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INTERIOR-EXTERIOR PENALTY APPROACH FOR SOLVING
ELASTO-HYDRODYNAMIC LUBRICATION PROBLEM: PART I

PEEYUSH SINGH AND PRAWAL SINHA

Abstract. A new interior-exterior penalty method for solving quasi-variational inequality and
pseudo-monotone operator arising in two-dimensional point contact problem is analyzed and de-
veloped in discontinuous Galerkin finite volume (DG-FVEM) framework. We derive a discrete
DG-FVEM formulation of the problem and prove existence and uniqueness results for it. Optimal
error estimates in H' and L? norm are derived under a light load parameter assumptions. In
addition, the article provides a complete algorithm to tackle all numerical complexities appear in
the solution procedure. Numerical outcomes are presented for light, moderate and relative high
load conditions. The variations of load parameter and its effect on the evolution of deformations
and pressure profile are evaluated and described. This method is well suited for solving elasto-
ehydrodynamic lubrication point contact problems and can probably be treated as commercial
software. Furthermore, the results give a hope for the further development of the scheme for
extreme load condition, observes in a more realistic operating situation which will be discussed in
part II.

Key words. Elasto-hydrodynamic lubrication, discontinuous finite volume method, interior-
exterior penalty method, pseudo-monotone operators, variational inequality.

1. Introduction

In the last century, a various attempts have been devoted by a large scien-
tific community in shaping a more solid mathematical foundation, modeling and
developing a robust scientific tool in the area of lubrication theory (study of thin-
film flows). In particular, elasto-hydrodynamic lubrication (EHL) has picked up
a notable innovation pace since its acceptance as the essential physical phenom-
enon behind the flourishing operation of many important industrial devices such
as journal bearings, rolling contact bearings, gears etc. An extensive list of con-
tributions of EHL model and theoretical development can be found mainly in
[6, 29, 37, 12, 11, 24, 25].

EHL is indispensable mechanism of thin fluid-film lubrication characterized by
high contact pressure. As a consequence an exceptional elastic deformation and
piezo-viscous increase in lubricant viscosity. The mechanical action (squeezing,
shearing etc) changes the lubricants film thickness, viscosity and density which
account for the variation of bearing performance characteristics. Therefore, a qual-
itative and precise prediction of the elasto-hydrodynamic lubrication model requires
consideration of the constitutive equation for the lubricant. In literature, numer-
ous models [21, 29] have been introduced to describe the basic aspects of the EHL
theory, where the three main attributes of this kind problems are quoted; the fluid
hydrodynamic displacement (govern by Reynolds equation), the solid elastic defor-
mation and the cavitation generation. Typical lubricated devices consist of a thin
flow of lubricant between two contacting geometries in relative movement. Classi-
cally, this equation (known as Reynolds equation) is described by making heuristic
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rational argument (see [35], for example) and later by deducing from Stokes equa-
tion with the help of asymptotic techniques (see Bayada and Chambat [15]).

In the current study, two important features of the lubricating fluid are density
and viscosity. We consider density of lubricant as function of applied pressure (that
is non-homogeneous fluid) and it is governed by the empirical relation proposed by
Dowson and Higginson [14] (see eqn (6)). We examine piezoviscous property of
lubricant into account, ie. the viscosity is no longer constant and it obeys the
Barus law [5] (see eqn (5)). The piezoviscous regimes has led to many outcomes
based on mathematical analysis that describe the existence and uniqueness of the
solution (see [12, 37, 24, 25], for example), as well as to design precise numerical
methods for approximating the corresponding solutions, which have no analytical
illustrations. An alternate pressure-viscosity relation also has been considered by
many authors in literature (see [38, 21], for example).

It is well known that cavitation is one of the crucial phenomenon in EHL prob-
lems and it is interpreted as the rupture of the continuous fluid film due to formation
of air bubbles inside the region. This phenomenon has been experimentally observed
in many lubricated devices such as journal-bearings, ball-bearings, etc. Different
cavitation models have been suggested for physical and mathematical analysis (e.g.,
see [6, 29]). One common ingredient of most of these models is the decomposition
of the EHL region into two parts a lubricated part where Reynolds equation is gov-
erned and a cavitation region where the lubricant pressure is constant and equal to
the saturation pressure. Consequently, the boundary splitting both regions is also
priori not known in the problem, therefore modeling of the cavitation was used to
impose a free boundary based on the following condition,

U, = Vu.n = 0,

where u. stands for the cavitation pressure and n stands for the unit normal vector
to the free boundary. This condition leads to a formulations in terms of a comple-
mentarity problem associated with the corresponding nonlinear Reynolds equation,
or equivalently to a variational inequality ( see equs (1)—(3)).

Over last few decades, renowned interest has been paid to study Elastohydrody-
namic lubrication (EHL) model problems in terms of theoretical as well as practical
points of view. A significant amount of numerical techniques are available in litera-
ture for the EHL model problems [30, 21, 20, 19, 23, 36, 1, 32, 42, 43, 22, 11, 40, 31,
24, 45, 41]. Recently, theoretical study of finite volume element method (FVEM)
[28] and discontinuous Galerkin finite volume element method (DG-FVEM) such
as optimal error analysis is gaining momentum. In particular, these methods can
be derived from a firm theoretical foundation and understanding similar to finite
element, see for example [25, 7, 8, 9, 27, 17, 18]. Formulation of these methods is
derived by integrating the partial differential equation (PDE) model over a control
volume element. Due to its natural conservation characteristic feature, adaptiv-
ity and parallelizability, DG-FVEM gained popularity in development of scientific
computing software for many real life complex phenomenon such as fluid mechanics,
contact problems in mechanics, mathematical finance and hyperbolic conservation
laws (traffic flow etc.) where analytical solution has minimum regularity of in na-
ture. In many cases, implementing high order methods is not straight forward and
it requires huge computational storage and time. On the other hand, using low
order scheme we pay the price in the form of low accuracy when discretization grid
are not small. To achieve the numerical accuracy one choice we have is, refine
the mesh and use the parallelization. Hence, it is quite reasonable to demand the
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advantage of nonconforming or Discontinuous Galerkin finite element method (DG-
FEM) (see for example [2, 34, 4, 44, 13, 3] ) can be incorporated into DG-FVEM
(see for example [46, 39, 26, 7]). However, there is hardly any numerical results
available on DG-FVEM for solving nonlinear variational inequalities or for solving
EHL problems. Even though numerical study of EHL model problems have been
largely available in many papers, a very little attention have been drawn in ana-
lyzing the optimal error estimate study using DG-FVEM. Therefore, the present
article has been devoted to investigated convergence and optimal error estimates
for DG-FVEM for solving EHL model problem with the help of interior-exterior
penalty procedure. This approach is quite natural and reduces the ambiguity in
connecting the exterior penalty in DG-FVEM setting to capture free boundary and
helps us to prove convergence and optimal error estimate of penalized problems
not only EHL problems but also general variational inequality. However, in this
paper, we do focus our attention in devising and in analyzing DG-FVEM (more
about in theoretical perspective) for the EHL problems only. More practical results
discussion will be given in the second part of this paper.

Upper body
Lubricants

~7Z

Cavitation
/ Region

7

Lower body

FIGURE 1. Undeformed surface body.

1.1. Model Problem. Let two contacting elastic bodies separated by a lubricant
(like oil, liquid etc.), having film thickness size hy, (assume that hy << R, where
R is equivalent radius of both ball and defined as R~ = R;' + Ry'.) rolling in
positive z-direction give rise well known EHL model. Mathematical model of such
model is described in the form of strongly non-linear variational inequality (VI) as

d  ,0u 8/ ,0u d(pha)
e ) (e =) <
(1) ox (6 &T) + dy (6 8y> - Oz
(2) u >0
9 ( ,Ouy 0 0u\ O(pha)] _
3) “'[ax (6 &r) + oy (6 By) Ox ] =0
here term €* is defined as 5
.o
nA

where u denote the dimensionless pressure of lubricant, p is dimensionless density
of lubrication, 7 is dimensionless viscosity of lubrication and speed parameter
_ 6mousR?

