a time dependent PNP

model. We obtain the optimal error estimate in L°°(L?) norm and L*(H') norm for
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both finite element schemes in spatial discretization, and second order approximation
in temporal discretization for the fully discrete scheme.

In order to improve the convergence rate in L°°(L?) norm from the sub-optimal
to optimal when the linear finite element is used for both ionic concentrations and
electrostatic potential, we propose the mixed finite element method in this section to
discretize the electrostatic potential equation, where, if the Taylor-Hood-type P2P1
element is employed, the electrostatic potential is still approximated by linear element,
while its gradient, termed as the electric current flux, is approximated by quadratic
element. Both of them are approximated within the mixed finite element spaces. At
the same time, we still use the standard finite element method to discretize the time-
dependent ionic concentrations equations. We can further prove that the convergence
rates of both electrostatic potential and ionic concentrations are optimal in both
L>(H') and L*°(L?*) norms, simultaneously, as a byproduct, the electric current flux
can also achieve a higher approximation order in contrast with the standard finite
element method for PNP system.

Mixed method is applied to a variety of finite element methods which have more
than one approximation space. Typically one or more of the spaces play the role of
Lagrange multipliers which enforce constraints. One characteristic of mixed methods
is that not all choices of finite element spaces will lead to convergent approximations.
Standard approximability alone is insufficient to guarantee success [Pettini (2000);
Ciarlet| (1978))]. The mathematical analysis and applications of mixed finite element
methods have been widely developed since 1970s. A general analysis for this kind

of methods was first developed by Brezzi [Brezzi (1974)]. We also have to mention
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the papers by Babuska Babuska| (1973)) and by Crouzeix and Raviart |Crouzeix and

Raviart| (1973))] which, although for particular problems, introduced some of the fun-

damental ideas for the analysis of mixed methods. Mixed finite element method is

usually used to solve Stokes equations, Navier-Stokes equations and mixed Poisson

equations such as Darcy’s system |Arnold et al. (1984); Douglas et al.| (1983); Verfurth|

(1984)); Layton et al. (2003)]. So far, we have not seen an error analysis of mixed finite

element method was studied for PNP equations in any form.

In this section, we propose to use Taylor-Hood mixed element [Taylor and Hood

(1973)); |Stenberg| (1990); Boffi et al.|(2012)] instead of Raviart-Thomas element

and Thomas| (1977); |[Douglas et al.| (1983)] or Brezzi-Douglas-Marini element [Arnold

(1984))] to tackle the Poisson-type electrostatic potential equation, in view of the
convenience of implementation of Taylor-Hood element that is defined by Lagrange-
type piecewise interpolating polynomials, and the induced continuity of vector field
variable such as the electric current flux in PNP system. It is well known that, how-
ever, Taylor-Hood element without any additional stabilization can not be applied to

the mixed form of Poisson equation due to the absence of one of two discrete inf-sup

conditions of Brezzi’s theorem [Brezzi et al.| (1993); Correa and Loula; Mardal et al.|

(2002)]. In order to stabilize the originally unstable Galerkin approximation due to
the use of Taylor-Hood element, we can add the residual form of the governing equa-
tions to the discretization. Thus both the stability and the convergence are attained

at the same time, though, the convergence rate of such discretization for vector field

variable is sub-optimal in [L?(Q)]? [Brezzi et al.| (1993); Correa and Loula]. However,

the loose of one order of convergence is affordable in those cases where one has to work
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with continuous vector field variables, as what we require for the electric current flux
in PNP system, i.e., a continuous electric current field is crucial in the Nernst-Planck
equation to describe the transport of ionic concentrations. In particular, in our case
for PNP system, the very interesting fact is that, in order to obtain the optimal con-
vergence rates for both electrostatic potential and ionic concentrations, what we only
need is the sub-optimal convergence rate for the electric current field (see our error
analysis in Section . Thus, Taylor-Hood element with additional stabilization
overcomes the previous difficulty occurring to the standard fintie element method for
PNP equations [Sun et al.], and produce the optimal convergence rates for all vari-
ables. In addition, since the mixed Taylor-Hood approximation is naturally stable for
Stokes/Navier-Stokes equations, it implies that the mixed Taylor-Hood approxima-
tion method shall be the most natural way to deal with the coupled system of PNP
and Navier-Stokes equations, which is actually a popular model of the electrohydro-
dynamics problems. Based on the results of this section, we will continue our study
on the error analysis of mixed finite element method for the coupled system of PNP
and Navier-Stokes equations in the future.

This section is organized as follows. Section introduces the PNP system and
its mixed weak forms, and the error analysis for the semi-discretization scheme with
the mixed finite element method is given in Section [£.3.3] Section conducts the
full discretization scheme. Numerical experiments and validations are illustrated in
Section

In the following sections, for the sake of simplicity, we sometimes drop the time
dependence in u(t), ®(t) and C;(t) or drop the domain Q in WHP(Q), HY(Q), L*().
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We use M to denote generic constant throughout the section.

4.3.2 PNP system and its modified formulations

Let Q € R?, (d = 2,3) be a bounded Lipschitz domain and J = [0,7]. Then the
PNP system describes the electrostatic potential ® : Q x (0,7] — R, and the mass
concentration of ions Cy,Cy : Q x (0,T] — R, satisfying the following governing

equations

8Ci+V-E = F, i=12, (4.54)
2

—V-(V®) = > ¢Ci+F, (4.55)
=1

and the ionic concentration flux (current density) is defined as

E; = —D;[VC; + ¢;C;V ®],

where 0, = 0/0t. For i = 1,2, C; are the concentration of an ion species carrying
charge ¢; (For example g+ = 1,9¢- = —1), and D; are the spatially dependent
diffusion coefficients. F; (i = 1,2,3) denote the reaction source terms.

For the simplicity, we choose ¢; = 1, ¢o = —1 without loss of generality and
restrict the diffusion coefficients D; (i = 1,2) as constants, i.e., D; = Dy = 1. We
impose the following homogeneous boundary conditions and initial conditions, for ®

and Cl (Z = ].,2),

Ci=®=0, on 09, te(0,T], (4.56)
C;i=C), ®=0° in Q, t=0. (4.57)

127



If we introduce the electric current field
u=Vo, (4.58)

then the Poisson equation (4.55)) is reformulated as

—V.-u= T(Cl, CQ), (459)
where
2
7’(01, 02) = Z qZCZ- + Fg. (460)
i=1

Thus the concentration equation (4.54) can be rewritten as

0,C; =V - (VC, + quC;) = F;, i=1,2. (4.61)
Define
V= H(div;Q) = {v € [L*(Q)]YV -v € L*(Q)},
and
[0l = llvll7: + IV - vz,
where || - ||z2 is the usual L?(2) norm for scalar variables or [L?(©)]? norm for the

vector variables. From (4.58]), we know that without reinforcing ® with any boundary
conditions, its numerical solution is determined only up to an arbitrary additive

constant, we shall avoid this trivial difficulty by considering

W = L*(Q)/{¢ = constant on Q}.
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Then, the mixed form of weak formulation of the potential equation (4.55)) is given

as, find (u, ®) € V x W such that,

A(u,v) + B(v,®) =0, Yv eV, (4.62)
B(u,¢) = —(r(C1,Cy), ), Yo eW, (4.63)
where
A(u,v) = (u,v), (4.64)
B(u,¢) = (V- u, o). (4.65)

Based on Brezzi’s theory, for the continuous linear and bilinear forms, the existence
and uniqueness of solutions of the mixed formulation are assured by the following
Ladyzenskaja-Babuska-Brezzi (LBB) or inf-sup conditions,

(1) 3a > 0 such that
A(v,0) > aloll}, Yo € Z, (4.66)
with
Zo={veV:Bv,¢)=0,Vp W},

(2) 38 > 0 such that

B(v, ¢)
sup
veV/{0} HUHV

> B2, Vo € W. (4.67)

It is well known that these compatibility conditions impose very severe limitations
in the choice of stable finite element approximations for mixed method in general.
For instance, if discretizing in the Taylor-Hood-type P**!P* mixed finite element
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space, it satisfies the discrete form of condition for v € V,,/0 and ¢ € W),
where V,, C V, W, € W, but it does not satisfy the discrete form of condition
forve Z, ={veV,: Bv,¢) =0,Y¢p € W} , which is associated with the
coercivity of the bilinear form A(v,v) in H(div; ) norm restricted to the subspace Z;
[Brezzi et al.|(1993); Correa and Loula; [Mardal et al.| (2002)]. Therefore, Taylor-Hood
approximation is unstable for the mixed Poisson problem, and can not be applied to
Poisson equation or its variants without any additional stabilization. To overcome
these limitations, some stabilized mixed formulations have been proposed, such as
Galerkin-Least-Square (GLS) scheme [Brezzi (1974); |Correa and Loula; |Loula et al.
(1987); |[Franca et al.| (1988])].

