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Abstract

The main goal of this article is to review various results and methods concerning the numerical simulation of Bingham visco-plastic flow; these
results have been obtained from the early 1970s to now. We consider first the case of flow in cylindrical pipes and then flow in multi-dimensional
cavities. The methods to be discussed include classical ones relying on regularization, (kind of) Lagrange multipliers and augmented Lagrangian
techniques; they include also a duality—penalty method whose implementation relies on a Newton-Conjugate Gradient-Uzawa algorithm which
seems to be new (in this context at least). Other issues are addressed; they concern particularly the accelerated calculation of steady state solutions
and the time discretization of the unsteady flow models. The results of numerical experiments are presented, including the simulation of the wall
driven flow in square cavities.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The numerical simulation of Bingham fluid flow has been the subject of intensive scrutiny for many years. We see at least two
reasons for that:

(1) The fact that materials as diverse as fresh concrete, tortilla dough, fruits-syrup mixtures, blood in the capillaries, muds used in
drilling technologies, tooth pastes, ..., have a Bingham medium behavior, namely: below a certain stress yield, the medium
enjoys rigidity; above this yield the medium behaves like an incompressible viscous fluid.

(i1) For applied mathematicians and numerical analysts, Bingham flow modeling has been a permanent source of challenging
problems for many decades already, the main breakthrough in this direction being the variational inequality formulation due to
Duvaut and Lions (Refs. [1,2]).

Our goal in this article is to review several of the approaches we are aware of, concerning the numerical simulation of Bingham
flow. Roughly speaking, there exist two main approaches: one based on regularization procedures, the other based on the use of
multipliers. There is no way that we can describe all the related methods in this article; we will discuss, nevertheless, quite a
few of them, considering first the case of Bingham flow in cylindrical pipes and then the more general case of Bingham flow in
multi-dimensional cavities.

It has become practically impossible to give all the references related to the modeling and simulation of Bingham fluid flow (more
than 11,000 hits on Google Scholar); in addition to [1,2], let us mention, among many others, [3—6] (see also the references therein).

2. On the modeling of Bingham viscous plastic flow

The material in this section is pretty classical. It has been introduced here to fix the notation and to remind of some basic facts
concerning the mathematical modeling of Bingham flow. Let thus £2 be a domain (i.e., an open and connected region) of R (d = 2
or 3 in applications); we denote by I" the boundary of £2. The isothermal flow of an incompressible Bingham visco-plastic medium,
during the time interval (0, T'), is modeled by the following system of equations (clearly of the Navier-Stokes type):

oldu+m-Viul=V.o+f in2x(0,7), (D

V-u=0 in £2x(0,7), (2)
- D(u)

o=—pl+ ﬁg—m w T 2uD(u), A3)

u0) =uy (withV -ug = 0). “4)

For simplicity, we shall consider only Dirichlet boundary conditions, namely:
u=ug onl x(0,7T), with /FuB(t) -ndl" =0, a.e.on(0, 7). &)
In systems (1)—(5):
® o (resp., u and g) is the density (resp., are the viscosity and plasticity yield) of the Bingham medium; we have o > 0, « > 0 and
g>0.

e f is a density of external forces.
D(v) = %[Vv +(VV)' (= D;ij(V)1<i,j<d), YV € (H'(£2))?, and |D(v)| is the Frobenius norm of tensor D(v), i.e.,

1/2

DW= > IbywmI?

I<i,j=d

n is the outward unit normal vector at I".
We have denoted (and will denote later on) by ¢(¢) the function x — ¢(x, ?).
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We observe that if g = 0, systems (1)—(5) reduces to the Navier—Stokes equations modeling isothermal incompressible Newtonian
viscous fluid flow. Having said that, if g > 0 the above model makes no sense on the (rigid) set

Qo = {{x, t}l{x, t} € £ x (0, T), D(u)(x, 1) = 0}.

Following Duvaut and Lions (Refs. ([1], Chapter 6) and ([2], Chapter 6)) we eliminate the above difficulty by considering instead
of the (doubly) nonlinear systems (1)—(5) the following variational inequality model (where dx = dxy ...dx,):
Find {u(?), p(t)} € (H'(£2))? x L(£2) such that a.e. on (0, T) we have

0 /Q du(t) - (v —u()dx + o /Q (u@) - Vu@®) - (v —u@®)dx + pu /9 Vu(r) : V(v — u(0) dx + v2g(j(v) — ju(r)))

- / p(HOV - (v — u(r))dx > / £()- (v —u(®)dx, Vve V(@) (6)
2 2
V-ult)=0 in£2, @)
u(0) = uy, (8
u(t) =ug(t) onl; 9)
with, in (6),
Jv) = / IDW)|dx, Vve (H' (@) (10)
2
and
Ve(t) = {v|v € (H'(2))?, v=ug() onT}. an

Various comments concerning formulation (6)—(9) can be found in, e.g., Ref. ([7], Chapter 10). The variational inequality formulation
of temperature dependent Bingham flow can be found in, e.g., Ref. [8].

In the following sections we are going to review a variety of computational techniques which have been developed during the
last four decades for the solution of problems (1)—(5) and (6)—(9). For simplicity, we will start our discussion with Bingham flow in
cylinders, and then consider flow in bounded multidimensional cavities.

Remark 1. It follows from Refs. [1] and [2] that there exists a tensor-valued function A such that the formulation (6)—(9) is equivalent

to
oloru+-Vyul=V.0o inf2x(0,7), V-u=0 in2x(0,T), u=ugonl x (0,7), u(0) =uy (12)
with
o =2uD(u) + gv2A, (13)
A:D(u) = D), A=A Al <1 (14)

We can take advantage of the above formulation to solve (6)—(9) numerically as shown in Section 7.2. Incidentally, assuming that
A is known, relation (13) provides the stress tensor everywhere in £2 x (0, T') (this includes the rigid region Qg). The tensor-valued
function g+/2A can be viewed as the extra-stress tensor associated to the visco-plastic behavior of the medium.

3. Bingham flow in cylinders. (I) Formulation

The isothermal and unsteady axial flow of an incompressible visco-plastic Bingham fluid in an infinitely long cylinder of (bounded)
cross-section £2 is (formally) modeled by the following nonlinear parabolic equation (where I” is the boundary of £2):

Vu
[Vul
In system (15): (i) u is the axial flow velocity, i.e., u = {0, 0, u}, assuming that the fluid flows in the Ox3-direction, §2 being parallel
to the (Ox1, Oxy)-plane. (ii) C is the pressure drop per unit length (it is a function of #, only, and possibly a constant). System (15)
is a particular case of (1)—(5).

Before going further, let us observe that (as in Section 2, for (1)—(5)), model (15) makes no sense in the (space-time) rigid region

Qo = {{x, t}|{x, 1} € 2 x (0, T), Vu(x, t) = 0}.