4 A
(4) ey
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FI1GURE 2. Deformed surface body.

where 79 ambient pressure viscosity, vs sum of contact velocity, py maximum
Hertzian pressure and a is radius of Hertzian contact. The detail of its specific
value used in computation are described in appendix (B). The non-dimensionless
viscosity 7 is defined according to [5]

(5) n(u) = exp (apsu),

where o (1 x 1078 = 2 x 107%) is pressure viscosity coefficient. Dimensionless
density p is given by [14]

(6) p(u) =

We consider above non linear VI in a bounded, but large domain
Q=0Q.UQ Cc R?,

here Q. denotes the contact domain (lubricated domain like liquid, oil etc.) where

u > 0, Qy denotes the non contact domain where v = 0 and . N Qg denotes the

free boundary. Since lubricant pressure u is sufficiently small on the boundary 02
(as it is almost equal to the atmospheric pressure). We take

(7) u=0 on ON.

The film thickness equation is in dimensionless form is written as follows

0.59 x 10° + 1.34upy
0.59 x 109 +upy

1

Ly )dz'dy’
—vy)?

) ha(,y) = hon + - +—+—/W_w

where hgo is an integration constant.
The dimensionless force balance equation is defined as follows

(9) / / u(z',y )da'dy = 327T

Then system (1)—(9) forms an Elasto-hydrodynamic Lubrication. Schematic dia-
grams of EHL model is given in (1) and (2) in the form of undeformed and deformed
contacting body structure respectively.

The rest of the article is organized in following way. In section (2) variational
inequality and some notation is presented; Furthermore, existence results are ex-
plained for our model problem; In section. (3) DG-FVEM formulation, existence

10 = [-3,3] x [-3, 3] works fine in our numerical computation.
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and uniqueness results are stablished; In section. (4) error estimates are derived in
L? and H' norm; In section. (5) numerical experiments are performed; Section. (6)
conclusion and future directions are mentioned.

2. Variational Inequality

We consider space ¥ = HE(Q) and its dual space as ¥* = (H}(Q))* = H-1(Q).
Also define notion (., .) as duality pairing on ¥* x ¥". Furthermore, we assume that
% is closed convex subset of ¥ defined by

(10) %:{UG”I/:UZOa.e. GQ}.
Additionally, we define the operator .7 as
0 ou 0 ou A(phq)
11 tu o — (=) + — (e .
(11) 7w [&r(e 8m)+8y(6 6y>}+ ox
Then, for a given f € ¥*, the problem of finding an element u € € such that
(12) (T (u) — fiv—uy >0, YveF.

Throughout this article, we shall assume that there exists €1, M, € R such that
(13) 0<er<elu) <M, VY¢e€Q and wuekR.

Remark 1. Under light load parameter assumption we also assume that minimum
range of €; should not go below beyond ~ 1.0 x 1076, Below the range non local
effect of film thickness term dominates and allow to blow the iterated solution after
few iterations.

Definition 2.1. Operator 7 : 4 C ¥ — ¥* is said to be pseudo-monotone if .7
is a bounded operator and whenever ux — u in ¥ as k — oo and

(14) lim sup(J (ug), ur — u) <0,
k—oo
then it follows that
(15) klim inf(7 (ug),ux —v) > (F(u),u—v) YveF.

hde el
Definition 2.2. Operator 7 : ¥ — ¥ is said to be hemi-continuous if and only
if the function ¢ : t — (T (tz + (1 —t)y), z — y) is continuous on [0,1] Vz,y € ¥.

In 1985, Oden and Wu [25] has proved an existence theorem for the above EHL
model by assuming constant density and constant viscosity of the lubricant. Later
in 1993, Rodrigues et. al. [37] has proved an independent existence result to
the model using an a priori L*°-estimate which holds true for a wider class of
problems, including those arising from the linear Hertzian theory, and yields new
existence results for a pressure viscosity dependent case or the inclusion of a load
constraint case. In 2011, Ciuperca and Tello (see [12], for example) have given
a first theoretical results on the range of admissible displacements for this EHL
model with load constraint. Recently, Bayada and Vazquez (see [6], for example)
have presented a novel EHL cavitation model with load constraint and have proved
its existence and uniqueness. However, above ideas of existence result are easily
extendable for more realistic operating condition in which density and viscosity of
the lubricant depend on its applied pressure. A straight forward modification of
the analysis of [25] yields the theorem below and so we will omit the proof.
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FIGURE 3. Rectangular partition %} denoted by bold line and its
dual partition denoted by dotted line.

Theorem 2. [25] Let € (# 0) be a closed, convex subset of a reflexive Banach space
YV andlet T € C ¥V — V* be a pseudo-monotone, bounded, and coercive operator

from € into the dual ¥* of V', in the sense that there exists y € € such that
: (7 (x),z —y)

Let f be given in V™ then there exists at least one uw € € such that
(17) (Z(x)—fiy—2) =20 Vye?t.

In the next section, we derive a weak formulation and proof for existence of
discrete DG-FVEM solution for the EHL model problem.

3. Discrete Formulation of DG-FVEM

Let %, = {K; : 1 < i < N} is a triangulations of domain  with h =
maxi<;<n,{h;}, where h; denotes the diameter of K;. We assume that %)}, is shape
regular, quasi-uniform and it satisfies bounded local variation (i.e. h;/h; < &, for
all pairs of neighboring elements). We construct the dual partition .4}, of % by
dividing each K; € %}, into four triangles by connecting the barycenter and the
four corners of the rectangle as shown in Figure 3. We define the finite dimensional
space associated with &), for trial functions as

(18) Y ={v € L*(Q) : vk, € PL(K;),v|on =0 K;€ R VYi}.

We define the finite dimensional space %}, for test functions associated with the
dual partition .#}, as

(19) W ={q€ L*(Q) : ¢lr, € Po(T}),qloa =0 T; € My Vj},

where P;(T}) consist of all the polynomials with degree less than or equal to [
defined on Tj. Let ¥ (h) = ¥, + H*(Q) N H}(2). Define a mapping
1
(20) v:V(h)— W |1, = 7 vl ds, T; € M,
e Jeg
where ey, is an edge in Kj, T} is the dual element in .#), containing ey, and he,
is the length of the edge ey (see Fig. 3). Let e;; be an interior edge shared by

two elements K; and K in %}, and let n; and ny be unit normal vectors on e;;
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pointing exterior to K; and K,/ respectively. We define average {.} and jump [.] on
e;ir for scalar ¢ and vector w, respectively, as ([2])

{a} = (‘1|8K +4lok, ), lal = (qlox,ni + qlox, ny)

{w} = (w|8K +wlok, ), [w] = (wlox,ni +wlax, ny)

If e;; is a edge on the boundary of 0, we define ¢ = ¢, [w] = w.n. Let " denote
the union of the boundaries of the triangle K; of % and I'y := '\ 0.

3.1. Weak Formulation. Reconsider the problem of the type

0 ( By D 0uy Dpha) _
(21) oz (6 33:) + dy (6 5‘y) or 0 g
(22) u=0 on 05,

where all notation has their previously defined meaning.

Let T € 41,(j = 1,2,3,4) be four triangles in K; € %),. Multiply above equation
(21) by yv € W}, where v € ¥#,. Integrating over the control volume T; € .,
applying Gauss’s divergence theorem, summing up over all the control volume ele-
ments and using similar relation (2.3) and identity (2.5) as explained in [26, 46], we
define bilinear form in following way. For given u,v € H?(2) and for fixed function
w,, € H?(), define bilinear form as

Bx (wy; u,v) Z Z/ e(w, ) Vu.nyvds

K€z j=17Ait1C4;

+ Z/ [yvl{e(wy,)Vulds + aq Z Yule, [YV]e

el el

-y Z / p(wy)ha(w))(Fn)yvds

K, €®), j=1 ]+1CA

(23) — > | bel{Bp(w.)ha(x)}ds,

el €k

where 5 = (1,0)7, A5 = A; and n denotes unit outward normal vector to the
boundary.