We shall address that, there are other mixed elements, such as Raviart-Thomas
element [Raviart and Thomas| (1977)); Douglas et al.| (1983)] and Brezzi-Douglas-
Marini element [Arnold et al.| (1984)], satisfying the compatibility condition ({4.66))
and thus being naturally stable for the mixed Poisson problem, however, comparing
to these mixed element, Taylor-Hood approximation with additional stabilization can
produce a continuous electric current field [Brezzi et al. (1993))], which is crucial in
the elecctrohydrodynamics problem. In addition, the Lagrange-type interpolating
polynomials, which are used to construct Taylor-Hood element, are more convenient
to be defined as the nodal basis piecewise function in the local element, and easier to be
implemented in the computation in contrast to Raviart-Thomas element and Brezzi-
Douglas-Marini element in which only the normal components of the vector variable
are required to be continuous across element edges but not on the nodes. On the

other hand, as one of the popular Stokes elements, Taylor-Hood element is a natural

130



choice for the mixed finite element approximation of Stokes/Navier-Stokes equations.
Hence, if we are able to successfully apply Taylor-Hood mixed approximation to PNP
equations as shown in this section, then in our future numerical study on the model
of electrohydrodynamics, we can employ the same Taylor-Hood element for both
PNP equations and Navier-Stokes equations without the need to introduce different
mixed elements, more convenient and more efficient to analyze and implement the
mixed finite element approximation for the coupled system of PNP and Navier-Stokes
equations of electrohydrodynamics model.

In the following, based on the stabilization scheme given in [Brezzi (1974); Correa
and Loula], we introduce a modified weak formulation for the mixed Poisson problem
of the electrostatic potential equation when the stable Stokes element such as Taylor-
Hood element is adopted in the discretization.

It is clear that, using , one can consider, in place of , the alternative

setting

then the modified weak formulation of the mixed form of the electrostatic potential

equation (4.55)) is given as, find (u, ®) € V x W such that,

A(u,v) + B(v,®) = —(r(C1,C3),V-v), YveV, (4.69)

B(“’? (b) = _<T(Cla 02)7 ¢)7 v¢ € W> (470)
where

Alu,v) = (u,v)+(V-u,V-v),
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B(u,¢) = (V-u,9).
Then the LBB condition (14) can be rewritten as, 3a > 0 such that
A(v,v) > a|jv|3, Yv eV, (4.71)

which can be easily satisfied when discretizing (4.69) and (4.70)) in the Taylor-Hood
P*+1PF mixed finite element space.
The weak formulation of the ionic concentration equations (4.61]) are defined as,

find C; € HL(Q) such that
(8750@», Ci) + (VOZ, VCZ) + qi(uC'Z-, VCZ) = (Fw Ci) \V/CZ' - Hé (Q) (472)

with the above regularity assumptions, the existence and uniqueness of the solution
(u, ®,Cq, Cy) of — can be achieved by an analogous well-posedness analysis
which have been detailed in refs. |Gajewski and Groger| (1986); |Ciarlet| (1978)); Brezzi
(1974); Brezzi et al. (1993)] and thus is omitted here. In this section, we primarily

focus on the error analysis of the mixed finite element method in the following sections.

4.3.3 Error analysis of the semi-discretization

Let SF be the classical C° Lagrangian finite element space of degree k > 1, which
is associated with a quasi-regular polygonalization of €). In the Taylor-Hood mixed
finite element spaces V}, = [S,’f“]dﬁv and W), = SFNW, the approximation of V x W
by V}, x W}, is described by the following relations for the mixed Poisson system (|4.69)

and (4.70). If v € V and w € W, then the following error estimates of interpolation

132



hold [Pettini| (2000); Quarteroni and Valli (2008)); Brezzi and Fortin (1991)); [Loula

land Toledol| (1988))]

v;ifg/h H’U - UhH[LQ]d < M”'U”[Hk-&-l}dhk—i_l, (473)
inf o= ol < M (Jollpens + V- o) B (474)
VhEVR
inf |Jw—wpl[zz < M||w||Hk+1hk+1. (4.75)
wp €W

Let M), = SF N H(Q2) be a standard finite element space for Galerkin methods.

Then the following error estimate of the interpolation for ¢ € HY¥™ hold |Ciarlet

(1978); Wheeler| (1973))]

inf (|jc —enllzz + hllc — enllm) < M||c||H§+1hk+1. (4.76)

chEMy,

Discretizing (4.69)-(4.70)) in V}, x My, the corresponding discrete compatibility

conditions are now [Brezzi (1974)); Brezzi and Fortin| (1991))],

(1) 3o > 0 such that
A(v,v) > a|jv||}, Vv eV, (4.77)

(2) 38 > 0 such that

wp B0:0)

Z 6||¢||L27v¢ S Wha (478)
vevi/foy |1vllv

where o and  in (4.77) and (4.78) respectively have to be independent of h. The
conditions (4.77)) and (4.78) are now easily satisfied in Taylor-Hood spaces.

We define the semi-discrete mixed finite element approximation for the problem

(4.55)-(4.57)) as follows by finding the map

(Uh,¢h,017h,027h) S — Vh X Wh X Mh X Mh
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such that, for i = 1,2 and ¢ € (0,77,

A(uh, ’U) + B(v, q)h) = — (T(Cljh, CQJL), V- ’U) , Yv eV, (479)
B(uh, ¢) = — (T(Cl,h, Cz’h), ¢) , V¢ e Wy, (480)

(0:Cin, i) + (VCin, Vi) + qi(upCipn, Vi) = (F, ¢i), Ve € My, (4.81)

with the Dirtichlet boundary condition ®, = C;; = 0, and the initial condition
(up, ®,C?7,,C3,) given by the interpolation of (u®, ®°, CP, C9) in Vi, x Wy, x My, x My,
where u® = V@0,

In the following, we give the a priori error estimates for the approximation of the
solutions (wy, @y, C1p, Cap) of the semi-discrete system — to the analytic

solutions (u, ®, Cy, Cy) of (4.55)-(4.57).

First of all, we assume the following regularity properties hold for w, ® and C; (i =
1,2),
w € WH(J; [IF+12]d).
O € Whoe(J; HF3 0 Wht2oo), (4.82)
C; € Whoe(J; Whtloo)
Because of the nonlinearity of the finite element approximation equations

and (4.80)), it is always necessary to decompose the approximation error of finite

element solution by introducing a linear projection of the solution of the differential

problem (4.59) and (4.68)) into the finite element space. Consider the projection of

(u,®) € V x W, ie., (@, ®): J — V, x W, defined as

A(a,v) + B(v,®) = — (r(C1,C,),V-v), Yv €V, (4.83)
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B<’L~l'7 ¢) = (T(Oh 02)7 ¢) ) vgb € Wh. (484)

Since A(w,w) and B(v, (f) satisfy the compatibility conditions (4.77) and (4.78)), and

C; and Cy are the continuous functions in H{(f2), then by Breezi’s theory, we have

the following Lemma [Pettini (2000); Ciarlet| (1978); Brezzi and Fortin| (1991))].

Lemma 4.7. Let (u, ®,Cy,Cy) be the solution of — satisfying the regu-

larity assumptions , and (@, ®) be the solution of — , then for any

t € J, we have the following error estimates,
s =il + @ = Blls < M{inf ol + inf @ = ol
then based on and (4.75), it follows that
lu —ally + [|® — @2 < M| grssht,

where M s independent of h.

In the following lemma, we shall derive the error bounds of u;, — u and ®; — P

before we eventually get to the error estimates of w — u;, and & — &,,.