09t — uV2u — gV - ( ) =C in2x(0,T), u=00onl x(0,T), u(0) = uo. (15)

There are classically two approaches to overcome the above difficulty, namely the regularization and multiplier approaches.
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4. Bingham flow in cylinders. (II) The regularization approach

Let ¢ be a small positive parameter. The idea here is to replace (12) by the following well-posed nonlinear parabolic problem:

Viug

—_— 2 —_— . —_—_—m—
Qatus /'LV Ug gV ((5‘2 T |Vu€|2)1/2

> =C in2x©0,7T), wu,=00nT x0,7),  u(0)=uo. (16)

We will return later on the approximation properties of u.. Let us say that the above regularization procedure has been widely used, not
only in Visco-Elasticity, but also in Image Processing (see, e.g. Ref. [9] and the references therein). It has however some drawbacks,
a major one being that if C = 0, the well-known property that u(¢) — 0O in finite time is lost. An alternative to regularization is
provided by the multiplier approach, to be discussed in the following section.

Remark 2. Other regularization procedures can be found in Ref. [29].
5. Bingham flow in cylinders. (III) Variational inequality formulation. The multiplier approach

It follows from Refs. [1] and [2] that a mechanically and mathematically correct formulation of problem (15) is provided by the
following variational inequality type model:

u(t) € Hé(.Q) a.e.on(0,7), Q/ oru(v —u)dx + ,u/ Vu -V —u)dx + g(j(v) — j(u)) > C/ (v —u)dx,
Q Q Q
Vve H)(2),  u(0) = up, (17
with
jlw) = / Vvl dx. (18)
Q

The following mathematical results hold, all important from a computational point of view:

Theorem 1. Let u and u, be the respective solutions of problem (17) and (16); we have then, if ug € L2(£2),

O 12 U 172
||ug<r)—u(r>||Lz(ms(ﬂM') {l—exp (—“QOt)} Je, Vie[0,T], (19)

with |2| = meas.(82), and Lo > O the smallest eigenvalue of the operator —V? on $2 for the homogeneous Dirichlet boundary
conditions.

We have thus
lim up = uin L=(0, T; L*(R2)). (20)
e—0

The convergence properties (19) and (20) provide, quite clearly, a justification of the regularization procedure described in Section
4.

Theorem 2. Suppose that C is also constant in time and that T = 4o00. We have then, if ug € L*(2), the following asymptotic
behavior:

u(t)=0, Vi>T.ifC < gy|2|~'/?, @n
where
Vu|d
y—inf [ 12V i o,
v ||U||L2(_rz)
and
7= @ |14 #rolluolliag 22)
© ko vg—CleI'2 ]’
If C > yg|2|7'/2, then the following estimate holds:
— Aot
()~ ool 20y = o = ol 2@y e (= ). (23)

with u the corresponding steady-state solution.
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The estimate provided by (23) is not optimal since it does not include g (the plasticity yield).
Theorem 3. The solution of problem (17) is characterized by the existence of a vector-valued function A (= {A1, A2}) such that
00U — uViu — gV -A=Cin2x(0,T), u=0o0onI x(0,T), A(x, )| <1, a.e.on 2 x (0, Tyand L - Vu = |Vul|,
u(0) = uo, (24)
with |q| = (g7 +¢3)"/.

Theorem 3 is proved in, e.g., Refs. [1,2]. Actually, there are several ways to prove the above theorem: non-constructive ones
relying on the Hahn—Banach Theorem, and more constructive ones based on the regularization procedure briefly discussed in Section
4 (the regularization approach has been used in Ref. ([10], Chapter 2) to prove the steady state analogue of Theorem 3). Further
observations are in order; among them:

Remark 3. Without being (strictly speaking) a Lagrange (or Kuhn—Tucker) multiplier, the vector A shares many properties with
such vectors, explaining why we will call it a multiplier in the sequel. Among its properties, let us emphasize that the multiplier A
is non-unique (as shown in, e.g., Refs. [11,12]), however V - A is unique.

Remark 4. The third relations in (24) are equivalent to

A() = PAIM(E) +rgVu(®)], Vr=0, (25)
with the closed convex set A and the projection operator P (: (L%(£2))?> — A) defined by

A = (gl € (LX(2)% lq@)| < 1, ae.on 2} (26)
and

o)) = — 9 ae.on, Vq e (LAQ)?, 7)

max(1, [q(x)])’
respectively. The present remark has important computational implications, as shown in Section 7.2.

6. Bingham flow in cylinders. (IV) Time-discretization of problem (17)

To the best of our knowledge, the backward Euler scheme, described below, is the only scheme preserving the asymptotic behavior
of the solution of the continuous problem (namely, problem (17)), including the return to rest in finite time (if g is large enough).
This scheme reads as follows (with A#(> 0) a time discretization step that we suppose constant, for simplicity):

u® = ug; (28)

then, for n > 1, compute u” from 1"~ ! via the solution of
u" € HY(£2), Q/ @ — " Hw—uhdx + MA;/ Vu" - V(v — u")dx + gAt(j(v) — j@")) = AtC" / (v —u™)dx,
2 2 2

Vv e H (), 29)

with C" = C(nAt). It follows from, e.g., ([10], Chapter I) that (29) is an elliptic variational inequality (of the second kind) problem,
which has a unique solution. Concerning schemes (28) and (29) we have the following stability.

Theorem 4. Suppose that C(t) is bounded on (0, T) and that ug € L2(82); then the schemes (28) and (29) is unconditionally stable.
Moreover; if the upper bound of C(t) is small enough, there exists an integer n. > 0, such that

u" =0, Vn>n. 30)

Proof. Taking v = 2u" and 0 in the variational inequality in (29), we obtain, by comparison, the following relation

Q/ " — " Hu"dx + MA:/ |Vu"? dx + gAr j(u™) = C”At/ u" dx. (31)

2 2 2
Let us denote sup |C(7)| by ||Clloo. Using the Schwarz inequality in L?(£2) and the Strauss—Nirenberg inequality
1€(0,T)

YIvll 2 < Jj(v),  Yve Hy(),
it follows from (31) that
2uAt

0

_ 2At
1" 1720 = 1" 12 + VU IE 2y < 7(||C||oo|s2|‘/2 — et 2@), (32)
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Vn > 1, (where 2t = max(0, 2)). If g > ||Cl|o0|$2|'/?/y, relation (32) implies [[u”[|;2¢q) < llu°ll;2(@) V1 > 1, i.e., the uncondi-

tional stability of the scheme. Suppose now that g < ||C|l|£2|'/?/y and denote by K the (positive) quantity ||C|lo0|2|'/? — gy.
Combining (32) and the relations
b2
2ab < aa* + —, Va,beRandVa >0,
o
k0||v||iz(g) < ||Vv||fL2(Q))2, Vv € H}(£2) (Poincaré Inequality),
where 1 is the smallest eigenvalue of the operator —V? for the homogeneous Dirichlet boundary conditions, we obtain
WAt AtK? _
(1 + on> " 2y < oy I Mgy Yz 1. (33)
Let us denote by 6 the quantity 1 + pwAzAg/0; it follows from (33) that
AtK? I~
2 - 2 -
" 12 < MZG T Juolgagg) 0", ¥n = 1. (34)
=1
Since 6 > 1, (34) implies that
" 72 < ALK Johou 6~ /1 =671 + lluol 2 gy, V7 = 1,
a relation which implies in turn (since lzl,l = 91—1) that
14" 117 20y < o) 2K + lluoll gy ¥ = 1, (35)

i.e., the unconditional stability of schemes (28) and (29) when g < ||Cl|o|£2]'/%/y.
To complete the proof of the theorem, we still have to show that property (30) holds if C(¢) is sufficiently small. Suppose indeed
that