We define the following mesh dependent norm ||.|| and |||, as
(24) oll® :=loff , + > _lvl2,
ek

Ov 2
(25) el ol + 3" b [ {50} ds+ Sk,
ek €k ek

where [v]7;, := > |0} g, Now we will state few lemmas and inequalities without
proof which will be later helpful in our subsequent analysis.

Lemma 3. Foru € H*(Kj;), there exist a positive constant C4 and an interpolation
value uy € ¥, such that

(26) llu—urlls,x;, < Ca s=0,1.

Proof. See [10]. O



702 P. SINGH AND P. SINHA

Trace inequality.[2] We state without proof the following trace inequality. Let
¢ € H?(K;) and for an edge ey, of K,

(27) 16112, < C(he,!0lk, + hei |91 &,)-
Lemma 4. Let for any u,v € ¥}, then we have following relation
(28) (hape™ " Viu, Vi) < (F1(usup),v) + Crhfull[lv]],
where
(G (u;up,), Z / h3pe~ " Vu.nyvds
Kz j=1"Ai+1C4;

Proof. Proof of lemma follows using similar argument as mentioned in [46],lemma
2.1. O

Next lemma provides us a bound of film thickness term and later helpful in
proving coercivity and error analysis.

Lemma 5. For hy defined in equation (8), 0 < B. < 1,8 =2 — F,/(1 =) > 2
there exist C1 and Cy > 0 such that

(29) max |ha(u)] < Cy + Co 0<B.<1, Y(z,9)€.
T,y

Proof. Proof follows by straightforward modification of the proof as mentioned in
[25, Lemma 1]. O

Lemma 6. The bilinear operator Bx defined in equation (23) is bounded under
the norm defined in equation (24) and (25).

Lemma 7. The bilinear operator Bx , defined in equation (23) is hemi-continuous,
that is Yu, v, w1, ws € ¥,

lim Bx (u+ tv, wy,ws) = Bx (u, wy, ws).

t—0+
Lemma 8. The bilinear operator defined on equation (23) is coercive under the
norm defined in equation (24) i.e. there is a constant C' independent of h such that
for ay large enough and h is small enough

(30) (Bx (wsun,up)) = Cllugl|* Yun € 7.
Proof. Proof follows from lemma (3.2), lemma (3.3) and using similar argument as

explained in [26]. O

3.2. Exterior penalty solution approximation. In this section, we introduce
an exterior penalty term to regularize the mequahty constraint (1)—(9). We define
a exterior penalty operator &, : H}(Q) — H™

(31) ¢(u) =u" /o witho >0,

where u~ = u—max(u,0) = LM Let us define exterior penalty problem, (% ):
for 0 >0, find wu, € ¥, such that

(32) (T (uo),v) + (& (ue), v) = (f,v) Vv e,

This approach can be used in our DG-FVEM case and modified discrete weak
formulation is rewritten as
Nh

(33) L%(u),’yv)—i—f /TCK u_yvdz — (Fa(u),yv) = 0,Yv € ¥,
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where 71 and % correspond the diffusion and convection term of Reynolds equation

(21). Here o is an arbitrary small positive number (o = 1.0 x 107°).

Lemma 9. Under suitable choice of quadrature rule, penalty operator £, : Vi, —>
Y, is monotone, coercive and bounded under the norm defined in (24) and (24).

Proof. Now define domains Q1 = {x € Q1 : u3 > 0} and Q2 = {z € Qy : ug > 0}
and their compliments as Qf and 2§ respectively. Also consider

u; € Qf Vi=1,2
(34) u; =

For proving monotonicity we consider

<§a(ul) - 50(U2)7u1 - u2> = Z /

uy (Y(u1 —u2)) —uy (y(ur — uz))dx
K, €%, K

= Y [t —us) = (=) + s - )

K, €Zn
- > / uy (Y(ur —u2) — (w1 — u2) + (w1 — uz))dz
K, €Zn K
= Z / uy (u1 — ug)dx —/ ug (u1 — ug)dx
K, €%, Klﬂﬂf Kﬂﬂ%

+ Z/ g (= up) — up (g — up)da

+ Z / uy (u1 —ug) —uy (U1 — ug)dx

Koeo, Y KinQinQ;

= Z / uy (u1 —ug) — ug (ug — ug)dx
KinQs

K,€%Zn

— Z / uy (u1 — ug) — ug (ug — ug)dx
K, €%, Klﬂﬂg

+ Z /K (ug — uQ)ZdzJ >0

K€%, 1ﬂQ‘1‘ﬁQg
Hence, operator is monotone. Also, coercivity follows from the fact that

(&o(u)yu) =(u™,u) = Z /K‘( i u” yudx

K, €%y,

= Z u” (yu —u + u)dx
K€% Ki(u<0)

(35) = [ =P 2o
K, €%, Ki(uSO)

Furthermore, since

(36) [(€o (), v)| = [uyo| < [[[ull][[|v]]

This implies that &, is bounded. O
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Remark 10. The equality in above proof of lemma 3.7 is proved using the fact as
explained below.

Lemma 11. Under the suitable choice of quadrature rule, the following results hold
true for ui,us € ¥, and VK; € Zy, then

[ wiOur = ua) = w1~ uz))do =0
K;
and

/K. uy (Y(ur —ug) — (ug — ug))dz = 0.

In particular, it is can be shown that if u € ¥}, and VK; € %y, then
/ u” (yu — u)dx = 0.
K;

Proof. Take quadrature rule as mentioned in [26, Eqn 2.12] and use [26, lemma 2.1]
for the proof. It is interesting to note that u~ is treated as weight function here. [

3.3. Linearizion. Let us consider a fix function of w, € H?(Q) and also take
w,v € H?(2). Furthermore, consider bilinear form %(w,;w,v) solving EHL prob-
lem defined in (1)—(9) as

PB(Wy; w,v) 1= Z / e(wy, ) Vw.nyvds
K; e'%h] 1 +1CA

+ Z / vul{e(w,)Vw}ds + ay Z Vle,, [YW]e, + 1<w*,v>

ex €l er€l

Y GG

K€y, j=17Ai+1C4;
(37) = / ol (p(w)ha()) A} ds

Remark 12. Note that bilinear form % and Zx are related here as
B(wy;w,v) = Bx (wy;w,v) + o0 Hw™,v),
here o stands for exterior penalty parameter.

Now define weak formulation for solving DG-FVEM for solving problem (1)—(9)
as find u € H%(Q, %)) such that

(38) B(u;u,v) = 0.
and corresponding DG-FVEM approximation of u is to find u;, € ¥}, such that
PB(up; up,vp) =0,
here ZB(up;up,vy) is the discrete representation of bilinear form ((37)).
Also uy, € ¥, C H*(Q,%),) so we have
(39) B(u;u,vp) = Bup; up,vy) Yoy € Vi,
Since we are solving non-linear type of operator and so an appropriate linearizion is

required for further analysis. We use following Taylor series expansion to linearize
the problem as

(40) e(w) = e(u) + éu(w)(w —u),
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where €, (w) = fol €u(w + T[w — u])dr and
(41) e(w) = e(u) + eu(w)(w — u) + (W) (w — u)?,

where €, (w) = fol(l —T)ewu(w+7[w—u])dr. It is easy to check that &, € CL (2, R)
and €, € CP(Q,R). )
Now consider the following bilinear form Z(:,.) as

B(Wy, w,v) =B (Wy,w,v) Z Z/ (eu(wy) Vw, )w.nyvds

K€, j=17 Ait1CA;

+ Z/ ’yv €y (Wy unw}d

epel

(42) + Z Z/ puhqwB.nyvds + Z/ Y] puhdﬂw}

K;eZy j=1 Aj1C04; epel

It is easy to check that 4 is linear in w and v and for fixed value of w, € H*(f).
Also as €(w,) € CZ(,R) and u € C?(Q), there is a unique solution w, € H?()
to the following elliptic problem

V.(e(w)Vo + €,oVu) — V(B(pha + puhay)) = ¥y, in Q
(43) v =0 on 99,

where ¢, = —&,(u) = —u~ /o.
Also from well known elliptic regularity property [16] we have

(44) el z2) < Cllvnll.