Lemma 4.8. Let (u, ®, Cy, Co) be the solution of {4.69)-{-79) satisfying the regular-
ity assumptions , (up, Pp, Cyp, Cap) be the solution of — and (@, D)
be the solution of — , then for any t € J, we have the following error

estimates,

2
lun = @lly +[1®n — @[z < MY IC; = Cills2- (4.85)

=1
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Proof. Substract (4.83) from (4.79) and (4.84) from (4.80), we have the following

equations,
A(u, — @,v) + B(v,®, — ®) = (r(Cy,Co) —r(Cyp,Cop),V-v), Yv €V,

B(“’h - ’ﬁ,, ¢) = (T(Cb 02) - T(Cl,ha C2JL)7 ¢)7 v¢ € Wh-

Letv=u,—a €V, ¢=>=,—DecW,, then

(uh—ﬂ,,uh—ﬂ)—{—(v-(uh—ﬂ),V-(uh—ﬂ))—i—(v-(uh—ﬂ),@h—@)

= (’I"(Cl, CQ) — T(Cl,in CQJL), V . (’U,h — ’&)) (486)

(V . (uh — ’l]), (I)h — (I)) = (7“(01, 02) — ’I“(Cl’h, Cgﬁ), (I)h — (I)) (487)

Considering (4.60)) in (4.86)), we have

) 2
lun = al} + (V- (up — @), & =€) < MY Ci = Cinllz2]|V - (un — @)l|2,(4.88)
i=1
then
. 2

(V- (up — @), @, — ) <MD _||C; = Cinllz2 |V - (un — @)1 (4.89)

i=1

Applying the LBB condition (4.78) to (4.89), we attain

- 1 B(uy, — a1, &) — &
1@y — B2 < - sup (un — @ &1 — @)
B wp—aevi/{0} |un — ally
2
2 NG = Cinll 2 IV - (un — @) 12
< M= _
|lun — ally
2
< MY |G = Cinlle. (4.90)
=1
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On the other hand, we can get the following estimate with the help of (4.88)) and

(14.90))
lun — a7
) 2
< M <||V (un = @)||2 [P — |2 + D ICs = Cinllr2 |V - (un — ?1)||L2> :
i=1
2
< MZ |Ci = Cipllr2||un — al|v,
i=1
then
2
Jun = @l < MG = Cullie. (4.91)
i=1
O

Using the triangular inequality, Lemma and Lemma 4.8, we have the following

Theorem.

Theorem 4.4. Let (u,®,C,Cs) be the solution of({.69)-(4-73) satisfying the reg-

ularity assumptions , (up, Pp, Cyp, Cop) be the solution of — , then

for any t € J, we have the following error estimates,

2
Hu — uhHV + ||(I) — (I)hHLQ S M <H(I)||Hk+3hk+1 -+ Z HCl - Ci,hHL2> . (492)

=1

Remark 4.4. Since |[u — up|z2¢ < [Ju — uplly, we also hold the following error

estimates,

2
|u — wp|jp2ge < M <Hq)HHk+3hk+1 + Z 1C; — Cz’,hHLQ) : (4.93)

=1
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Next we move our focus to C; and introduce its H'-projection first. Define C; be

the projection of C; on M, given by, for any ¢ € (0,7],
(V(OZ — éz), VCZ) + ql(u(CZ — éz), VCl) =0 VCZ' € Mh, (494)

then we have the following Lemma.

Lemma 4.9. Let (u, ®, Cy, Co) be the solution of {4.69)-{{-79) satisfying the regular-

ity assumptions , C; be the solution of , then we hold the following error

estimates for C; and their temporal derivatives,
IC; = Cillzz + h||Ci — Cil|mr < M||Cy| grrsa b, (4.95)

10(Ci = C)ll2 + 1ll3(Ci = o)l < M ([ Cillsress + [0 Cillses) L. (4.96)

Proof. Let C; — C; = C; — 11,C; + 11,C; — C;, where I1,C; € M, is the finite element

nodal interpolation of C; and consider (4.94)), we get

Use Cauchy-Schwarz inequality and Young’s inequality,

IV (C; — Cy)22
< V(G = C)||22lIV(C; — hCi) |22 + |Jwlljzo1al|C; — Cill12]|V(C; — TR Cy) || 12

[l iz1a]|C; — Cill12]|V(C; — C3) |2

1 1 9 2 2
< (g 3) (I9C - MO + Iyl Cil)
+ 2¢||V(C; — G2, (4.98)
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where € > 0 is sufficiently small. Since [[u||{zjs is bounded by the regularity assump-

tion, and use the interpolation error estimates (4.76]), we have

IV(C; — C)| 2 < M(||V(C; = I1,Cy)|| g2 + || C; — Cil|12)

< M(B®||Ci|l gwsr + 1|Cs — il 12)-

By the commonly used Aubin-Nitsche duality argument for the error estimate in >

norm [Sun et al.; [Pettini (2000); Ciarlet| (1978)], we can derive

IC: — Gl < MAIV(C; — G2 (4.99)

Thus when & is small enough, (4.95)) is obtained.
Take the derivative with respect to ¢ for each term in (4.94)), we have the temporal

derivative H' projection,
(V@t(GL — él), VCJ + qz-(u@t((]i — éz> + 8tu((]i — éz), VCZ) =0

take ¢; = 0,(C; — C’Z), then do the error analysis which is analogous to the derivation

of (4.97)-(4.99)), we can get the additional error estimate of (4.96)). O

Take the derivative with respect to ¢ for each term in (4.97)), we have,

(VO,(C; — C)),V(Ci — CY)) + qi(udi(C; — Cy) + 0u(Cs — C;), V(C; — CY))

= (V,(C; — Cy), V(C; — I, CY)) + ¢;(udy(C; — Cy) + dyu(Cy — C;), V(Cs — T1,Cy)).
(4.100)

Then being analogous to the derivation of (4.98)-(4.99), we can get the additional

error estimate of (4.96]).

Similarly, we shall have the following classic maximum norm error estimates

rlet| (1978); (Girault et al.| (2004)); Shen and Deng| (1993))].
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Lemma 4.10. Let (u, ®,Cy,C5) be the solution of [4.69)-(4.79) satisfying the reg-

ularity assumptions , and (11,515,(31,6’2) be the solution of , and

, then for any t € J, we have the following error estimates,

[ = @ < M||®|yrnne| In A|RF232

~ M||Cillwisroe| In A|RET=E | =1,
1C;i = Cillpe < )
M ||Cyl[ypristohF 175, k> 1,

which indicates that both ||| (pe)a and |C; |2 are bounded.

Finally, we give the error estimates for v — up , & — @, and C; — ;) in the

following Theorem.

Theorem 4.5. Let (u, ®,Cy,Cs) be the solution of {4.69)-(4-73) satisfying the reg-

ularity assumptions , and (up, ®p, C1p, Cop) be the finite element solution of
- , we have the following error estimates,

Hu — 'u/hHLoo(J;V) + H(I) — q)h||Loo(J;L2(Q)) < th+1, (4101)

||C$ — Ci,h||L°°(J;L2(Q)) + hHV(CZ — Ci7h)||Loo(J;L2(Q)) < th—H, (4102)

where M is a constant independent of h and dependent of the reqularity of w, ® and

C;.
Proof. Subtract from , for any given ¢; € M), we have,
(0u(Ci — Cip), i) + (V(Ci = Cip), V) + ¢i(uC; — upCip, V) = 0. (4.103)
Since
¢i(uC; — upCip, V)
= ¢;(u(C; — C’l), Ve) + ¢i((u — uh)@, V) + qi(uh(é’i —Cin), Vi),
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(4.103]) can be written as

(0iy ci) + (Omi, i) + (V& Vi) + (Vni, V) + qi(un;, V)

+ Gi ((u — uy)C, Vc@-) + gi(upé;, Ve;) = 0, (4.104)

where & = CNQ —Cip,mi=0C; — a Let ¢; = & and consider 1} we obtain

(016, &) + (V& V&) = —(0mi &) — 4 ((u — )G, V§i> — qi(un&i, VE&). (4.105)

In the following, we shall estimate the terms on the right hand side of (4.105]),

respectively, by means of Lemma 3.1-3.4.

@i, &) < |0l 12 116l 22
< ME (Gl s + 10:Cill o) 16l 2

< MEF el

((w = un)Ci, V)

< | Cillzeellee = wnl iz | VE] 2

2
< M| ||@f rssh®T 4+ Ch - Cjﬁ”L?) V&2
7j=1
2 2
S M H(I)HHI“"'Sth_l—FZHC]'HH’“‘Hhk—H—}—ZH&]’HIP) “V&”Lz
i=1 i=1
2
< MR H&Hia) + €| V&[72,

J=1

(un&i: V&) < (llun — @llipoga + @l zoga) [1€ill2 | VEll2.
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By the inverse inequality and Lemma [.8 we have

2
~ —d ” -5
= @lgoga < M|y = @llypae < MA™2 ) [|C5 = e
=1
., 2
<Mh72 )y (&l + Imjllze) s

=1

then by Lemma [4.9]

(Uhfia Vfi)
2

< Mh™2 (1122 + [|C || arrs P N&il 221Vl 22 + M| &Nl 22Vl 2

j=1

IN

2
_d
M (h 21 &l 21V &l D Nl + 116132 + 6HV§¢||%2) . (4.107)
j=1
Now we make an induction hypothesis as
|G (0)2 < M, VE€ [0,T7) (4.108)

Certainly, for any reasonable choice of the initial condition (4.108)) holds for ¢ = 0.