ICl0 < yglf2I™'/2, (36)
it follows from (31), and from the various inequalities already used above, that
o(llu" 2@y = 1"~ 2l 20y + Athopllu™ 117 2.g) + At(gy — [ICllol 1) 14"l 200y < 0,V = 1. 37

Since (from (36)) gy — ||C||OO|.Q|1/2 > 0, it follows from (37) that if there exists ng such that 4" = 0, then u” =0, Vn > ny.
Suppose now that u” # 0, Vn > 0. We have then, from (37),

n n—1 At n Ar 172
™l 2eoy — U™l L20) + z)»olillu lz2¢0) + ?(gy —[ICllol$2]”) <0, Vn=>=1 (33)
Relation (38) can be rewritten as
_ At _
(" ll2q) = " 2qe) + bt |42y + Gow)™ (87 = IClelg2)] <0, (39)

Vn > 1. Introduce now y" = [[u"[| ;2o + (hop) "' (87 — IIClloo|£2]'/%); it follows from (39) that

1+ Arg™ hop)y" < Y"1, ¥n = 1,
which implies that

Y' <+ At~ how) ™ yo. (40)
Relation (40) implies that E‘Eooyn =0, ie. ETOO[HM”H 12 + o) (gy — ICllsc]21')] = 0, which is impossible since
27 — lICllso|$2]"/% > 0. There exists thus an index n, such that (30) holds; this completes the proof of the theorem. O

Remark 5. From relation (40) we can derive an upper bound for the above index n.. Indeed, it follows from the definition of y"
that (40) can not hold for those n verifying

In[1 + Aoplluoll 12¢2)/(8Y — I Cllco|21"/2)]

n> , (41
In(1 + Ato~rou)
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implying that the corresponding " = 0. Assuming that {#" },>0 converges in some sense to the solution « of the continuous problem
(17), when At — 0 (a result not too difficult to prove), we observe ( after multiplying both sides of the inequality (41) by Ar) that

A u
ut) =0, Vt=> N In|1+ orll O”LZ(_Q)l .
Aot (gv — ICllool$2]172)

Relation (42) is consistent with the “cut-off” relations (21) and (22). To the best of our knowledge, the backward Euler scheme is
the only time-discretization scheme to enjoy these asymptotic properties, mimicking those of the continuous model.

(42)

Remark 6. Concerning the solution of problem (17), there are many situations of practical interest where u(¢) does not have
the C2(£2)-regularity and where, moreover, u ¢ C'([0, T]; L?>(£2)). This lack of regularity, with respect to both the space and
time variables, suggests that there are little advantages at using approximations of higher order than backward Euler for the time
discretization and piecewise linear finite elements for the space one. The numerical experiments and comparisons reported in [13]
validate these predictions; what was compared in [13] were computations based, on the one hand, on

u) = uop (€ Vi) (43)

then, for n > 1, compute uj, from uZil via the solution of

uy € Von, 0 i (up — uz_l)(v —up)dx + /,LAI/.Q Vuy - V(v — ujp)dx + gAt(jr(v) — ja(ul))
h h

> AtC" (v—uj)dx, Vuve Vy, (44)

and, on the other hand, on

up) = uon (€ Von); (45)
then, compute first u }l from

u}ll = 2u,11/2 - ug, (46)
where, in (46), u;,/ 2 is the solution of

2 2 2 nAL 2 2 At . 2
w/ eV o / () ” — v — )y e+ == / ViV — /%) dx + S5 Gaw) = )
25 2

AIC'/2
>
-2

/ w—u,?)dx, Yve Vo, (47)
25
and next, for n > 2, u} is obtained via the solution of

W€ Vo, o (154 —2ul + 050w — ul) dx + MAt/ Vil - V(v —ul)dx + gAtGn(v) — ja(ull)
2 25

> AtC" (v—up)dx, Vuve Vy. (48)
In Ref. [13], we had:

e In (43) and (44), the finite element spaces Vj, and Vp,, defined by
Vi, = {v|v € C%(&2p), vl € Pi, VK € Tj,} (49)
and
Voo ={vlve Vp, v=00onT1}, (50)

respectively, with 7j, a triangulation of £2, 2, = U K (assuming that the K are closed triangles), £2; = the interior of 2, and

KeT,
P) the space of the polynomials in two variables of degree < 1.
e In (45)—(48), the finite element space Vy,, defined by

Von = {v|v € CO([_Zh), vlg € Po)(K), VKeT,,v=0o0nTl}, 51
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with 7, a triangulation containing possibly curved triangles (to better follow the curved parts of the boundary, if such parts exist),
Q2 = U K, £2;, = the interior of 2, P»(K) = P, if K is a rectilinear triangle and, if K is a curved triangle, P>(K) is obtained
KeT,
from P, via the quadratic mapping based isoparametric methodology discussed in, e.g., [14,15] and [7].
o lim ugy = ug in L(£2).
h—0
e In (44),

while, in (45), j,(-) is obtained from Z / |Vv| dx using a Simpson rule related numerical integration method to compute the
K

KeT,
integrals over the triangles K.

Observe that the step (47) is of the Crank—Nicolson type, while the scheme used in (48) is fully implicit and two-step backward.
Scheme (45)—(48) is second order accurate (when applied to the solution of smooth problems (which is not the case here)) and stiff
A-stable (like schemes (43) and (44)). Other schemes are available.

It is worth mentioning that an adaptive finite element method for the solution of the steady-state variant of problem (17) is
discussed in [16]; it relies on piecewise quadratic approximations similar to those in (51). Adaptivity provides here a way to
overcome the low accuracy of the approximate solutions resulting from the lack of regularity of the solution ( H>—regularity at
most).

7. Bingham flow in cylinders. (V) Steady flow
7.1. Formulation of the problem. Synopsis

Suppose that the pressure drop C is independent of ¢. It follows then from, e.g., [10] that the steady state problem associated to
(17), namely

Uso € H&(.Q), ,u/g Viteo - V(U — Uoo) dx 4 g(j(v) — j(Uoo)) > C/Q(v —Uso)dx, Vve H(%(.Q), (52)

has a unique solution. In order to solve (52) (an elliptic variational inequality problem), several approaches are available, several of
them discussed in, e.g., Refs. [10-13]; among them

(i) Solve the corresponding problem (17) on the time interval (0, +-00) until a steady state is reached.
(i) Apply to (52), directly, the “old-fashioned” Uzawa method (introduced, a very long time ago, in [17]).
(iii)) Use some of the time dependent methods advocated in [12] which provide short-cuts to .
(iv) Use augmented Lagrangian methods associated to the linear constraint p = Vu (this approach is increasingly popular and has
been used in, e.g., [16] and [18-20], the last reference concerning the numerical simulation of Electro-Rheological fluid flow).

We will discuss below all the four above approaches, but also a recently introduced one, combining penalty techniques, the
Newton’s method and conjugate gradient algorithms.