Now for showing existence, uniqueness and for analyzing intermediate stage error
analysis of discrete DG-FVEM solution we linearize weak formulation of equation
(39) around II,u, where interpolation map I, : ¥ — ¥;,. Let e = u — uy, be an
error term for exact and approximated DG-FVEM solution. Now by subtracting
PB(u; up,vp) from both side of equation (39), we get

(use,vp) Z / — €(u))Vup.nvyvpds

K, €R), j=1 J+1CA

+ Z/ yup)(e(up) — €(u))Vupds

e, el

-y / p(un)ha(@) — p(w)ha())Fnyonds

K,eZ), j=1 J+1CA

(45) = > | hod{plunhat@) = pluha(z)F}ds

el Ck
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Now adding both side in above equation following term

Z / w(up) (up — ) Vu.nyvpds

K€ j=1 +1CA

+ Z / Yup) eu up)(up —u)Vu}ds

el

Z / (pha)u(un)(uy, — u)Fnyv,ds

K, €Zp j=1 Aj+1C4;

(46) = | bonl{(pha)u(un)(un — u)B}ds.

epel’ €k
Now we split error term as
e=u—up =u— pu-+Iu—upy

and using Taylor’s formula for linearizion given in (40)—(41), we rewrite equation
(45) as

(47) B(u; Tpu — up,vp) = Bu; Upu — u,vp) + F (up; up — u,vp),
where
F (up;up — u,vp) Z / w(up)eVenyopds
K€% j=1 +1CA

+ Z/ Yup] eu Up 6V€}d$

el

+ Z Z/ Cuu(up)e2Vunyvy,ds

K€y, j=17 Ai+104;

Z Z/ phd wulun)e 25 nyvyds

K€y, j=17 Ait104;

(48) - Z/ th (phq) uu(uh)e ﬁ}ds

epel’ €k

Note that solving (39) is equivalent to solve equation (47). Now for showing there
exist at least one uy € ¥, solution to the above equation (47) we consider a map

S: /’Vh — Af/h
defined as S(uy,) = p € ¥,, Vu, € ¥, such that
(49) B(u; Mpu — p,vp) = Bu; Hpu — u,vp) + F (up; up — u, vp)
holds. Consider the closed neighborhood Qs(IIxu) of the diameter § > 0.
Qs (M) = {u, € ¥4 : Jlu, — Tyu] < 6.

Now we first show that S map closed neighborhood Qs(II5u) into itself and then
prove existence of DG-FVEM solution by exploiting Browder’s fixed point theorem.
The proof can be break using following lemmas.
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Lemma 13. Let uy,, vy € ¥, also set x = u, — lHpu and n = u —Iyu. Then there
exists a constant C > 0 (independent of h) such that

[ (i o = 0n)| <Ce [l + Cu(h* + B2 4 ot B2 4 132 |
+ Culh® + B+ Bl Nl + Cona [I1XIP
(50) + Cu(h® + Bl + Cuh® + )] on -

Proof. Let u, € ¥}, and take ( = u, — u in equation (48) we write u,, in place of
up and ¢ = u, — u to get

F(up; o) = Z Z/ u(uy)CV{nyvpds
Ajp1C

KeZ, j=1

+ Z/ th €y (g CVC}ds

+ Z Z/~+1CA.€W(UCP)< Vu.nvyvds

651) =% [ o {{oha) e

Now split ( = x —n where x = u, — lyu and n = v — IIu. Then right hand side
is estimated in following way. The right hand side of First term of equation (51) is
estimated as

4

’ Z Z/A ICA‘aL(Uw)CVC-n’YUhdS

KeZp j=1

4

S’ Z Z/»+1CAA€u(u¢)XVX.n'yvhds‘

Keay, j=1"74A

Y /

Ke#y, j=1 7+1CA

Jryf

Ke%y, j=1 7“0‘4

(52) + ZZ/

Keg), j=17 Ai+1C4;

u(up)xVn.nyvpds ‘

u(up)nVx.nyvpds ‘

u(up)nVn.nyvpds ‘ .
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Right hand side of second term of equation (51) is estimated as

‘Z/g YUR] eu (uy CVC}ds‘ <‘ Z/ YUR] eu(ucp)va}dS‘
+ Z/e Wh €u(typ) nvx}ds‘

+ Z 'yvh €y (uy XVn}ds

e, €l ¥ €k

(53) + Z [Yon) eu (uy nVn}ds‘.

el €k

Right hand side of third term of equation (51) is estimated as

’ Z Z/ thl(uw)CQVu.n’yvhds
= j+1CA;

KeZy j=1 A J
4
S’ Z Z/ guu(uw)UQVu.n’yvhds‘
Ke%y, j=1" Ai+1C4A;

+22 /

Ke%’;J 1/ Aj+1CA;

(54) + Z /

Keay, j=17Ai+1C4;

€uu(tp)n.xVu. nfyvhds’

euu (ue)x ZVu.nvvhds‘.

Right hand side of fourth term of equation (51) is estimated as

¥/

KeZ, j=1 J+1CA

<‘ Z Z/ (phq) uu(uw)XQE.nyvhds

KeZ, j=1 J4,16'14

+QZ /

KG‘%; j=1 ]+1CA

(55) + ‘ > /

KeZp j=1 Aj+1CA;

(pha) uu(utp)c B. n’Y"Uhds‘

Phd w (U)X nvvhds‘

(pha) uu(uw)n2g.nvvhds’.

Right hand side of fifth term of equation (51) is estimated as

‘Z/P ’Yvh (pha uu(ung)CQ}dS‘
< 3 [ enl{ohahuntun? as
el ¥ €k
+2’ Z / [vvh]{(phd)uu(%)n-x}ds‘
(56) +\Z | Do { ettt Y]

el
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In equation (52), right hand side of first term is estimated as

Z /7+1CA u(up)xVx. n’yvhds)

KeZ%y, j=1

S‘ Z(eu(ug,)xvx, Vw)‘ + ’ Z /8]([7% — vh]{eu(uw)xvx.n}ds‘
K
(57) + ‘ Z (eu Uy XVX) Uh — ’Y'Uh>"
Right hand side of first part of equation (57) is estimated as
‘ Z<€u(U¢)XVX7VUh>‘ < C. Z/ Ix.Vx.Vo|dz.
K K K
Now using Holder’s inequality we get
€Y [ eVxTonlds <C. 3 llusce s [90nlar0
K K

(58) <CellIxMHtonl-

Now right hand side of second part of equation (57) is estimated using Holder’s
inequality and trace inequality

‘ Z /aK[“Yvh — vh]{eu(ug,)xVX.n}ds’
K

1/2
<03 ( [ bn=on)” Inluscom IV o
K

Now using trace inequality defined as

(59)  IVxlzscom) < Cn (B 19y + 190 ) IV- 9 X 2201 )
and

(60) Ixllzacory < Cn (A Iy + Iy Il 22 )

We get that

/2
< Ce (h_lh/’l)h - Uh‘%z(K) + h|7vh — ’Uhﬁ{l(K))

_ 1/4
(Rl a0y + Iy 122 ) )
—1 4 3 1/4
< (WM I ey + 19X ) 199X 2 )

(61) < CelllxliMxiflon

Right hand side of third term of equation (57) is estimated in similar way and it is
written as

(62) | Y (eulue)x¥x)on = vom)| < Cellxtllixllllonl
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Now right hand side of second term equation (52) is estimated as
Eu(u¢)xvn.n7vhds)