Let (4.108) hold for t < T™ < T for some T* > 0. Thus, then

2
(un&i, V&) < M (Z €172 + €||V§z‘||%2> :

j=1

So, (4.105]) reads,

2
%at(&,&) +(V&, V&) <M <h2’“+2 + ) NG5 + e||vgi||12) . (4.109)

Jj=1

Take integral with respect to t in (4.109)), we have

t 2 ¢
e+ [ HV@-(ﬂH%dréM(; / ||sj<r>|réd7+h2k+2),

and further,

2

) (II&II% -/ t ||v&<f>||3d7) <u (Z / ) Rar + h) |

i=1
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By Gronwall’s inequality, for any ¢ € [0, T*], we attain

2

> (IlB iz + IVl ey ) < MA2,

i=1

thus for i = 1, 2,

1&ill Lo (riz20) + IVEN 2522y < MAF, (4.110)

where M depends on T" and the regularity of u,® and C; (i = 1,2), but does not
depend on h.

Note that since we require £ > 1 in Taylor-Hood space, implies that the
induction hypothesis holds for ¢ € [0, 7] in dimension d = 2 and 3, considering
that [|£;(t)]|z2 is a continuous function of t.

Therefore, combining with Lemma 4.9, we obtain the following error estimate, for

any t € [0,7],
1Cs = Cinllros(rrz) + MIV(Ci — Cin)ll2rre@y < MBM' (4.111)

Then the combination of (4.92) and (4.111]) leads to (4.101]).

Finally, we give the error estimate of ||V(C; — Cip)| e (s02(0))- Choose ¢; = 04,

in (4.104]) and use (4.94]), we obtain
(véla atvfl) + (atfla atfz)
= (0 0&) — i ((w = w)Ci, AVE) — alwnks, VOVE). (4.112)
By doing an analogous error analysis as above, we shall obtain

IV (Cs = Cin)llzoe(gse20)) + 10:(Cs = Cin)ll 22y < MhF,

Together with (4.111]), we get (4.102)).
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4.3.4 Error analysis of the fully discrete scheme

In order to give the full discretiation of the system (4.69)-(4.72)), we first define a

uniform partition 0 = ¢ty < t; < --- < ty = T with time-step size At = T/N, then

set 1% = kAL (5 € R). Let " = p(t"), o3 = 5555 and dyg™ts = £ 52

In the following, we employ Crank-Nicolson scheme to define the full discretization
of finite element approximation for the system (4.69)-(4.72)). Forn =0,1,-- -, suppose
(ujy, @7, CT,,, C3,,) are given, find (up ™', &7+ CTFY CFFY) € Vi x W), x M, x M), such

that

A<“Z+ ,v) + B(v (I)nJr%) = - (TnJr%(Cl,h, Copn), V - U) Vv eV, (4.113)
B(UZJria ¢) = — (THJF%(Cl,h,CE,h), ¢> Vo € Wy, (4.114)

(diCI? c) + (VT2 V) + qiluy 2C02 Ve = (FI72, ), Ye; € M, (4.115)

7

where "tz (Cy,, Co) = Z q.C n+2 + F; 2. We use Picard’s method to linearize the
nonlinear term in (4.115)), and implement the following numerical algorithm to carry

out the finite element computation for the proposed PNP system.

Algorithm 4.2. 1. Initialization for the time marching: set time step n = 0 and set

(up, @), CY,, CY,) as the initial values.

n+1,0 q)n—i-l() Cn+10 On—I—I 0)

2. Initialization for the nonlinear iteration: let (u,
(upy, @, CTy, C3) asn > 0.
3. Mized finite element computation on each nonlinear iteration: For m > 0, find

n+1,m+1 n+1,m+1 n+1,m+1 n+1,m+1
(uy , Dy ,Cl ,Co, )€ Vi, x Wy, x My, x My, such that

Al ) + Blo, @77 = — (1 (€, G, V- 0) Yo € T,
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n+é,m+l

Bluy #" g) = — (1 (Cu, o), 0) Yo € W,

C?fJLFLmH_C{Lh n+im+1 n+i n+i m+1
<’ N — +(v0h2 v>+qz< ot ,Vc,»)

1
= <F~n+2,Ci> ,Vci € My,

1

4. Checking the stopping criteria for the nonlinear iteration: For a given tolerance e,

stop the iteration if

™ =l e+ @7~ ‘P?Zl’mllm

+Z|| n+1m+1 n+1,m||L2 <e, (4116)

n+1 n+1 n+1 n+1\ __ n+1,m-+1 n+1,m+1 n+1,m+1 n+1,m+1
and set (up", @3, O, O3 ) = (uy, , ®) Ol ,Co, ) . Oth-
erwise, set m to m+ 1 and go to Step 3 to continue.

5. Time marching: stop if n+1 = N. Otherwise set n to n+ 1 and go to Step 2 to

continue.

Based on our semi-discrete analysis, we derive the analogous results for the fully
discrete scheme in the following.
First of all, we assume the following regularity properties hold for w, ® and C; (i =

1,2) in the full discretization analysis,

uc W2’OO(J; [V[/'k+1,oo]d)7
O € W2(J; HF3 N Whk+2.00), (4.117)
CZ‘ S W3’00<J; Wk-i—l,oo).

Similar to the analyses of Theorem and Lemma {4.9, we have the following

results.
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Lemma 4.11. Let (u, ®,Cy, Cy) be the solution of {4.69)-({4-73) satisfying the regu-

larity assumptions . (wn, @p, Cyp, Cap) be the solution of - , and

C; be defined in L foranyn =0,1,2,..., N, we have the following error estimates

2

‘

where where M 1s a constant independent of h and dependent of the reqularity of u,

ae (Cf . é;)

+h]

ae (Cﬁ . @")

< MR (4.119)

‘L ‘H

® and C;, «=0,1,2,3.

Next we give the error analysis of the fully discrete scheme based on Crank-

Nicolson scheme (4.113])-(4.115)) in the theorem below.

Theorem 4.6. Let (u®, %, CF CF), 1 < R < N, be the solution of {4.69)-{4-79) at

t = RAt satisfying the regularity assumptions , and (ulf, th, C’fh) be the

solution of - . We have the following error estimates,
1 —wglly + @7 = @] < M((At)* + A, (4.120)

ICF = Cllez + RIV(CS = C) e < M((AG* + B*Y). (4.121)

Proof. First, let each term in 1) take value at "2 = (n+3)At, 0<n <N -1,

then we have the following equation for the projection C,

<V(Ci(t"+%) _ Gy, Vci>

+ g (u(tn+%) <Oi(t"+%) - C‘,-(t"*é)) ,Vci> —0, Ve, € My, (4.122)
Let &' = é}‘—C{fh, N = C’?—C’?, subtract (4.115)) from || combine the projection
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1
equation (4.122) and choose ¢; = {Z-HZ, we have

7

(acuereh) - e 675 + (Vi) - VO )

g (WG — O VETE) = (R — BTG (4123)

Each term on the left hand side of (4.123)) can be further derived as

= G} +Gy+Gh+ Gy

(veurh - veit e
— (V@ - CE, T + (Ve e
= GI+Gy.

o (w2 G~ E e v

= o () e v ) (o

Qe
—~
~
3

+
(S
N—
Q

w\»—‘
~
<
Iy
S

+

NI

N———

g (uh et vg”*Z)

= G7+Gg +Gy.
By Taylor’s expansion, we have

Dp(t""2) — T2 = O(A)[07],

p(t"2) — o™ = O(A1)?|924).
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So by using Cauchy-Schwarz inequality and Young’s inequality with €, we have the

following estimates

G! <
G5 <
Gy <
Gy <

<
0 =

n+% n+%
MAL?|Cillwoosrzm 1€ 12 < M ((AONCH sz + 167134

nt+i nt+i
MIFE R < M (R%2 4 1773 )

n+l n+l
MAL llwse o 1€ 2z < M (A Imllace ey + 1677132

M (AL |V Cillwe iz IVE 2|2

~ n_;'_l
M (AU IV Cilyameay + €l VE )

(2

n42 nty o onts 4 2 n+i o
(Bt = F2,677) < M (A0 Elam gz + €l 1)

Using the error estimate (4.93]), we have

Gr =

+,

IN

IN

cntl oyl S B | il
g (" 3) = w2 V) g (@t - O Ve

2 Aty n+3
M (AL |lw|lw2.oo 2y |C; 2 e | VE 2 |2

M

M

2
ntl nt3 Aty nts
WS (1 e+ 2Hm>>llq N V&2 122
j=1

2
n+i ~n+i nt+i
(Awﬂhﬂwamuﬂﬂ@+4f*“+§jﬂg-QHm)IKE el VE 2 e

i=1

2
n+l n—l—l
(At)4”uHIZ/VQa°°(J;[L2}d) + R Z 1§ ° ”%2> +el|VET 217,
=0

where where M is a constant independent of h and dependent of the regularity of w,