7.2. Computing u via the solution of the time dependent problem

Relation (23) in the statement of Theorem 2 (see Section 5), shows that integrating (17) from 0 to +o00 provides u, with
exponential speed in L2(£2); actually, this property still holds if one applies the backward Euler scheme to the solution of problem
(17). Let us prove this property: assuming that the pressure drop C is time independent, the backward Euler schemes (28) and (29)
takes the following form:

u® = ug; (53)
then, for n > 1, compute " from 1"~ ! via the solution of
u" € Hy(£2), g/ " —u" Y —ut)dx + MAt/ Vu" - V(v —u")dx + gAt(j(v) — ju™) > AtC/ (v —u")dx,
Q Q Q

Ve HN (). (54)
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Denote u" — uy, by #t"; taking v = u" (resp., v = uo) in (52) (resp., (54)) and adding (after multiplying by At both sides of the
inequality in (52)), we obtain

Q/ @" — " Ha" dx + MAznvu"quz(m)z <0,Vn>1. (55)
2
Combining (55) with the Schwarz inequality in L?(£2), and the Poincaré inequality in Hé (£2), we obtain

Q iz —n— _

SUE" 20y = 18"~ T2 0) + Ao ALIE" (75 g) < 0, ¥n = 1, (56)
where Aq is the smallest eigenvalue of the operator —V? for the homogeneous Dirichlet boundary conditions. It follows from (56)
that

(14 2uho0 ™ ADIIE" 175 ) < &M 17 2 Y = 1,
which implies in turn that

"l 20y < (1 +2uhoe™ AN 12y n = 0. (57)

The exponential convergence (in L2(£2)) of u™ to us follows from (57). Actually, relation (57) still holds if one replaces (52), (53),
and (54) by their finite element analogues.

Of course, when applying the fully implicit schemes (53) and (54) to the computation of u, we still have to address the solution
of the elliptic variational inequalities (54); this important issue will be discussed in the following section.

7.3. An iterative method a la Uzawa for the solution of problems (52) and (54)

Both problems (49) and (51) are particular cases of
ueH&(Q), a/ u(v—u)dx—i—u/ Vu~V(v—u)dx+g(j(v)—j(u))Z/ f(v—u)dx, VveHd(.Q), (58)
Q 2 Q

witha > 0 and f € L%(£2).

A classical method to solve problem (58) is the one introduced in Ref. [17]; it reduces the solution of the above problem to the
solution of a sequence of linear Dirichlet problems for the operator oI — 14 V? and simple projection operations. The method relies
on the equivalence between (58) and

oau—puVu—gV-A=fin2, u=0onl; A-Vu=|Vul, ieA, (59)
the last two relations implying that
A= Pyx(A+rgVu), Vr >0, (60)

with the operator P, defined by (27).
In order to solve (58), via relations (59) and (60), we advocate (following [17]) the fixed point algorithm below:

AVis given in A 61)
then, for n > 0, assuming that A" is known, we compute " and then A"t as follows:
solve
au — pViu" = f+gV-A'in2, u"=0onl] (62)
and
A = Py + rgVu™). (63)

Remark 7. Suppose that the system (59) has a solution {u, A} € Hé (£2) x A (which is indeed the case); it can be shown (see, e.g.,
Refs. [10,11]) that the above pair is necessarily a saddle-point over H(} (£2) x A of the Lagrangian functional

L:H'(2)x (L*(2)* >R
defined by
1
Lo, p) =3 |l IV 2 2] + 8 /Q - Vody - /9 fodx (64)
i.e., the pair {u, A} verifies (from the definition of a saddle-point; see, e.g., ([7], Chapter 4))
(WA} € HYR) x A, L, w) < L, X) < L@, M), Y {v, ) € HY(2) x A. (65)
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Conversely, any solution of (65) is solution of system (59). It follows from the above reference that algorithm (61)—(63) is nothing
but an Uzawa algorithm applied to the solution of the saddle-point problem (65) with L(-, -) defined by (64); for a systematic study
of Uzawa algorithms, see, e.g., ([7], Chapter 4) and the references therein.

Proving the convergence of algorithm (61)—(63) (for » > 0 and sufficiently small) is a relatively simple exercise; owing to the
importance of these topics (in order to investigate, in the following sections, the convergence of variants of algorithm (61)—(63)) we
feel compelled to give a proof of the convergence of the above algorithm. We have thus the following convergence

Theorem 5. Suppose that

2
0<r<, (66)
8
in (63). Then, VA € A, the sequence {u", A" },>0 generated by algorithm (61)—(63) verifies
lim {&", A"} = {u,A*}in Hé(.Q) x ((L°(£2))* weak*), 67)
n—+00

where {u, A*} is a solution of (59) in H(} (£2) x A.

Proof. Let {u, A} be a solution of (59) in H(%(.Q) x A and let us denote u#” — u and A" — A by @" and 1", respectively. Taking into
account the fact that the operator Py is a contraction of (L2(£2))?, we obtain by subtraction between (59), (60) and (62), (63) that,
Vn=>0,

O”:ln — Hvzan = gv . )_\.n in Q, ljln = 001’11—: ||Xll+1 ”(LZ(_Q))Z = ||Xl’l + rngTth(Lz(Q))z. (68)

It follows then from the third relation (68) that
T+l T z _ _
IR0 2y < IR I 22 + 278 /Q XVt dx + 2@ VA 12 g0
which implies in turn

T Tn+1 T _ _
IR 1 2y — IR 1E 20y = —2r8 /Q V'Vt de = 2@ VA" I - (69)

We observe, next, that, after integration by parts, the first two relations in (68) imply that

i 33 gy + IV sy = = [ X' Vi 10)
2

Combining relations (69) and (70), we obtain

||X11+1

”X" ”%L2(Q))2 - ||(2L2(.Q))2 = 2r |:a||un ”iZ(Q) + /'L”Vﬁn ”%LZ(Q))Z - r2g2”V’/—ln ”(2[,2(9))2

2
rg _ _

Suppose that the condition (66) holds; it implies that (2 — rg? /) > 0.1t follows then from (71) that the sequence { A" |l (2L2 @) }

n>0
is decreasing; this sequence being bounded from below by 0 is converging to some (nonnegative) limit, which implies that

1 1 rn+1

Combining (71) and (72) we obtain lirf i" in Hé(.Q), namely the convergence of {©"},>0 to u in Hé (£2). Proving the convergence
n——+00 -
of {A"},>0 is a more complicated issue that we will not address here (it is discussed in, e.g., ([7], Chapter 4) and [11]). [l

Remark 8. All the solutions of system (59) share the same u. Suppose now that {u, A} and {u, A} are solutions of (59); we have
then

V- =1 =0. (73)
Keeping in mind that
(L*(2))* = VH}(2) ® So, (74)

where So = {qlq € (L*(£2))?, V - q = 0}, it follows from (73), that all the pairs {u, A}, solutions of (59), not only share the same
argument u, but all the As have the same component in VH(%(Q) when decomposed according to (74). Another consequence is the
following.



46 E.J. Dean et al. / J. Non-Newtonian Fluid Mech. 142 (2007) 36-62

Consider q € (L%(£2))?: it follows from (74) that q=q; +q, withq; € VH(%(.Q) and qp € Sy, respectively, the above decom-
position being unique. If {u, A} is solution of (59), all the As have A1 in common in the decomposition (74) of (L2(£2))%. Suppose
now that r verifies the condition (66); it follows then from Theorem 5 and from (68), (74) that

lim A% = A;in(L2(£2))% (75)
n—+00
The frequently observed slow convergence of algorithm (61)—(63), particularly when g is large, seems to be related to the relative
importance of A, compared to A{. The more important A,, the slower is the convergence, everything else being the same.