§‘ Z(eu(uw)xvn, VU;Q‘ + ‘ Z /aK[fyvh - vh]{eu(uw)xvn.n}ds‘

(63) + ‘ Z (eu Ugp XVn) v — th>‘-

Now right hand side of first term of equation (63) is estimated using Holder’s
inequality as

‘Z<6u(u¢)xvn, VUh)‘ SCEZ/ Ix.Vn.Voy|dx
K — Jk

(64) <C. Z XN ze ) IVl L3 () | Vonll L2 ()
K

Now using inverse inequality defined as
(65) onllercrey < CR* " Hopllp2erey  Vr > 2.
and also using approximation property we get

< CCuh™ 2[5l 2 ey o |
(66) < CeCuh? [l 2o Il ol

Right hand side of second term of equation (63) is estimated as using Holder’s
inequality and trace inequality

’Z/ [yon — vh]{eu(uw)xvn.n}ds‘
< Jox
1/2
<3 ([ bon =) Inlscor [ 9nleco
;( - ) L4(OK) LA(9K)
1 2 2 2 1/2
<Ch™ > (Iron = onlZaqe) + W2von = vl )
K

4 3 1/4
% (i) + Bl o 19X 220

4 3 1/4
< (Il Lacae) + BV o) V-Vl 21 )
(67) <ChY 2 full 20y o 1IN

Right hand side of third term of equation (63) is estimated as

‘Z (eu U, xvn) vn —7%)‘

(68) SCeCu(h2/3||UHH2(K)|||X|||\th||| + 12 lull 2oy llon XD
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Now right hand side of third term of equation (52) is estimated as
Eu(ug,)an.n’yvhds)

S‘ Z(Gu(%)nvx,wm‘ + ‘ ;/{M[Wh - Uh]{€u(u¢)77VX.n}ds‘
(69) + ‘ Z (eu Uy nVX) vp — 'yvh>‘.

Right hand side of first part of equation (69) is estimated by using Holder’s in-
equality as

| D (eulpn¥x Vou)| <Ce S Il 19l ) | Vonl e
K K
<C R Il L2y h? VX 22 50 | Von [ 22 (26
K

(70) SCCubllull o) lIxMlvnll-

Right hand side of second part of equation (69) is estimated using trace inequality
we have

‘ Z /BK['Yvh - Uh]{€u<u<p)"7vx-n}d8‘

1/2
<C. / o — onl?ds) Il coms |0 oo
;( . )l o) 190 o
(71) <CH3Jul g2 I omll-

Right hand side of third part of equation (69) is estimated as

‘Z (eu U Wx) vp — 'Y'Uh>‘
(72) <CCubllul 2@ lIxlonll + Ceh® 2l 2y lxlonll

Right hand side of fourth term of equation (52) is estimated as

¥/

KeZ, j=1 Aj+1C4;

§‘ Z(eu(u@)nVn, Vvh>‘ + ’ Z /BK['yvh — vh]{eu(uw)nVn.n}ds‘
K
(73) + ’ Z (eu Ugp nVn) vy, — vvh>‘.

w(ue)nVn. n'yvhds’

Right hand side of first part of equation (73) is estimated using Holder’s inequality
as

| > ewlupn¥n, Vou)| <Ce S Inll oo IVllzs o) I9onll 2
K K

(74) <CCubllull 2@ linlllilvnll
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Right hand side of second part of equation (73) is estimated as

‘ Z /aKh’Uh - Uh}{eu(uq,)nvn_n}ds‘

1/2
<3 ([ bon=ulPds) nllscono [ Vallsore
K

(75) <Ol 2y il on |

Right hand side of third part of equation (73) is estimated as

’Z (eu U, Wn) o — vvh>‘

(76) <CCuhllull gz lnlllfonll + Ceh®|full g2 oy llnllllonll-

Now right hand side of first part of equation (53) is estimated as

‘ Z [yvn] eu (uyp) XVx}ds‘

ep €V €k

<Ce Z(Wh ) Il zs @0 [IVX Lok
2 4 3 1/4
<Ce Y (o) " (I + Al o 1952010
K

4 3 1/4
x (IVlLacaey + PV ) 199l 22 ) )
(77 <CllonlliixNx

In similar way we can show that right hand side of second, third and fourth part
of equation (53) is estimated as

DY / yonl{ ()X fds| < CC ull sy len Xl
epel

(79) |Z / hvh]{euw@)nw}ds\ < CCl™full 72 llen 1]

(0) | p3 / yonl{eu(up ) bds| < CC* 2l gz lenl Il

Right hand side of first part of equation (54) is estimated using similar argument
as

CINENDS /

Cunu)x* Vunyonds| < CCullxIP llen|
KeZp j=1 Aj41CA;

Right hand side of second part of equation (54) is estimated using similar argument
as

’ Z / 6uu USO)X nVu n’}/’UhdS‘
Ke), j=1"Ai+1CA;

(82) <CCy (h5/3IIUIIH2<mIIIX\HIIIUhIH + 12 ull 2 0 HlxllllllthII)
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Right hand side of third part of equation (54) is estimated using similar argument
as

‘ Z / Euu(Uyp)n 2Vu. n’yvhds‘
Aj1CA;

KeZn j=1
(83) <CCo (B2l nlonl + 5372 el 2 o Nl ) -
Right hand side of first part of equation (55) is estimated as

ooy

~ 2
on (phq) uu(U@)XQﬂmvhdS‘ < Congllonlllliixr™
KeZ, =1 Ajta

Right hand side of second part of equation (55) is estimated as

T3

Keg, j=17 Ai+1C4;

(85) <Cona (Wl 22 W onl + B2/2 22y Mo )

(pha uu(%)n X5. n'YUhds‘

Right hand side of third part of equation (55) is estimated as

T3

Ke®, j=1 J+1CA
(86) <Cpnahllull 2o nllllonll + Conah® 2 l1ull 2oy il ol

Now equation (56) is estimated using similar argument as

‘ Z/@ fyvh (phq) uu(zw)&}ds’
<| 3 | <phd>w<u¢>x2}d31
+2‘ Z/ 'YUh (Pha)uu(up)n-X d8‘+’ Z/ ’YUh (Pha)uu(ue)n }dS‘

el

phd uu(u%@)n ﬂ YWUhdS‘

(57)
<Cona (Ion I + 172l N lomll + 572 el o Nl e )

Now combining the right hand side of equation (51) we get the desire results. O

Now we are interested in deriving upper bound of ||II,u — ¢|| and it is explained
in next lemma.

Lemma 14. Let u, € ¥, and take ¢ = Su,.Then there exist a positive constant
C (independent of h) such that

T = ll SCe [Tt = ugl” + Cu (B + B2+ B2 1 B(1 + BY2) ) [Ty — |
+ Cuh® 4+ b+ B2 ] + Con [T =

(83) + Culh®? 4 1) [Ty = w | + Cu (W2 + ) ] + )

holds.
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Proof. In equation (47) we redefine the term x = Ilpu — uy, n = Ipu — v , and
¥ = IIpu — . Now consider the first term in the right hand side of equation (47)
and replace vy, = ¢ and use the boundedness property of the operator to get

(89) |B(un, 9)| < Clinllol
Also by replacing v, = 9 in previous lemma 3.10 we obtain

F (it — u,0)| SCe[IMI + Cu (B2 4+ B2 4 0273 4 R(L+ 12/2)) ]
+ Culh? + b+ b 19

(90) + Cong {HIXIH2 + Cu(B + 12Xl + Cu(R*? + h)ll\??lll} (e
Now putting the value of equation (89) and (90) in equation (47) we get

B3 9,9) <C[IIxII> + Cu (B2 + B2+ B2/ 4 h(1 4+ 172) ) ]
+ Culh? + bt )l 1911 4 o [ I + Cul®? 4+ 172 x|

(91) +Cu(h?? + h)HIWIH} 21l + il
Now using coercive property we obtain
91 <Ce [Il” + Cu (B2 + B2 4 123 4 (1 + 122 ) [ )
+Cu(h? + h+ h3/2)|H77|||} 91l + Con, [IHXIII2 + Cu(h + 122) x|

(92) +Cu (¥ + h)lllnlll} 911+ Clllnll -
Now eliminating ¥ from both sides we get the desire result. O

Theorem 15. For sufficiently small h there is a § > 0 such that the map S maps
Qs (ITpu) into itself.