® and C,

In G§ and G§, we shall apply mathematical induction again, since



nty  opyl ol ~ nal
< MY (g "? = @ e + @l geosa ) ICillwee a2 | V€ 152

1 1 1
Gy = g ((uy ™ =@t @ vg )
+3  ~nyl 4l +3 +3
< (™ = @ g 1 g ) N N2 96

then by inverse inequality and Lemma [4.8 we have

1 1
g™ — @™ 2 o < MR [y 2 — @R o
2
_d +3 +3
< MAEST (167 e + 7 e )
j=1

2
n+ L
< MRMEARTEY e

j=1

Make the mathematical induction hypothesis as
WEE e <M, 0<r <R (4.124)
Assume (4.124)) holds for any n =10,1,2,..., R, 0 < R < N — 2, then

n ~ ~ n+3
Gg < M(At)4||0i||w2»°°(J,L2) (1 + ||| oo (s [Loo]d)) + 2€¢[|VE 217

)

n ~ n+i n+3
Gy < M (1+||a| g [Loo]d)) 162122 + el VE 213

Note the fact that ||| e(s,ipoa), ||8t°‘C~‘,~||Loo(J;L2), ( = 0,1,2,3) are bounded

following Lemma and Lemma [4.11, Use the regularity of (4.117)), we apply a

summation of the time step n from 0 to R on both sides of (4.123]), then

R R
D (GI+GH ==Y (Gr+ Gy + Gy + G+ Gy + Gi + Gy — GYy). (4.125)

n=0 n=0

Using the telescoping technique, and take e sufficiently small, we thus obtain

R R+1 2
g UGG = 1€716) + 2% IVE 215 < M ((At)4+h2'“+2 + 2%2 1€ IIS) :
n= n=0 j=1
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Then by the discrete Gronwall’s inequality, we have

2 R

n—&-%
D NG+ A IVETEE < M((A! + R+ €),
i=1 n=0

then we have

N

R
16 12 + (Atz ||V§f+2\liz> < M((AL? + M+ 18| e).

n=0

Since the initial value of C;, C?

7, are originally given, we can always properly prescribe

the initial value for Cj;, named as C7,, to approximate Cy such that [|&][2 <

M((At)? + h**1), so that we have the following estimate

n=0

R 3
€8l ge + (Atz ||V§?+2||%2) < M((AL? + 1),

Finally, combining with (4.119), we obtain the following error estimate holding for

any R € [0, N]

2

R
ICE — CR |2 + (Atz [M(cAnirei 2>H%2> < M((At)? + hF). (4.126)
n=0

1 il
On the other hand, if choosing ¢; = dt§?+2 in (4.123)) instead of ¢, "2 and proceed-

ing the similar procedure shown as above, we can prove the error estimate of C; —C; 5,

in L°°(J, H') norm, that is, for 0 < R < N
IV(CF = CE)le < M((AY)? + hF). (4.127)

Finally, (4.126]) and (4.127)) give us (4.121)), and (4.118]) gives us (4.120)). O

Remark 4.5. The term

N

R
n—&-% n %
(AtZHV(Q ~Cin )Hiz)
n=0
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n (4.126)) actually could be considered as the corresponding term to the L*(H') norm

in semi-discretization. This is because
tR+1 R tn41 At R
/ (e )adr =3 [ o) dr = 575 (ol + 1)
0 =0 /1n n=0
- z [ (e
un+un+1 2 R il
(T) o= o3

n=0 Q n=0
Thus
i n—&-l n+ bt
ALY IV(CE = 2)HL2—/0 IV (Ci(7) = Cin(T))|[72d.
n=0

4.3.5 Numerical Experiments

In this section we will carry out some numerical experiments to test the perfor-
mance of the mixed finite element method for PNP system.

Let

& = sin(mx)sin(ry)(1 —e™?),

u = (wcos(mx)sin(my)(l —e™), wsin(wx)cos(my)) (1 —e™")),
Cy = sin(2rx)sin(2my)sin(t),

Cy = sin(2mx)sin(2my)sin(2t).

be the real solutions of the following time-dependent PNP problem, for ¢ € J,

3tC'1—V'(VCl)—V'('U/C1):F1> (.T,y) 697
0Co =V - (VCy) + V- (uCy) = F,  (2,y) € Qu=V®, (2,y)€Q,
V- -u=0C; —Cy+ Fj, (z,y) € Q,

where J = [0,0.5] and Q = [0,1] x [0,1]. F}, Fy, F3 are properly calculated using
the above real solutions. The boundary conditions and initial conditions are ho-
mogeneous, which matches with the adopted real solutions on the boundary and at
t=0.

151



In the following, we use Algorithm to find the approximate solution and com-
pute the convergence errors in L>(J; [L?]¢) and L>(J; V) norm for u, and L>(J; L?)
and L*°(J; H') norm for ®,C; and Cy. The tolerance of nonlinear iteration in Algo-
rithm is taken as e = 1075,

Let At = h, T = 0.5. the numerical results of Taylor-Hood P2P! mixed finite
element for (u,®) and P! finite element for C; and C, are reported in Table -

Table 4.9 by using uniform grids with sizes h = 1/4, 1/8, 1/16 and 1/32.

Mesh size | ||u — wp||Lo(svy | Order | [|® — ®p||poos2) | Order
1/4 7.4166E-2 - 8.4328E-3 -
1/8 1.8468E-2 2.00 1.6915E-3 2.32
1/16 4.6217E-3 2.00 4.1450E-4 2.03
1/32 1.1557E-3 2.00 1.0309E-4 2.01
1/64 2.8895E-4 2.00 2.5468E-5 2.02

Table 4.7. Numerical results for u — u; and ® — ®,,

Mesh size | ||Cy — Cyp||poosiz2) | Order | ||Cy — Cypllpoo(s,my | Order
1/4 5.7490E-2 - 9.5555E-1 -
1/8 1.4165E-2 2.02 4.8083E-1 0.99
1/16 3.5187E-3 2.01 24117E-1 1.00
1/32 8.7938E-4 2.00 1.2069E-1 1.00
1/64 2.1982E-4 2.00 6.0361E-2 1.00

Table 4.8. Numerical results for C; — C
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Mesh size | ||Cy — Cop|lroo(siz2) | Order | ||Co — Cop oo (s.mry | Order
1/4 1.0433E-1 - 1.6771 -
1/8 2.5835E-2 2.01 8.4381E-1 0.99
1/16 6.4406E-3 2.00 4.2328E-1 1.00
1/32 1.6100E-3 2.00 2.1183E-1 1.00
1/64 4.0250E-4 2.00 1.0594E-1 1.00

Table 4.9. Numerical results for C, — Cy,

From these tables, we can clearly observe the second-order convergence (‘Order’
in Tables) in L>®(J; V) norm for w and in L>(J; L?) norm for ®,C},Cy; and the
first-order convergence in L°°(J; H') norm for Cy,Cy, which verify our theories in

Theorem [4.61
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CHAPTER 5

NEW FUEL CELL MODEL

5.1 A new fuel cell model based on PNP equations

This chapter is a continuation of the model studies in Chapter 3 and Chapter
4. Here we propose a new fuel cell model that utilize the PNP model to replace
the Butler-Volmer equation so the model is no longer limited to the strong assump-
tion of equilibrium condition. The focus the changes of the new model is mainly on
the transfer current density, j, which is adopted to define the electrochemical kinet-
ics, and all the source/sink term of the governing equations of the traditional fuel
cell model are the functional of j. We know that the transfer current density j is
defined by Butler-Volmer equation based on the assumption of local equilibrium or
electroneutrality of the electrolyte [Biesheuvel et al. (2009)]. The innovation of the
new fuel cell model supposes to substitute the ionic concentrations for the transfer
current density j in an appropriate fashion, thus the ionic concentration equations
will be introduced, together with the electrostatic potential equation which essentially
relates to the protonic and electronic potential equations, therefore, the PNP system
is introduced into the new fuel cell model, coupling with Brinkman model, two-phase
transport equations of species concentrations, and/or energy equation. The govern-
ing equations of the new fuel cell model are attempted to be defined as follows in a

heuristic and not very accurate fashion.
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(C7 =V - (DJVC?)+V - (uC’) =0, in gas channel
0C? =V (DJVCT) +V - (yul?) = Gy = S,(j)+ V- (STVC),  (5.1)
in porous media,

where J = H,O, Oy, H>.

0,C; —V - (VC; + OV (D, — ®,)) = F;, i=1,2, (5.2)
du+ 5V - (puu) = V - (uVu) — Vp — £u, (5.3)
V- (pu) = S(4), (5.4)

T +V - (KVT) + V - (yrpe,uT) = Sp(j), (5.5)

V- (57 ®,) = Sa, (), (5.6)

V- (0IVD,) = Sa,(j), (5.7)

where, j is the newly developed transfer current density of the reaction, defined as
follows in terms of the ionic concentrations which are derived from the Nernst-Planck

equations ([5.2)).

j = £<Cl - 02)7

€o

where, e denotes the electron charge, and ¢y the permittivity of free space.