Remark 9. By formal elimination of # in (59) we can show that in fact A is solution of a kind of elliptic variational inequality of
the obstacle type. To show that, we observe first that any pair {u, A} solution of (59) in Hé (£2) x A verifies

ALEA, /(—Vu)-(/l,—k)deO,V;LeA, au—MV2u=f+gV~Xin.Q,u=00nF. (76)
2

Next, we introduce the continuous and linear operator A from (L%(£2))? into (L2(£2))2, defined as follows:

Aq = —Vug, ¥q € (L*(2))%, (77)
where u4 is the unique solution in H(} (£2) of the Dirichlet problem

auq — nViuq=gv-q,in2, wuq=0onrl (78)
We have, V q, ' € (L2(2))?,

1 1
/Q(Aq) qdx = — /9qu qdx=<uq,V-q >= p < uq, oug — /,vauq/ >= g/ﬂ[auquq/ + uVug - Vugldx,
(79)

where in (79), (-, -) denotes the pairing between HOI(.Q) and its dual space H ~1(£2). 1t follows from (79) that operator A is symmetric
and positive semi-definite; A is not positive definite since we clearly have Ker(A) = Sg, with Sg as in (74). Finally, define u 7 as the
unique solution in Hé (£2) of the following Dirichlet problem

auf—uvzufzfinﬂ, ur=0onI" (80)

(if I" is smooth enough and/or £2is convex, thenu y € H} (2) N H*(£2),implying that Vu ; € (H'(2))* C (L5(£2))%,Vs € [1, +00)).
It follows then from (76)—(78) that

VMZVuf+Vux=Vuf—AX,

which combined with (76) implies that the vector-valued function A is a solution of the following “elliptic” variational inequality
(in the sense of Lions and Stampacchia (Ref. [21])):

AEA, /AX~(/L—X)de/Vuf-(u—k)dx,V;LGA, 81)
2 2

which, from the very nature of the convex set A, is definitely an obstacle problem. Incidentally, an equivalent formulation of algorithm
(61)—(63) is given by

Ais givenin A; (82)
then, for n > 0, assuming that A" is known, compute A ag follows:
solve
A = PAIA" — rg(AN" — Vu )], (83)

implying that the above algorithm is (from the symmetry of operator A) a gradient method with projection.

Two other iterative methods for the solution of problem (58), (59) will be discussed in the following sections; more method are
discussed in Ref. [12].
7.4. A (pseudo-) time relaxation approach for the solution of problem (58), (59)

To the best of our knowledge the method to be discussed now is new; in fact it improves on related methods discussed in Ref. [11]
and has some similarities with methods recently introduced in Image Processing. The basic idea is pretty simple and quite general:
it consists in associating with (58) and (59) a well-chosen dynamical system (initial value problem) that we integrate from 0 to 400
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in order to capture the related steady state solutions, if such solutions exist, which is the case here. The initial value problem that we
consider is the dynamical variant of problem (81) defined as follows (with t a pseudo-time):

A(0) =4 (€ A); (84)
A(r) € A, T € [0, 400), /(3,x+gAX)~(/L—X)dng/ Vur-(u—2Adx, Vp e A. (85)
2 2
An equivalent, but more explicit formulation of the initial value problems (84) and (85) is given by replacing (85) by

om—,quu—gV~X=fin.Q,u=00nF, A(r) e A, T €0, +00), /(ark—gVu)-(;L—l)deO,V;LGA.
2

(86)
To time-discretize problems (85) and (86) we advocate the following backward Euler scheme
10 = Xo; 87)
then, for n > 1, compute A" from A"~ via the solution of
au — pV2u" — gV A" = fin2, u" =0onl; A" €A, /9 W_A)T‘nl) —gVu'"| - (p—A")dx>0,Vp €A,
(88)

with At (> 0) a (pseudo-) time discretization step. From the properties of operator A, problem (88) has a unique solution. In order
to solve system (88), we observe first that the vector-valued function A" verifies

xn—]_ n
At e A, /[X”+r(A)+rgVun—k”]-(;L—l”)dxﬁO, YueA Vr>0,
I} T

which makes (88) equivalent to

xn—l —_\n
At =Py (AT + r% +rgVu"|, Vr>O0. (89)
T

To compute {u", 1"} we suggest the following fixed point algorithm:
0 1s given in A (a most natural choice being Ay = AT (90)

for k > 0, A} being known, compute u} and A}, | as follows:

Solve first
i} — uVPuf = f+gV - Aiin@2, uj =0onT; ov
and update A} via
Xn—l —\n
ro=pa & T e 2

Concerning the convergence of algorithm (90)—(92) to the unique solution of system (88) in Hg (2) x (L%(£2))?, we have the
following

Theorem 6. Suppose that

2p
0<r<—""__ Az (93)
2u+ g2 At
we have then, ¥ A in (90),
lim {uf, A7} = {u", A"} in HY(2) x (L*(£2))%, (94)
k— 400

the convergence being geometric.

Proof. We proceed as in the proof of Theorem 5. Denoting thus uj;; — u” and A} — A" by &}, and X;, respectively, we obtain by
subtraction between (89) and (91), (92) that, Vk > 0,

ai] — pV3ial =gV -Ajin 2, i} =0on 1] (95)
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and (from the contraction properties of operator Py )

— r -

A < H(l LY v-"H . 9

Merillz2@p < Ag ) Me T8V L2 96)
Combining relations (95) and (96) yields

- 21 _ r\2 -

41 1720y + 7 {w —r (At + g2)] IV 12 20y = (1 E) IREIE 2 - 97

It follows from (97) that the convergence property (94) will take place if r verifies |1 — r/At| < 1 and r[2u — r(2u/At + g*)] >
0,i.e.,0 <r <2Atand r < 2uAt/(2u + g* A7), respectively. Since 2L At/(2u + g2 A1) < At < 2AT, condition (93) implies,
clearly, the convergence property (94); indeed, we have more since the above discussion shows the existence of a constant K such
that

roik rok
luf = u" iy < KIM =Aglaap |1 = 7|+ VA2 0, IR = llga@p < KIV = Aglaa@p |1 - 1|
Yk >0, (98)
which completes the proof of the theorem. (]

Remark 10. If one takes At = 2u/g? and r = At/2(= n/g>) the convergence condition (93) is verified, the contraction factor in
both relations (98) being 1/2.