Proof. Let u, € Q(IIyu) and consider an element y such that y = Su,. Further-
more, choose § = h =% ||, u — ||, where 0 < 6o < 1/4. Then we get

T — ug || <6°

T — wg* <A™ Tpu — ul|s

T — g |* <h' =% Clull g2 ()0
(93) ITThu — g ||* <h'=%C;,Cy6.
From lemma 3.11 and equation (93) we get

I = Il <[(Ce + Con )W = CLC10 + (CeCulh? + B 4 1)
+ CulCpny + CHR* 4 19/2) )
(94) + (Cu(()phd + C)(h+ B¥?) + C.Ch% + C) pdo 5] .
Now choosing h small enough so that
[(CE + Cop, )RI0C Oy + (Oecu(hl/2 + B3 4 h) + Cu(Cop,y + C) (R
95) + h3/2))h50 + (cu(cphd FCO(h+h¥?) + C.Cuh? + C) héo} <1
and so S maps Qs(IIu) into itself. O
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Theorem 16. Let § > 0 and assume that uy,,, Uy, € Qs(IIpu), then there exists a
positive constant C such that the following condition holds for given 0 < §y < 1/4

(96) ISty = St < Culh®[lug, — ug, |-

Proof. Consider 6 = h=%||n|| for some 0 < &y < 1/4, where n = Iu — u. Take
p1 = Suy, and g2 = Su,,. Then, we have

(97) 1%:)(’117 Y1 — 9027Uh) = y(utpl;utm - U,’Uh) - ‘gz(u4,02;u<p2 - U,Uh).

For proving condition (96), we first evaluate an upper bound of equation (97) as

’9’(1@“;1@,1 —u,vp) — F (Upy; Up, — u,vh)‘

S’ Z /]HCA.(EH(U%)QVQ €u(Up, )2V (2). n”yvhds’

+ Z /e ['Yvh]{eu (uw)ClVCl - eu(u@g)CQVCQ}dS

+ Z Z/ Euu (U, ) — €uu(u¢2)C§Vu.nvvhds‘

Keg, j=17 Ai+1C4;

+ Z Z/ phd uu(’U‘WI)Clz - (pild)uu(u@Q)C%g'nlyvhd‘S’

Ke, j=1 ]+1CA

98)  +| > wh (pha) w<um>cf—(phdm(um)gg}ds\.

epel’ €k

Now by using Taylor’s formula we obtain
€Uy ) (U, — 1) = €u(Up, ) (Up, — u) =€(uyp,) — €(uyp,)
(99) =Re, (U, s Uy ) (Upy — Ugp,)
and
Eun(tp,) (U, —1)” — Euu(Up,) (U, — u)?
(100) =Ry (U, Uy ) (Upy — Up)? + Eun(Upy) (g — 1) (U, — ).

Now using (99) and (100) property and using similar argument of lemma 3.10 we
can bound equation (98) as

B(u; o1 — 2, 0p)

<C. [IIIXIH2 +Cy (h5/3 +hM2 4 B2 4 h(1+ hl/Q)) g, — Myul)
+ Culh? 4 b+ B2 Il g, — Tl ol
+ Con [IXII + Culh®? + B¥2) g, — Taue]

+ Cu(h*? + W)X, — Hhﬂlll} llonl
<CC™|Ix vl

Now taking v, = ¢1 — @2 and using coercive property we have the desire result. [J

Now we apply Browder’s fixed point theorem to get unique DG-FVEM solution
to the problem (39).
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4. Error Estimates

In this section, we prove that under light load operating condition optimal order

estimate in H' can be achieved in the defined norm |||.|[|. Let Il,u € %, be an
interpolant of u, for which the following well known approximation property holds
(101) lu — pul e < Ch? ulox VYK €%y, 1=0,1.

where C' depends only on the angle K. The following theorem provide H'-norm
estimate.

Theorem 17. Suppose u € H?(Q) N HY(Q) and up, € ¥, be the solution of (43)
and (38) respectively. Then there exists a constant C (independent of h but may be
dependent on oy ) such that

(102) llw = unl[| < Chlulz

Proof. By definition of norm define in equation (24) we get

e = Tl = Ju— yul?, + Y[y — ,ul?,

ek

< C’<|u - Hhuﬁh + Z/ h;} [u— Hhu]gkds).
€k €k
Now using trace inequality we have

[l = Tl 2 < € (Ju = Tyl + 3 A2l = Wyl )
K

Now by using equation (101) we obtain
(103) [llu = Mpull[* < Ch?|uff x
Now as u — up = u — lpu + [Iyu — up and also using triangle inequality we have
the following
llw = unl[| < [llu — Tpwll| + [[[Thw — un]]

It is important to note that operator as defined in (42) is coercive, bounded and
monotone under the norm define in equation (24) So for h sufficiently small, there
exist a positive constant C = C'(ay) (independent of h but may be dependent on
a1) such that following condition holds

1TThu — up|||? < CUB(un;un — My, up — )|
1/2
<C{Jllun =l [+ (D2 A2~ Tl i) Hlilun — Tyl

Ke%
<Chlull2.

So we have the desire result. O

4.1. L?-Error Estimates. In this section, L?-error estimate is evaluated for the
light load parameter case by exploiting the Aubin-Nitsche “trick”.

Theorem 18. Let u € H*(Q)NHY(Q) and uy, € ¥, be the solution of problem (43)
and (39) respectively. Then there exists a positive constant C independent of h but
may be dependent on oy such that

(104) lu = unll < Ch?|Jull>
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Proof. Consider ¢ € H?({) and for fix value of u and hy € H?(Q) we write the
adjoint problem of (1.1) as

(105) V(e(u)V¢ - qbeuVu> + ﬁ(phd + (phd)u)V(b =e¢ inQ
(106) $=0 on dN.

also we have

lel|? =4 (use, @) — Z 24:/14/ eweV.nypds — Z /k [’yqﬁ]{eueVu}ds

KeZy j=1" Ai+1C4; exel Ve
4
)+ SN[ haeimods+ Y [ bol{ionaed}is
KG%hjzl Aj+1CAj ekEF €L

First term of equation (107) is rewritten as
B(use, ) =B (u;u, ¢) — B(up; un, §) + B(up; un, ¢) — B(u; un, )
=B(u;u, ¢ — ) — Blup; un, ¢ —9) + B(un; un, ¢) — B(u;un, ¢),
T i1

where ¢ = ZF¢ such that ¥|po = 0 (Here ZFu € %, N H2(Q2) N C°(£2)). We notice
that

I =B(u;u,p — ) — Bup;u, ¢ — ) + Bup;u, ¢ — ) — Blup; up, d — )
4

-2 Z/ (o) = eun)) Vuny (¢ = B)ds

Ke, j=1"4 J
+ /e [v(¢ - 19)]{(6(10 - e(uh))Vu}ds

Y /A (p(wha(z) — plun)ha(e))Fy(é — 9)ds

Key, j=1" Ai+1C4;

= 3 [ 16 = D (owhata) = plun)ha()3}ds

er€l V€

+ Z Z/A,-HCAJ- e(un)V(u — up).ny(¢p — 9)ds

Ke%y, j=1

+ Z / [v(¢ — ﬁ)]{e(uh)V(u — uh)}ds

el €
(108) =Jp +Jr, +Jr, + Jr, +J1, + Ji,-

First term, J, of equation (108) is approximated as

| <] S elw) — clun) Ver, 96— 0)
K
+ ] EK: /M V(¢ =) = (& = I)](e(u) — e(uh))Vu.nds‘

+ | DT elw) — e(wn)) T, (¢ = 9) = (6 — 9))|

(109) =Jo1 + Jo2 + Jos.
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We bound first term, Jo; of equation (109) as

(110) Z‘/ ) — e(un) Vu.V (¢ — 9)dz| < C,Ccllelllllo — 9.
Second term, Jyo of equation (109) is approximated bounded above as

1/2
Joz <C,C. Z (h71||7(¢ —9) = (¢ — )| + hllv(d—9) — (¢ — 19)”%,1() X |le]l
K
(111)
<CuCe||ld — I oy llell-

Similarly, third term Jysz of equation (109) is estimated as
(112) Joz < CeCulllelllll = D + CeCulld = Iz (o lle]ll-

Using Holder’s inequality and trace inequality we estimate second term, Jr, of
equation (108) as

1, <C. Z (/e [’y(gbﬁ)}st)l/Q(/e |e|4ds>1/4</e |Vu|4ds)1/4

el
1/2 1/4
<. 3 ([ haltto - o2ds) " (Iellbecny + blleliogn IVellzzo)
el €k

4 3 174
< (Il ey + BVl o) IV- V2o )
(113) <CuCellel”llé —III.