5.2 Error analysis of PNP-Brinkman coupling system

In this section, we focus on the numerical analysis for the combination of PNP
equations and the modified Stokes (Brinkman) equations since these two systems are
the core part of the new fuel cell model —, which are also crucial for other
electrohydrodynamical problems. We will leave the analysis for a more broader com-
bination of other governing equations in the new fuel cell model —, i.e., the
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species transports and energy equations, for the future work. The fundamental anal-
ysis techniques used in these numerical analyses shall be analogous to those employed
in Chapters 3 and 4, but the overall numerical analysis will be in a more sophisticated
manner.

Let Q = Qp U Qg € R? (d = 2,3), Qp denotes the Darcy domain and Qg the
Stokes domain, I' = 0Q2p NS 2g represents the interface of Q2p and 2g. The governing

equations are defined in 2 given as [Jerome| (2011)); Brinkman| (1949))]:

8,C; —V - (VC; + ;¥ C; —uC) = F, (5.8)
U=V, (5.9)

VU = (C) — Cy) + F, (5.10)
du—Au+Vp+ zu=—(C, — Co)¥ + F, (5.11)
~V-u=0, (5.12)

where 0, = 0/0t. ® is the electrostatic potential, C;, ¢ = 1,2, are the mass concen-
tration of ions carrying charge ¢; (For example g = 1, goy = —1), u is the velocity,

p is the pressure. The parameter K is a piecewise constant defined as

. KD7 n QD,
K= { KS7 in Qs,

where 0 < K,;; < Kp <land 1 < Kg < K0, < 00. As a consequence, the right

hand side F; turns out to be a piecewise function defined as

- fDa in QD7
F4 o { fs, in QS.

(5.8)-(|5.12)) shall incorporate with some prescribed boundary conditions and initial

conditions in order to fulfill the well-posedness property. The existence of a solution
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to a time dependent Navier-Stokes problem has been proven by Leray [Leray| (1934)]
and Hopf [Hopf| (1951))]. Uniqueness is still an open problem in the three-dimensional
case, whereas for d = 2 the solution w has been shown to belong to C°([0, T; Hay)
and to be unique [Ladyzhenskaya (1958)); Lions and Prodi (1959)]. Our problem
— is a time dependent Stokes problem which is the linear counter part of
a time dependent Navier-Stokes problem, we can have the wellposedness of the such
a solution with nonlinear right hand side of 2 dimensional case achieved from the
theories above.

Let H(div; Q) be the set of vector functions ¥ € [L*(Q)]?, such that V- W € L?(Q).
Define

V := H(div; ) (5.13)

and

I = 2L + IV - 2L (5.14)

From (5.9)), we know that without reinforcing ® with any boundary conditions, its
numerical solution is determined only up to an arbitrary additive constant. We shall
define

W = L*(Q)/{¢ = constant on Q}. (5.15)

We also define

U= [HYQ), Q= L30) = {g € Q). [ do=0), (5.16)

Let

2
r(C1,Cy) =Y qiCi+ F.
=1
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It is clear that, using (5.10)), one can consider, in place of ([5.9)), the alternative setting

[Brezzi et al.| (1993)] is

For W ¢ eV, & e W, u,v e U and p € (), define the bilinear forms as follows,

a(Wyp) = (U, ¢)+(V-T,V-v), (5.18)
B(.9) = (V-9,9), (5.19)
o) = () + 7w v)s + (Vu, Vo), (5.20)
b(v,p) = —(V-v,p), (5.21)

The governing equations ([5.8)-(5.12) can be treated by the following weak form

by finding (C1,Cy, ¥, &, u,p) € M x M x V x W x U x @ such that,

(0,Cy,¢) + (VCy,Ve) + ¢;(¥C;, Ve) — (uCy, Ve) = (Fi,¢), Vee Hy, (5.22)
a(P, ) + B(ah, @) = —(r(C1,C),V -1p), Vap eV, (5.23)

B(¥,¢) = =(r(C1,Ch),0),  VoeW, (5.24)

(O, v) + a(u,v) — b(v,p) = —((C1 — Co)¥,v) + (Fy,v), YveU, (525)
bu,q) =0, Vqge@. (5.26)

The semi-discrete mixed finite element approximation for the problem (5.8)-(5.12)

is defined by: find (Cl,ha 027}1, \Ilh,(IDh,uh,ph) € My, x My x Vi x Wy, x Up, X Qh such

thata V(C,’lp, ¢7U7q) S Mh X Vh X Wh X Uh X wa

(GtC’i,h, C) + (VCZ'JL, VC) + ql-(\IthLh, VC) — (uhCiyh, VC) = (E, C), (527)

a(Wh, ) + B(4, Pn) = =(r(Crn, Cop), V- ), (5.28)
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B(¥n,¢) = =(r(Crn, Cop), @), (5.29)
(8t'u,h, ’U) —+ a(uh, ’U) — b('l),ph> = _<<Cl,h — Og,h)\];’h, ’U) + (F4, ’U), (530)

b(up,q) = 0. (5.31)

In the following, we assume the following regularity properties hold for Cy, Cs, ¥,

D, u, p,
C; € Whe(0, T; Wet10) (5.32)
W c Wheo(0, T; [Wetheo]d), (5.33)
d € Whe(0,T; H*+3 N Wst20), (5.34)
w € L*0,T; [H*2)4 N [L>®)4 N [H]Y), (5.35)
p e L*0,T; H' N L2), (5.36)

We define the projection (\il, <i>) € Vi, x Wy, as follows,
a2, ) + B, ) = —(r(C1,C2), V - ), (5.37)
B, ) = =(r(C1, C), 9). (5.38)
Then we have the classic result for the max norm given in the following lemma,

Lemma 5.1. Let ¥ be the solution of satisfying the reqularity assumption
, and Wy be the finite element solution of . Suppose that © and ® are

defined in and , respectively, then we have the following error estimate,
@ — B poeja < M| |yyorace | In h| 275, (5.39)
Remark 5.1. Since h? < h|Inh| < 1, we can change (5.39)) as follows,

1@ — B foeja < M| |yyorach™ 2. (5.40)
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Moreover, this indicates that |¥ — \il||[Loo]d and ||lil||[Loo]d are bounded.

By the analysis of PNP equations with mixed finite element method, we know

that (5.23))-(5.24) has a unique solution, and moreover, we have the following lemma

Lemma 5.2. Let (Cy,Cy, ¥, ®) be the solution of - satisfying the regular-
ity assumptions — , and (Cy p, Cop, Wh, @p) be the finite element solution

of -, then we have the following error estimate,

[ — Wy [|(r2ga + A — By lly + [|P — Pp| 2

2
s + > |IC; = Cinllz2). (5.41)

=1

< M(h*||2]

Since a(u, v) is coercive and continuous, b(v, p) is continuous and also satisfy the
LBB condition, by Brezzi’s theory, there is a unique solution to —. It is
frequently valuable to decompose the analysis of the convergence of finite element
methods by passing through a projection of the solution of the differential problem

into the finite element space. Consider the projection (@, p) € Uy, X @), given by

CL(’[L, ’U) — b(v,ﬁ) = —((Cl — CQ)‘I’, ’U) + (F4, 'l)), Yv € Uy, (542)

b(u,q) =0, Vg€ Q. (5.43)
By Theorem 4.1 of Brinkman, we have the following lemma.

Lemma 5.3. Let (u,p) be the solution of — satisfying the reqularity as-
sumptions -. Suppose w and p are defined in and , respec-
tively, then we have the following error estimates,

=l + A= e < 20007 ( (241 o + Kslolaes ) (340
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) (K 1
b= Bllze < Mh= (—S ; 1) (—uu| osa + )

s+1 . 545
1) (5 ) )

Remark 5.2. For the sake of the simplification of later proofs, we further deduce
(5.44)-(5.45)) to the following equations,

. . Kg
|w — |2 + hllu — al|jg1e < MK_Dh 2 (||l

Hs+2 + Hp| Hs+1) , (546)

. Ks
Hp—ﬂﬂL2§A4g5ﬁﬂ4UhMHH2+HPMﬁH)~ (5.47)
D

Also by the results given in [Girault et al| (2005))], we also have the following

results.

Lemma 5.4. Let (u,p) be the solution of — satisfying the reqularity as-

sumptions -, and py, be the finite element solution of . Suppose that

u is defined in , then we have the following error estimate,

IV(w = @)[lzoea + llp — prllre < MB" (Julligesse + [Ipll ) (5.48)

Next, we consider the error estimates of w — u;, and p — py,.