7.5. A penalty-Newton-Uzawa-conjugate gradient method for the solution of problem (58), (59)

The dual problem (81) is essentially (see Section 7.3) an obstacle problem associated to the point-wise constraint
[A(x)| <1, a.e.on £2. 99)

An alternative to the projection methods discussed so far is provided by a variant of the penalty-Newton-conjugate gradient method,
applied in Refs. [22-24] to the solution of time dependent parabolic variational inequalities of the obstacle type. Let ¢ be a small
positive parameter; we approximate the dual problem (81) by the following one:

1
Ake + —(e|* = DP2Ae = Vuy, (100)
e
with &7 = max(0, £), V& € R. The nonlinearity in (100) is reminiscent of a Ginzburg—Landau one. Using convexity/monotonicity
arguments, and the fact that (100) is the Euler-Lagrange equation of the following problem from Calculus of Variations
ke € (LY, o) < Je(w), Vi e (LYR), (101)

with
. 1 1 2 +3
Jew)= 5 | Ap-pdx+ — [ (Ipl" =D dx— | Vuy-pdx,
2 0 6¢e 0 I}

we can easily prove that problems (100) and (101) has a solution in (L6(.Q))2. From the definition of operator A, problem (100) is
equivalent to the following nonlinear system

1
auy — uV2ug — gV -Ae = fin 2, u, =0on I} —Viue+ (A= DPa. =0 (102)
&

(easier to handle than (100), in practice). Using relatively simple variants of the methods discussed in [10] (concerning the approx-
imation of elliptic variational inequality problems), we can prove the following convergence properties

lim ue = uin H}(£2), lim A, = A weakly in (L°(£2))?, (103)
e—0 e—0
where the pair {u, A} is a solution of problem (59) (implying in turn that A is a solution of the obstacle problem (81)). Having thus
justified the introduction of the approximate (by penalization) problem (100), we still have to address its solution. The Newton’s

method is an obvious candidate to achieve such a task; this leads to the following algorithm (after multiplying by ¢ both sides of
(100) and dropping the subscripts ¢):

AVis given in (L6(.Q))2 A% =0, for example); (104)
for n > 0, compute A" ! from A" via

AL = A" 4 san, (105)
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where, in (105), A" is solution of the following linear problem
eASL" 4 (A7 — D280 + 412 — DTAT" - 8A") = —[e(AA" — Vup) + ("> — 1P, (106)

we stop iterating when, typically, [|0A"[|(12(g)2 < tol;.

The linear operator in the left-hand side of (106) is clearly symmetric and positive semi-definite; these properties suggest solving
(106) by a conjugate gradient algorithm. From a practical point of view, it is preferable to consider directly the equivalent system
(102); we are going to solve it by a Newton algorithm operating in H(} (£2) x (L°(£2))%; this algorithm (equivalent to (104)—(106))
reads as follows:

A0 being given in (L6(.Q))2 (ko = 0, for example), solve oau® — ,quuO =gV A0+ fin £, u’=0onrT (107)

(the above elliptic problem has a unique solution in Hé(.Q) (in fact in W6’6(.Q)).
Then, for n > 0, compute {u”+!, A" *1} from {u”, A"} via

(A = (" 4 su”, A+ AT, (108)
where, in (108), {su”, A"} is solution of

adu — uV28u" — gV - A" =0in £2, Su" =Oon I (109)

—eVou" + (A2 — DFZSA" + 4" )7 — DFAPA - 80 = eVu" — (V12 — DA (110)

We are going to discuss now the solution of system (109), (110) by an Uzawa-conjugate gradient algorithm operating in the Hilbert
space H& (£2) x (L%(£2))2. To further simplify the notation we denote du” by v, SA" by p, and by Q the space (L3(2))%; problems
(109) and (110) takes then the following form:

al//—uV2zﬁ:gV-pin.Q,1//:00nF, (111)
—eVY + (M2 = DT2p 4+ 40" = DTATA" - p) = eV — (A2 — D27, (112)
leading to the following algorithm:
Step 0. Initialization
pO is given in Q (po = (s a natural choice here); (113)

solve the following Dirichlet problem

Y0 € Hy(%2), a/ Wogodx+u/ wO-de:—g/ p’ Vedx, Ve e Hj(). (114)
2 2 2
and then

g’ € Q, /g0~qu=—8/ V(¢°+u")-qu+/(|x”|2—1)*2(p°+x”)-qu
2 2 22

+4 / (WP =D pHA" - qdr, YqeQ. (115)
2
Set
wl =g (116)
For m > 0, assuming that p”*, g” and w™” are known, the last two different from 0, we proceed as follows to compute {p, ¥}

Step 1. Descent
Solve

UM e HY(S), a/ fﬁm(pdx—i—/ MVl]fm-Vgodx:—g/ w" . Vodx, VYge H)(2), (117)
2 2 2
and then
§" € Q, /2’” ~qu=—’3/ vy -qu+/<lx"|2— 2w ~qu+4/<lx"|2— D" wmA" - q)dx,
22 2 2 2

vqeQ. (118)
Compute

_ e lg" > dx

— 119
pm fg gm . wm dx ( )
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and

Pt =p" —puw", g =g" — pug". (120)
Step 2. Testing the convergence and construction of w”+!

If / |gm+1 |2 dx// |go|2 < tol, take p = p”*! and compute v from the solution of
J2 Q

ay —uV>y =gV -pinf2, Y =0onTl;

else compute

m+1 2d
_Jale Fdx (121)
Jo lgm|? dx
and
wm-‘rl — gm-H + Vmwm- (122)

Dom = m + 1 and return to (117).

Algorithm (113)—(122) is less complicated than it looks like; it requires essentially the solution of one Dirichlet problem at each
iteration.

Remark 11. Algorithm (113)—(122) has been written in variational form in order to facilitate its finite element implementation, an
issue to be addressed in Section 9.

8. Bingham flow in cylinders. (VI) An augmented Lagrangian approach to the solution of problem (58)
Problem (58) is equivalent to the following minimization one

ue H)(2),  Jw)<Jw), Yve H)(), (123)

with

1
J) = 7/ {a|v|2+u|Vv|2} dx+g/ |Vv|dx—/ Sfvdx.
2 Jo 2 2

The idea behind the augmented Lagrangian method which follows is to uncouple nonlinearity and derivatives; this will be done by
treating Vv as an independent variable q and then to impose the relation Vv — q = 0 by penalization and the use of a Lagrange
multiplier. In order to implement the above idea, we will proceed as follows:

(1) We denote (L?(£2))? by Q and define W and j(-, -) by
W= {{v,q}|ve H}(2), qeQandq=Vv} (124)
and
1
i =5 [ falol +ulvor] axeg [ aar= [ foar (125)
2 2 2
(2) We observe that problem (123) is equivalent to

{u,p} € W, Jj,p) < jv,q), V{v,q}e€W. (126)
(3) We define an augmented Lagrangian functional £, : (Hé (£2) x Q) x Q - Rby

L {v, q},/L)=j(v,q)+%/QIVv—quder/Qw(Vv—q)dx (127)

(with r > 0) and observe that if {{u, p}, A} is a saddle-point of L, over (Hé(.Q) x Q) x Q, i.e., verifies

{u,p), A} € (HY (2 x Q) x Q,  Le({u, p}, p) < Le({u, p}, A) < Le({v, ), 1),
V{{v, q}, 1} € (Hy(2) x Q) x Q, (128)
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then, the pair {u, p} is the solution of problem (126), which implies in turn that u is the solution of problem (123) and that
p = Vu (augmented Lagrangians, other than the one given by (127), can be used); we can in particular replace ;| V| in (125)
by w|q|?, but it does not seem to make a significant difference from an algorithmic point of view.