By using Similar argument we bound the following terms as

(114) |J15| < Culllellllle =9I,
(115) |1, < Culllellllie =9Il
(116) 1| < Culllellllié — I,
(117) /1] < Culllelllllg — I
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We note that

=Y /

e(un) — () Vupnyods + 3 / r){ (e(un)

KeZp j=1 J+ICA orer
Vun s = plun)ha(x) = p(u)ha(2))Fnyds
h KGZ.@}LJZI/J+ICA nhalz ¢

- Z/ ’7¢ uh hd( ) (u)hd(x))g}ds

el €k

(w))V (up, — u).nyopds

KEZ@} j= 1/J+1CA "
+ 3 [ o etm) - et >>v<uh—u>}ds

er€l

+ Z Z/ ( (up) — e(u))Vunyods

e €V €k
B K%ﬂ;zh 341 /Aj+1CA] (p(un)ha(z) = p(u)ha(x))B nyéds
p / 0l (ol ha(e) = plwpha(a) ) Ffds

e €l €k

(118) =Jrn, +Jr, + Jr, + Jri, + Jris + Jrg

First term Jyj, of equation (118) is approximated as

J111<‘Z e(un) — €(u)V(up —u), Vo) +‘Z/ [vo — ¢ (e(un)
eel’
—e(u)V(up —u }ds‘ + ‘ Z(V(e up) — €(u))V(up —u), ¢ — W’¢>‘
K
(119) :J}Il +J1211 +J?Il'

First term J}Il of equation (119) is estimated by using Holder’s inequality
Jh gcu(Z/ |e|3dx Z/ |Ve|2dx Z/ Vo|0dz)
< VK

(120) <CuCllell?ll¢ 2o

Using trace inequality second term JIQI1 of equation (119) is estimated as

s gcu(/aK[w—a;]?ds)l/z(/aKe|4ds)1/4(/8K|ve|4ds)1/4

(121) <C.Ollell* 6]l 2o
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Third term, J}”Il of equation (119) is bounded using Holder’s and trace inequality
as

<X [ ean) (3 [ 19ean) (3 [ 1906 s000r)”
+Cu(/f)K lve — ¢\2d8) 2(/6K |€|4d8)1/4(/aK |Ve\4ds) 1/4

(122)  <CCllell* |0l 2(e)

We bound the second term Jrz, of equation (118) by using trace as well as Holder’s
inequality to obtain

(123) ity < CuCllell* 1l sz

Now consider the third term J;z, of equation (118) and take second term of equation
(107) and using Taylor’s formula get

(124) Z /

un(un)e2Vunygds| < CuCellell* 1] e
KEQhJ 1 7+1CA

Take fourth term Jrj, of equation (118) and third term of equation (107) and use
Taylor’s formula to obtain

|52 [ betfetmwida| - 5 [ bo-ofautmeviad

(125) <CuCelell* [l 2o

We take fifth term Jyj. of equation (118) and fourth term of equation (107) and
use Taylor’s formula to get

(126) Z Z/

Keg), j=17 Ai+1CA;

Finally, taking sixth term Jjj, of equation (118), using the fact [¢] = 0 and fifth
term of equation (107) and by using Taylor’s formula we get bound as

‘Z/ [W]{pﬁduu(uh)ez}ds :‘ > / [wﬁﬂb]{pﬁduu(uh)ez}d«s
er€l ¥ €k el ” ek

Phane*Boncyods| < CuCpn, el 1] 2

2
(127) <CongllelP16llm2(c-

Now using elliptic regularity of ¢ and combining right hand side of estimated results,
we get the desire result. O

5. Numerical test of Discontinuous Galerkin finite volume method

In this section, numerical experiments are performed for EHL point contact cases.
Numerical solution of EHL problems is obtained here using relaxation procedure
explained in appendix. (A). Optimal error estimates for pressure (u — uy) are
achieved in broken H! norm |||.||| and L? norm which are plotted in Fig. (4) with
the red line and the blue line respectively.

Remark 19. Note that we have taken a very fine mesh(= 1025x1025) and then solve
the problem by linearizing DG-FVEM formulation (discrete version of eqn.(37)).

We start relaxation upto appropriate tolernece (tolerence critera (|||U;+1 — Us|l)/1Usll| =

10~* to terminate the relaxation process in our case) using initial Hertzian pressure
guess as mentioned below. Then we have treated this solution as our exact solution



INTERIOR-EXTERIOR PENALTY APPROACH 721

u for penalized problem for plotting error estimates in Fig. (4) by interpolating this
exact solution on coarse grid.

For all test cases, we fix the parameter o = 1.7 x 108 over computational domain
) = [-2.5,2.5] x [-2.5,2.5]. The following Hertzian initial guess is taken here for

computation
/1_x2_y2’ m2+y2§1
u(z,y) =

0, otherwise.

We have taken interior penalty parameter a; = 10 in our numerical study. Numer-
ical results confirm the theoretical order of convergence derived in Theorem (16)
and Theorem (17) which are almost equal to 1 and 2 respectively.

In the present analysis, we have taken Moes ([33, 32, 42, 43]) dimensionless pa-
rameters (M = W(2U)"% and L = G(2U)3, where W is load parameter and
U = 1.0 x 107! speed parameter (fixed value) see appendix. ((B)) for parameters
detail) to measure the variation effect on film thickness and pressure profile. The
load variation W is measured by keeping fixed L and varying M. In our case study,
we take L = 10 and M varies from 7 to 100. The contour plot plot for pressure are
shown graphically for light (see Fig. ((12)), for example) , moderate (see Fig. ((13)),
for example) and high load case (see Fig. ((14)), for example). The deformation of
film thickness contour plots are represented for light ( Fig. ((15)), see for example
), moderate ( Fig. ((16)), see for example) and high load case (see in Fig. ((17)),
for example). It is clearly observed from figures that as M increases from 7 to 100
pressure contour starts converging toward Hertzian pressure. It is also observed
that height of the pressure peak starts decreasing as we increase load W. It is
also noted that film thickness contour plot almost getting flat when load increases
from low to high. Graphical figures of pressure u for the case M = 7,20,100 are
represented in Fig. ((5)), Fig. ((7)) and Fig. ((9)). Inverted form of film thickness
profile H plots for case M = 7,20,100 are described in Fig. ((6)) — Fig. ((8)) and

Fig. ((10)).

T L T T T T T T

1071 8 —e— Ly-error |

F —a— Hi-error |

102 8 £

. L |
2 1073 F E
- g ]
1074 8 E
107 ‘ _

10! 102
N

FIGURE 4. L? (in blue line) and H! (in red line) error |lu — uy|| plot.
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Pressure plot

FIGURE 5. Pressure profile for light load case M = 7 and L = 10
(Moe’s parameter).

Film Thickness plot

FIGURE 6. Film thickness profile in inverted form for M = 7 and
L =10.