Theorem 5.1. Let (C;, u, p) be the solution of (5.23), and (5.26), respectively,
satisfying the reqularity assumptions , and , and (Cyp, un, pn) be
the finite element solution of and , respectively, then we have the

following error estimates,

lw — | L2 (229

2 2 2
K
< Mh~% C; — C, + M C, — C, + M=S2ps+2 (549
(éJ! ,Nm> éJI allr2 %, (5.49)

161



1

K—SHU— Uh||L°°(U)

2 2 2
d Kg
32 R . s+1
h (;Zl I|C; Cz7h||L2> + M ;:1 |Cs — Cinllr2 —I—MKDh . (5.50)

P — pullo
K < i K Zz K?
M S, _d 2 : S S 7.s5+1
= K_Dh 2 (z‘l e _Ci7h||L2> ! Kp i—1 G = Cunlloz +MK2 P (5:51)

Proof. Subtract (5.30) and (5.31) from (5.42) and (5.43)), we have

(Ou — Oyup, v) + a(t — up, v) — b(v,p — pp) qu (C;¥ — C; ¥y, v), (5.52)

=1
b(u — uy,q) = 0. (5.53)
Choose v = u — u;, and ¢ = p — py, then
(8tu @uh, u — uh) -+ CL(’U, up, u— uh Z qz O v — Oz h‘I’ha h) (554)

By Poincaré inequality, we have

2 2
— qu((cl — C@}J‘I’, u— ’Ll,h) S MZ H‘IIH[Loo]dHC', — OivhHL2”’a — uhHU, (555)

i=1 i=1

then by inverse inequality and ({5.41]), we have
2
- Z Gi(Cin(¥ — ¥y), 0 — uy)

- qu ((C; = Cip) (¥ — W), Zqz (U —Wy), u—uy)

IN

_d o
Z 1C; — Cinll 2| ¥ — B || z21ah ™2 |6 — wp |20

2
+ D NCllLe 1% = W[ 20| @ — wl| g2

i=1
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2
d ~
< ME2) |G = Conlla % — Wal|gaa]| i — wnllu
=1
2
+M Y |Gl e || W — W[ 20| @ — ]|
=1

2 2 2
d . .
< Mh—: (Z ||Ci—Ci,h|\L2) % — wplly + MY (|Ci = Cinll2llit — wl|y-
i=1

i=1

So now we have

(8,511 — 8tuh, u — ’Ll,h) + a('& — Up, u — ’U,h)

2 2
= =) Gl(Ci—Cin) T a—w,) =Y (Cin(¥ — Uy,), i — wy)
i=1 ;

—(Oyu — Dyt b — up)

IN

2 2 2
Mh~? (Z 1Ci — C@hHLQ) 4 — wnlly + MY (Ci = Conllzell — wnlly
i=1 i=1

K
FM B a = o,

and further by the coercivity of a(uy,v,), we have,

Lo - 2
F0lu — wp[fp2 + E”u — up|gy

VAN

9 2 2
e (Z IC: - Ci,hHLQ) I = wnllo + MY 11C: = Cinli 1@ = wnlly
=1

=1

K
+Mzimﬂm—umy

Use Young’s inequality with ¢, then take integral on both sides with respect to t, and

finally use Gronwall’s inequality, we get that

1
| — wp || 2((r2ga) + K—SHﬁ — up|| e

2 2 2
_d Ky
<M Ci — Cinllr2 M Ci — Cipllre + M==h*". (5.56
< a0t (316 Culla) 43316l 0 530

By (5.46)), we can get the following error estimate ((5.56)).
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From the LBB condition, for each p € @, we have

~ b v,p _]5
lpn = pllg <M sup oo.pn = )
veUw0  ||V[lo
Subtract (5.30) from ([5.25)), we have
b(v,p —pn) = alu — up,v) = b(v,p — P +qu (U — W), 0).

By the continuity of b(vy, p,) we obtain

then

IN

VAN

15— pullo

1 N
M |w — up|o + Mllp — pllg
D

2 2 2
+Mp <Z [ Oi,h||ﬁ> FM DG~ Gl
i=1

=1

2 2 2
_d Ks K3 s+
M=t 2(2 IC: - cmnm) Mg D IC = Cunlle + Mg

lp =pnlle < llp = plle + 1P = prlle

Kg _a K3
M—Sh (ZHO CZhHL2> +MK ZHC Ci,hHLerMthﬂ

]

Define the finite element solution C; € S), to satisfy the following variational

problem at any given time 7 € [0, 7] as

(v (Ci . c) ,vc) + g ((0 . (J) v, vc)

—((Ci= C)u.Ve) =0,vc € My, (5.57)
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The well-posedness of can be proved by a similar approach for [Prohl
and Schmuck! (2009)], which shall be even simpler since W is a continuous function in
(5.57)).

Because ||u/|{po¢ and || ¥ ||;;)« are bounded, similar to Lemma 4 in PNP, we have

the following lemma.

Lemma 5.5. Let (Cy,Cy) be the solution of satisfying the regularity assump-

tions , and (Cy p, Cayp) be the finite element solution of . Suppose that C;,

1=1,2, are defined in , then we have the following error estimates,

\ Ci— G, +h Hv (ci - c) \LQ < MBS Cyll s (5.58)
and further,
o (ci= &), + 1o (e:- ).
< MBEH(|Cill goss + 10:Cill osr) - (5.59)

Theorem 5.2. Let (C1,C, ¥, ®,u,p) be the solution of (5.29)-(5.26) satisfying the
reqularity assumptions -, and (Cy p, Cop, Wh, p,wp, p) be the finite ele-

ment solution of — , then we have the following error estimate,
KS s+1
|Ci = CinllLe 2y + R V(Ci = Cin)llzoor2y < MK—Dh , (5.60)
where i = 1,2 and M is a constant depending only on the reqularities of C; and ®.
Proof. Subtract (5.27)) from ([5.22)), and use the Galerkin orthogonality (5.57)), we have

(@(C’Z — Ci,h)> C) + (V(él — Ci,h)a VC) + ql(él‘Il — Ci’h‘I’h, VC)
— (CZU — Ci7h’ll,h, VC) = O,VC e M,,.
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Hence,

(0:(Cs = Cip),e) + (V(Ci = Cy1), V) = —(0,(C; — Ci), ¢) — a:((Cs — Cip) W, V)
+ Gi((Cy — Ci ) (¥ — W), Ve) — ¢;(Cs(® — ), Ve) + (C; — Cyp)u, Ve)

— ((C; = Cip)(u—up),Ve) + (Ci(u —uyp), Ve).  (5.61)
Let n; =C; — é, and & = C‘l — C} , choose ¢ = &; € Mp, we can write 1) as

7
(@&, &)+ (V&, V&) = > Hi, (5.62)

=1

where H;, i = 1,...,7, are defined as

Hy = =0, &),

Hy = —qi(&¥, V&),

Hy = qi((C; = Cin)(¥ — ¥,), V&),
Hy = —qi(Ci(¥ —¥,), VE),

H; = (§u, V&),

Hg = —((Ci = Cipn)(u —up), V&),

H; = (Ci(u—uy),VE).

Then we have

B < ool < MaH s < TR + 6k,
Hy < el 1VEl 2 < Il + V&N,
Hy < Nl 1V&l > < lulfmalel3e + IVEN:,
Hy < ||Cillze||¥ — P lliz2)4[| VEil| 22
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2
< Gl (Mhs“ll@l e+ Y 1IC; — Cj,hllm) IVEillL2

J=1

2
< MEPP 4 MY |17 + 26| VE 7.

=1

Use the boundedness of |¥ — liIH[Loo]d and [|u — @||{po0)a

Hj

VAN

IN

IN

IN

IN

Gi(ni(® — Wy), V&) + qi(&(¥ — ¥,), VE)
M|[n3]| 2 (]| ¥ — li’||[L<>o}d + ||‘i’ — Wp)ipeera) [ V& 2
+ M2 = B[ g + [1F — @) 110 | V] 2
Mh (B8 4 g || — Ul 1£2)0) [ VEill L2

+ M| (% + b2 | % — By | 210) [ VE | 12
MRB*+25||VE | 2 + MET2612 [VE 12

2
_d
+MBTE (Y Gl )V 22

J=1

2
FMEE 4D N )Nl 22 V&l

j=1

s4+9o—4d s+1-2
MR P275|VE | 2 + MET72 )& 12| VE 12

2 2
_d _d
+METT2 N G2 I VEl e + MBT2 Y 16l 2 ll€ll 22 1Vl 2.
=1 i=1

Now we conduct a mathematical induction process and propose the following

induction hypothesis

W8 ||& ()2 < M, VE € [0,T). (5.63)

then for any k£ > 1,

h=2)|&(0)]|2 < h™2(|Ci(0) = Cin(0)]| 22 + h™2 |9 (0)]| 2

< MAF2)|C5(0) || grss < M. (5.64)
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Assume that (5.63]) holds for any ¢ € [0,7*], T* < T. Use Young’s inequality, we

have

2
Hy <M <h2s+2 + 12 lIgl7e + ell%llé)

J=1

Apply (5.63) to (5.56)), we have that

2
~ K S
% — wpllp2e < MY ||Ci = Clh\|0+MKDh 2, (5.65)

i=1

and by (5.48)), we also have
[ — @l jpoeja < IV (u — @) ||[poge < MEH, (5.66)
then use ([5.65)), (5.65) and inverse estimate, we have