(4) In order to solve the saddle-point problem (128), we advocate (following, e.g., Refs. [5,10,11,25,26]) the following Uzawa-type
algorithm (called ALG?2 in the above references):

u~'and A0 are given in Hé (£2) and Q; (129)
forn > 0, u"~1 and A" being known, solve

P'eQ  Le(qu' L p"A") < Lr(fu" q) A", YqeQ (130)
then

W€ HY(2), L p") A < L@ UL AT, Vo e HY(9), (131)
and update A" by

A = AT 4 (VU = ph). (132)

It follows from, e.g., [5,10,11,25,26], that the following convergence result holds:
Vi 'A% € H}(2) x Q, one has lim {u™, p"} = {u, Vu} in H)(£2) x Q, (133)
n—>oo

where, in (133), u is the solution of problems (58) and (123). Concerning the implementation of algorithm (129)—(132), a close
inspection shows that problem (130) reduces to:

p" = Arg min [r/ |q|2dx+g/ |q|dx—/(rVu”71+)»”)~qu . (134)
q€Q [2 Jgo 2 2

The minimization problem in (134) can be solved point-wise, leading to the following closed form solution for p":

1 g N . .
a.e.on £2, pn(x) = ; (1 - |X"(X)|) X'(x) if|XP(x)| > g,

0 if X"(x)| =g,

(135)
with X" = rVu"~! 4 A, On the other hand, (131) reduces to the following linear Dirichlet problem (written here in variational
form):
u" € H}(£2), a/ u”vdx—i—(u—i—r)/ Vu" - Vodx =/ fvdx—l—/(rp" — A" Vudx, Yve H\(Q); (136)
2 Q Q Q

the numerical solution of problems such as (136) is routine nowadays.

Remark 12. By updating A" after step (130) we obtain the following variant of algorithm (129)—(132):

u~'and A are given in Hé (£2)and Q; (137)
forn > 0, u"~1 and A" being known, solve

P'eQ L@ p" A < L' gl "), VaeQ, (138)
update A" by

A2 = (v = p), (139)
solve

u' € Hy(2),  Lo({u", p" L M) < L0 p" AT, Vo e Hy(9), (140)
update A" 172 by

Al — ant1/2 (V" — p"), (141)

The above algorithm (called ALG3 in Refs. [5,10,11,25,26]) verifies also the convergence properties given in (133). The choice
of r is for both algorithms a critical issue for which we refer to, e.g., Refs. [5,25]. Actually, both algorithms have very close
relation with operator-splitting schemes such as Peaceman—Rachfords and Douglas—Rachfords (see the two above references for
details). Concerning the relative merits of ALG2 and ALG3, let us say that it seems (see e.g. Refs. [5,25,26]) that ALG3 is faster
for smooth problems while ALG2 is more robust; since the problem under consideration involves the non-differentiable function
v — [ [Vv|dx, we favored ALG2.
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9. Bingham flow in cylinders. (VII) Finite element approximation

In Section 6, Remark 6, we have been advocating the use of low order space-time approximations for Bingham flow in cylin-
ders, the main reason being the relative low regularity of the solutions. From these considerations, the backward Euler scheme
(discussed in Section 6) will be our method of choice for the time-discretization. Similarly, we will rely on globally contin-
uous, piecewise affine finite approximations for the space discretization. This combination leads us to the schemes (43) and
(44) described in Section 6, Remark 6. We have thus to solve at each time step a finite dimensional problem of the following

type:

up € Von, Ot/ up(v — Mh)dx-l-,u/ Vup - V(v —up)dx + gljn(v) — ja(up)] > / v —up)dx, Vve Vy,
2 2 .

25

(142)

with

i) = / Vol dx =
25

> / Vol dx. (143)
K

KeT,

The finite dimensional problem (142) has a unique solution characterized by the existence of A;, such that

{up, Ap} € Vop x Ay, a/ uhvdx—i—u/ Vuh-Vvdx+g/ Ay - Vuodx = frvdx, Yv e Vo,
25 25 25 25
An - Vuyp = |Vuyl, (144)
with
Ap={nlpeL>2) x L*(24), YK €Ty nlk=mpg €R, |pgl <1}. (145)
System (144) takes various equivalent forms, among them
uy € Von, a/ uhvdx+,u/ Vuh-Vvdx+g/ Ap - Vodx = frvdx, Yv e Vo,
2 25 25 25
Ap = Pa,(Ap +71gVuy), VYr=>0, (146)
and
{up, Ap} € Vop x Ay, Ot/ uhvdx—i—pL/ Vuh~Vvdx+g/ Ay - Vuodx = frvdx, Yv e Vo,
25 25 2 25
~ [ Vunw-rnar=o. Ve s (147)
Qh

above, Py, is the orthogonal projection operator from Ly(= {p|p € LZ(.Qh) X LZ(.Qh), VK e Ty, Kk = uxg € RZ}) onto Ay; it
verifies

.7 S
max(l, [pgl)’
From these formulations, deriving the fully discrete analogues of the various iterative methods discussed in the preceding sections
is straightforward.

Pa, (W) k = VK €Tk, Vp € Ly. (148)

10. Bingham flow in cylinders. (VIII) Numerical experiments

In this section, we will focus on the solution of the steady flow problem (52) in the particular case where £2 is the disk defined by
2 ={x|x={x1, x2}, x%—}—x% < Rz}. (149)

Assume that C > 0, then for the above cross-section, the solution of (52) is given by
R—r C .
( )[(R—i—r)—Zg} ifRR <r <R,
21 2
uoo(x) = R _ R/
2p

with r = 4/x7 + x3 and R’ = 2g/C.

(150)

C
) [2(R+R/)—2g} if0<r <R,
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Fig. 1. A triangulation 7}, of the disk £2.
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For the numerical experiments described below, we took R = 1/4, C = 16, and u = 1/4, implying that us, = 0 if g > 2. To
approximate the related problem (52) we have used the finite element spaces described in Section 9, defined from triangulations of

£2 like the one shown in Fig. 1, below (with 4 the length of the largest edge(s) of the triangulation).

In Table 1, we have reported, for various values of g and /, some of the numerical results obtained by applying, to the solution
of problem (52), the discrete variant of algorithm (61)—(63) (with « = 0 and f = C), associated to the triangulation 7. The above
algorithm has been initialized with Xg = 0 and we stopped iterating as soon as ||)»Z+1 —Apllp2 < 1074, nit being the corresponding
number of iterations; for r we took 1/ g2. Forh = 1/64 (resp., 1/128 and 1/256), 7}, consists of 1976 (resp., 7,945 and 31, 690) triangles
and has 1,039 (resp., 4074 and 16,047) vertices. The results shown in Table 1 (and Fig. 2) suggest that |lup — ul|;2o) & O(h?),

while |V (u, — u)||( LR ~ O(h); these results are consistent with error estimates proved in, e.g., [10].

The results shown in Table 2 concern the same test problem and have been obtained using the same triangulations than above.
On the other hand for these computations we have used the nested iterative method obtained by combining the (pseudo-) time
discretization schemes (87) and (88) (initialized with A = 0) with algorithm (90)—(92) (initialized with XZ’() = XZ_I). We took
At =2u/g% r = At/2, and stop iterating as soon as IA; — XZ+1 2 < 10~* (outer iterations) and 1AL ja1 — Mpallp2 < 1073
(inner iterations) (other stopping strategies are possible). The numbers in the nif column correspond to outer iterations. We observe
that the approximation errors given in Table 2 are of the same order as those in Table 1.