5.1. Film thickness calculation. Accurate film thickness hy computation is very
important for stable relaxation procedure and require extra care in its computation.
Film thickness is calculated as follows

2 + dx' dy’
ha(z,y) :ho-l-x +y ,y) T4
2 \/w—ar’ (y—y')?
2 pa+1UeJV€
:h0+ / (= )dm'dy'
V(@ (y—v')?
N pe+l
2 UJVE /’ Ndx' du'
o+ T 2SS [
2 e=1 i=0 Y2+ (y—y)
9 g NV petl
(128) =ho + = y 72
e=1 i=0

where Uy is updated solution.
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Pressure plot

FIGURE 7. Pressure profile for moderately high load case M = 20
and L = 10.

Film Thickness plot

FI1GURE 8. Film thickness profile in inverted form for M = 20 and
L =10.

5.2. Mild singular integral computation. The mild singularity appear in kernal at
(z',y') = (z,y) is resolved as below. We rewrite kernel 4¢(x,y) in the following form

JVE(z/ y')da:'dy'

gi(mfy): Qe\/x_ y y)
he RS ' (€, %),y (€, x))dEdx
/ / \/:c—w €x)* +—v'(6x)?
(129) s ZZ a' (&5, xx), Y (&5, xi) )wjwg

puciu 1\/x—x &)+ =y (&oxw)?

where h = x2 —x1 and hy, = y2 —y1 are the step sizes of element e in the = direction and y
direction respectively and & € [—1,1] and x € [—1, 1] are the coordinate directions for the
reference element. Here we apply m point quadrature in « and y direction of discretization.
Singular quadrature procedure is implemented here to resolve the singularity appeared in

term 97 (z,y) = m at the point (z,y). The key idea is divide the element

e into four subpart elements %,k = 1,2,3,4 for calculating integrals of %‘%@ (z,y) =
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Pressure plot

FIGURE 9. Pressure profile for limit case M = 100 and L = 10.

Film Thickness plot

(a) (B)

FiGure 11. Contour plot for limit case M = 100 and L = 10.

1

V(@—a)2+(y—y")?’

singular point in the domain of integration. Four integrals defined above can be evaluated

Each four integrals have chosen in a such way that they have only one
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Preseure co rtour Plot

Pressurs conour Piot

(¢) M=20,L=10 (D) M=28,L=10

FI1GURE 12. Light load case pressure contour.

Prossure conour Plot

Pressure contour Plot

08 08 06 04 02 0 02 04 05 08

(c) M=49,L=10 (D) M=56,L=10

FIGURE 13. Moderate load case pressure contour.

as in general integral form:

1 1
(130) 7= [ [ # @ @ oy
0 0

where #* is analytic function and 4™ is a function having a mild singularity at only one
point.

(131) I n S =3
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08 08 04 02 0 02 04 08

(A) M=63,L=10

08 06 04 02 0 02 04 08 08 05 05 04 02 0 02 o0& 05 08

(c) M=80,L=10 (D) M=90,L=10

FI1GURE 14. High load case pressure contour.

Fim Thickness corfour Plot

(B) M=14,L=10

Fim Thicknoss cortour Plot

F1GURE 15. Light load case film thickness deformation.

where
Ti—1 Yi—1

(132) I = / / T (2, 9)9" (x,y)dzdy, (i > 1).
T4 Yi

Where (zo,y0) = (1,1) and (zn,yn) — (0,0) as n — oo for the value (zn,yn) =
(o™, 0m),(0 <6 <1).

Remark 20. Adoptive integration is applied here to calculate accurate singular integration
to achieve accuracy.



INTERIOR-EXTERIOR PENALTY APPROACH 727

Fim Tricknss contour Plot Fim Thckness contour Plot

(A) M=35,L=10

Film Tickness cortour Plot

(c) M=49,L=10 (D) M=56,L=10

FIGURE 16. Moderate load case film thickness deformation.

Film Trickness contour Plot Fim Trckness contour Plot

(A) M=63,L=10 (B) M=70,L=10

Film Trickness contour Plot Fim Thickness contour Plot

(c) M=80,L=10 (D) M=90,L=10

F1GURE 17. High load case film thickness deformation.

5.3. Load balance equation calculation. The force balance equation is discretized
according to

N pe+1 o
(133) Z/ Z G (z,y)Ui dedy — 3= 0
e=17% =0

By introducing another kernel .4;¢ as

(134) e = / Gz, y)dady
Qe
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the discrete force balance equation can be rewritten as

N pe+1

(135) Z Z m_y

Remark 21. We implement discrete force balance equation implicitly during the relaxation
procedure by updating hoo in following way

N pe+l

(136) hoo = hoo — e1( D0 3 (4)UF — 2”),

e=1 =0

where Uy is updated solution and ¢l = 0.01 — 0.1 is positive relaxation factor.

6. Conclusion

New discontinuous Galerkin finite volume element method is investigated for solving
EHL model problem with the help of interior-exterior penalty approach. Interior penalty
comes naturally using formulation of DG-FVEM, however exterior penalty appears natu-
rally due to transformation of variational inequality into equality. This exterior penalty
formulation is obtained by regularizing the constraint u > 0. The existence and uniqueness
for discrete DG-FVEM formulation is proved using Browder’s fixed point theorem. This
method is fully systematic and easily parallelized in MPI (Massage passing interface) en-
vironment. The stability estimates are achieved by showing operator as pseudo-monotone
for moderate load condition. Optimal error estimates are derive under light load condition
theoretically as well as by numerical computation in H' and L? norm respectively. More
implementation issues and applications will be discussed in the second part of the paper.

Appendix A. Relaxation of EHL

For finding unique solution for discrete DG-FVEM formulation explained in equation
(37), we update our nonlinear operator iterative manner by taking old and new pressure
value in the following form

0T}y
oUu

where Rs is the numerical residual value of the discretized Reynolds equation and, Z; is
discretized nonlinear operator. The approximation of agd(U) is evaluated in the following
way,

(A.1) Unew = Uota + (

074(U) 074 U) 077" (U)
au  —  aU U
074" (U)
U

(A.2) ~ o (U) —

where o7; (U) and % denote the discrete diffusion contribution and the discrete
convection contribution respectively. In the above equation (A.2), we notice that term
% is a full dense matrix and it is evaluated in the following way,

073" (U)  Oha ,
T oU ‘IJ Z / f"’_ dan)(ﬂ n)yvds

Ke%), j=1 +1CA

+ Z / [71) anc an n }ds

ep €l

where the I*" subscript denote the row generated with the test function v = A3¢(X) and
the J* subscript correspond to the unknown Ufj . According to the discrete equation
(128) we can evaluate the following expression
Ohg gl
oul
J
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which is pre-evaluated. It is worth mentioning that, from the discrete equation
(128) the film thickness depends heavily on the local pressure and very less on the
pressure for away. The value of %fz is rapidly decreases as the position of element
F is far away from the position of X = (x,y). From the above information we
can reduce our computation cost by considering the following approximations of

07" (U).
oU .
) % = (0 where X € ey, if f # e} and f is not a adjacent element of eg.
?
° mg;](‘:;() = 0 where X € T’y and if f is not a adjacent element of I'yy.
j
° 82‘;](?() =0 where X € I'p and if f is not a adjacent element of I'p.
j
Oha(X) _ (pf .
vl 97 (X), otherwise.

Appendix B. Parameters used in computation

Some frequently used notation in EHL model are denoted as below:
Fa

PH = iR, maximum Hertzian pressure .
1o = 0.04 Ambient pressure viscosity.
ho = central offset film thickness integral constant.
a = Radius of point contact circle.
« = Pressure viscosity coefficient.
us = u1 + Uz, where u; upper surface velocity and uy lower surface velocity respec-
tively.
po = Constant (pg = 1.98 x 10%), z is pressure viscosity index (z = 0.68).
L and M are Moe’s parameters and they are related as below.
L= G(2U)%,M = W(ZU)_%, where
) o F T GE)
(E'R) E'R (2wa?)
For more detail explanation of parameter we refer to see [32, page 183].
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