Hg < Mljmil[> ([l — @l zooja + |0 — wnlfj00a) [VEi] 2
+ MGl 2 (lw = aflzeia + | = wnlz<a) [ VE]| 2

2
K
< Mh“l@fgijwz—camm+iKsm“‘)HV@mz

j=1
Kg

2

_d sqo_d

+ M|[&]| 2 (h 2 Z 1Cs — Cjnllze + K_h 2 ) [V&il| 2
j=1

Use Young’s inequality with € and use (5.63) again, we further obtain,

K
Hy < Mh* <1 +h5T 4+ K—SW?) V& 2

Ks

M ; 1 hs+l
P R

hw-ywwm

KS s KS
< Mh Ve + M &l 1V il

IN

K S
ﬂ@ﬁﬁ“+Mkﬂmm+¢va
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Apply (5.63) to (5.56)), we have

Hy < (|G| oo [lwe = 120 VEi] 2

Ks
< |Cillz= (ZHSJIILQ + R = ) IVE]| >

7=1

IN

2

K S

Mt 4 3 Nl +ell Vil
j=1

Hence ((5.62)) reads,

1 K2 , . K2
Ol&z: + V&l < M <K§ R g 5 >l + GHV&-Hiz) . (5.67)

Take the integral of (5.67)) with respect to ¢, take the sum of i = 1,2, and use

Gronwall’s inequality, then we get, for any t € [0, 77,

2

K S
D Ul ez + i aany) < Mgz ™+,
=1

thus for i = 1, 2,

Kg
1&ill Loe 2y + |&ill 2y < MK
D

R
This also shows that ((5.63) holds when s > 1 and d = 2, 3.
Therefore, by (5.58)), we get

Kg

|Ci = CinllLe 2y + R V(Cs = Cin)ll 22y < MKDhS+1’ (5.68)

and further,

K
||V(CZ — Ci,h)||L°°(L2) S MK—ShS (569)
D
Finally, by (5.68)) and (5.69)), we arrive at (5.60)). O

By Theorem Theorem [5.2] and Lemma [5.2] we have
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Theorem 5.3. Let (C1,C, ¥, ®,u,p) be the solution of (5.29)-(5.26) satisfying the

reqularity assumptions —, and (Cy p, Cop, Wh, Pp,wp, pp) be the finite ele-

ment solution of — , then we have the following error estimates,

KQ
||u — ’u,h||[L2]d + ||'lL — uh“U < M—Shs—H,
K2
. < M_Shs—‘rl
Ip = pallg < M2,

K
W — W20 + bl ¥ — W]y < MK—ShS+1-
D

K
1B — Byl < M=2pH1,
Kp

where M is a constant that is only dependent on ||w||/jgs+2pa, [|p||ms+1,

H5+3 .

10,Cil

ge+1 and |||
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CHAPTER 6

CONCLUSION

Electrohydrodynamics (EHD) is the term used for the hydrodynamics coupled
with electrostatics, whose governing equations consist of the electrostatic potential
(Poisson) equation, the ionic concentration (Nernst-Planck) equations, and Navier-
Stokes equations for an incompressible, viscous dielectric liquid. Electrohydrody-
namics can be regarded as a branch of fluid mechanics concerned with electrical force
effects. It can also be considered as that part of electrodynamics which is involved
with the influence of moving media on electric fields. EHD has been applied in many
areas, such as EHD enhanced heat transfer, EHD pump, electrospray mass spec-
trometry, electrospray nanotechnology, EHD printing, ion channel in biophysics and
electrophysiology, fuel cell dynamics, etc. Excellent review work on the history, re-
search, and applications of EHD have been published in |[Fylladitakis et al. (2014));
Chen et al.| (2003))].

In this dissertation, we focus on a specific application of EHD - fuel cell dynamics
- in the field of renewable and clean energy, study its traditional model and attempt
to develop a new fuel cell model based on the EHD model. Meanwhile, we develop a
series of efficient and robust numerical methods for these models, and carry out their
numerical analyses on the approximation accuracy. In particular, we analyze the
error estimates of finite element method for a simplified 2D isothermal steady state

two-phase transport model of Proton Exchange Membrane Fuel Cell (PEMFC). With
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the help of Kirchhoff transformation, we overcome the discontiuous and degenerate
water diffusivity and made finite element analysis successful. The optimal conver-
gence orders in H'! norm and the sub-optimal convergence order in L? norm for both
pressure and water concentration, are achieved. It is the first time the finite element
error estimates are analyzed for a steady state multiphase mixture (M?) model of
FEMFC. The results of numerical experiment verify the accuracy of our presented
error estimates on a sequence of nested grids produced by a grid doubling. We also
analyze the error estimates of finite element method for a simplified 2D isothermal
transient two-phase transport model of PEMFC. The optimal convergence orders in
L>(H') norm and the sub-optimal convergence order in L>(L?) norm for both pres-
sure and water concentration, are achieved in semi-dicretization and full dicretization,
repectively. It is the first time the finite element error estimates are analyzed for a
transient multiphase mixture (M?) model of FEMFC.

On the aspect of hydrodynamics arising in the fuel cell system, the fluid flow
through the open channels and porous media at the same time, both Navier-Stokes
equations and Darcy’s law are involved in the fluid domains, leading to a Navier-
Stokes-Darcy coupling problem. In this dissertation, we study a one-continuum model
approach, so-called Brinkman model, to overcome this problem. Specifically, we study
the 2D or 3D steady state Brinkman model derived from the traditional form using
a parameter re-scaling technique to overcome the difficulties raised from the discon-
tinuous pressure and flux. We analyze the error estimates of mixed finite element
method for Brinkman model and Forchheimer model and obtain the optimal conver-

gence rate for both velocity and pressure. On the other hand, we apply an asymptotic
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analysis on Brinkman model to figure out how accurate the Brinkman model approx-
imates to its corresponding Stokes-Darcy coupling problem, we get the convergence
result in quantitative measure with respect to the piecewise constant permeability.
Numerical experiments are given to verify the convergence with respect to mesh size
for both Brinkman model and Forchheimer model, and with respect to the piecewise
permeability as well.

To develop a new fuel cell model based on EHD theory, in addition to the two-
phase transport model of fuel cell, we carry out a series of numerical analyses for
Poisson-Nernst-Planck (PNP) equations, which are the essential governing equations
involved by EHD model. We first develop a standard finite element method for PNP
equations, and give a priori error estimates of both semi- and fully discrete finite ele-
ment approximation schemes. The optimal convergence order in L>(H"') and L*(H"')
norms and sub-optimal convergence order in L*°(L?) norm with linear element, and
optimal order in L*(L?) norm with quadratic or higher-order element, for both the
ion concentration and the electrostatic potential are achieved. To the best of the au-
thors knowledge, it is the first time a complete a priori error analysis is given for the
finite element discretization of the time-dependent PNP equations with convection
terms written in the divergence form. The theoretical results are verified by numerical
experiments. In addition, we also develop a mixed finite element method to solve the
Poisson equation in PNP system for the first time, in correspondence with the mixed
finite element method for Navier-Stokes equations. Considering that EHD model
consists of both Navier-Stokes equations and PNP equations, it is natural to choose

the same numerical method to discretize the coupled system of governing equations.
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In particular, we propose to solve the electrostatic potential equation with a mixed
finite element method by introducing the gradient of the elecctrostatic potential as a
new variable, and solve the time-dependent ionic concentrations equations with the
standard finite element method. The optimal convergence orders in L>°(L?) for the
electrostatic potential ®, and, L>°(L?) and L>(H"') for the concentration of ions C;
and C5 are achieved in both the theoretical analysis and numerical experiment.
Finally, we are able to further extend the traditional fuel cell model in view of
EHD characteristics, and develop a new fuel cell model by appropriately combining
PNP equations with the traditional fuel cell model. In this dissertation, we only
carry out a numerical analysis for the coupled Brinkman model and PNP equations,
which is the essential spirit of EHD model, and leave the analysis of the rest coupling
system for the future work. In particular, we give a priori error estimates of both
semi- and fully discrete mixed finite element approximation schemes for the time-
dependent Brinkman coupled with PNP model. A sub-optimal convergence order in
L? norm for velocity and optimal convergence orders in all the other necessary norms
for the ion concentration, the electrostatic potential, the velocity and the pressure

are achieved.
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