Table 1

Numerical results obtained by the discrete variant of algorithm (61)—(63)

g h nit llun — ullp2 V@ —wllp2

0.2 1/64 4 1.2206E — 004 1.0964E — 002
1/128 4 3.0895E — 005 4.9999E — 003
1/256 3 7.6938E — 006 2.7501 E — 003

1.0 1/64 15 1.0071 E — 004 2.1055E — 002
1/128 8 2.4395E — 005 1.0090E — 002
1/256 5 6.1040E — 006 5.1368E — 003

1.7 1/64 20 1.3162E — 004 1.8784E — 002
1/128 7 2.8520E — 005 8.0858E — 003
1/256 2 5.3213E — 006 4.0120E — 003

1.9 1/64 2 6.3682E — 005 1.1223E — 002
1/128 2 1.5250E — 005 4.8720E — 003
17256 2 4.5102E — 006 2.4759E — 003

2.1 1/64 2 5.1227E — 015 5.2260E — 014
1/128 2 3.2679E — 014 3.1831E — 013
1/256 2 2.0857E — 013 2.0147E — 012
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Fig. 2. Variation of |u — up|l;2(g) vs. h for g = 1 (log scales).
Table 2

Numerical results obtained by the discrete variant of algorithm (87), (88), (90)—(92)

g h nit llup —ullr2 IV @un — w2
0.2 1/64 3 1.2213E — 004 1.0959E — 002
1/128 3 3.0872E — 005 4.9971E — 003
1/256 3 7.6864E — 006 2.7502E — 003
1.0 1/64 14 1.0055E — 004 2.1043E — 002
1/128 7 2.3587E — 005 1.0061E — 002
1/256 5 5.8432E — 006 5.1390E — 003
1.7 1/64 20 1.2672E — 004 1.8807E — 002
1/128 7 1.9826E — 005 8.1015E — 003
1/256 6 4.8495E — 006 4.1762E — 003
1.9 1/64 7 1.0990E — 004 1.1936E — 002
1/128 7 1.7497E — 005 5.3066E — 003
1/256 7 4.6899E — 006 2.6584E — 003
2.1 1/64 7 3.3682E — 017 3.8609E — 016
1/128 7 2.1175E — 016 2.0748E — 015
1/256 7 2.3071E — 015 2.2257E — 014

Finally, we have shown in Table 3 (and Figs. 3 and 4) the results obtained using a discrete variant of the
Penalty/Newton/Uzawa/conjugate gradient method discussed in Section 7.5. The computations have been done taking 7 = 1/128
and varying g and the penalty parameter €. The Newton’s (resp., Uzawa/conjugate gradient) iterations have been initialized with
X% = 0 (resp., pg = 0) and (using Section 7.5 notation) we took tol; = 107® and tol, = 10~ in the stopping criteria. In Table 3, nit
is the number of Newton’s iterations necessary to achieve convergence. We observe that the number of Newton’s iterations decreases
with g; this property was expected since the size of the fluid region (where |A(x)| = 1) is a decreasing function of g, everything
else being the same; on the other hand, the number of Uzawa/conjugate gradient iterations stays around 5, for the values of g and ¢
considered here. Fig. 3, which corresponds to g = 1, suggest that for ¢ moderately small [|uj, . — uj, || 2o, varies like /€ (which is
what was expected), while it stays constant for smaller values of &. We suspect that to recover the /¢ behavior, for the very small
values of &, we should use smaller tolerances in the stopping criteria of the various iterative methods used to compute uy, . and uj;
(uj, is the approximate solution computed via algorithm (61)—(63)). In Fig. 4, we compare, for ¢ = 1, the exact solution with the
approximated ones, obtained with 2 = 1/128 and various values of ¢; we observe that the condition Vi = 0 is well approximated
in the rigidity region.

We will conclude this discussion, concerning the numerical simulation of Bingham flow in cylinders by mentioning that,
if one is interested by the steady state solution only, it may be advantageous to consider the following (non-physical) initial
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Numerical results obtained by the penalty/Newton/ Uzawa/conjugate gradient method of Section 7.5 for /1 = 128 (uj, is the corresponding solution obtained by the
related discrete variant of algorithm (61)—(63))

g € nit lun,e —upli 2 Nun,e — ullp2 IV (@n,e — )2
0.2 1E-003 19 5.4330E — 004 5.4523E — 004 7.2570E — 003
1E-005 19 6.7749E — 005 7.5271E — 005 5.0353E — 003
1E-007 19 4.5020E — 005 5.5144E — 005 5.0137E — 003
1.0 1E-003 11 3.2531E — 003 3.2621E — 003 3.6440FE — 002
1E-005 11 3.9400E — 004 4.0331E — 004 1.0732E — 002
1E-007 11 2.4255E — 004 2.5211E — 004 1.0257E — 002
1.7 1E-003 9 1.3728E — 003 1.3978E — 003 2.6178E — 002
1E-005 6 3.8398E — 004 4.0890E — 004 1.0300E — 002
1E-007 6 3.6026E — 004 3.8519E — 004 1.0092E — 002
1.9 1E-003 11 3.8816E — 004 4.0174E — 004 1.4630E — 002
1E-005 4 1.4912E — 004 1.6300E — 004 6.4455E — 003
1E-007 4 1.4636E — 004 1.6024E — 004 6.4008 E — 003
2.1 1E-003 2 3.2679E — 014 2.6906E — 028 2.7906E — 027
1E-005 2 3.2679E — 014 2.6728E — 028 2.7729E — 027
1E-007 2 3.2679E — 014 2.6958E — 028 2.7919E — 027
8
@
o™
-
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Fig. 3. Variation of |lup,e — uj; llL2¢c) vs. eforh =1/128 and g = 1.
value problem:
u(0) = ug(e H&(Q)), / V(B,u)-V(v—u)dx+,u/ Vu-Vw—u)dx+ g {/ |Vv|dx—/ |Vu|dx}
2 Q Q Q
> c/ (v—u)dx, Vve H)Q), (151)
Q

where dC/dt = 0. Indeed, suppose that u, is the solution of the corresponding steady state problem (52); it is then fairly easy to

prove that

[|ue(?) — uOO”H(;(_Q) =< lu() — MOOHHJ(Q) exp_m, Vit >0,

(152)

a stronger convergence result than the one given by (23) in Section 5. We refer to [12] concerning the practical implementation of
the above approach (which is no more complicated to implement than the one based on (17)).
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Fig. 4. Graphs of the exact solution (—) and of the approximated solutions restricted to a diameter of £2 for £ =3 x 1072 (- — ), 1073 (——-— yand 1075 (--+)
(h=1/128and g = 1).

11. Bingham flow in cavities
11.1. Generalities

The modeling of multidimensional Bingham flow can be found in Section 2. From now on, we will assume that §2 is a bounded
region of R4 (with d = 2 or 3). The numerical simulation of such flow has been addressed in, e.g., ([7], Chapter 10), [27,28] (see
also the references therein). In this article, we will briefly review the operator-splitting based methodology discussed in the three
above references and present some numerical results obtained with it. Before describing the above methodology, let us mention

that a popular approach to overcome the difficulties associated with the non-differentiability of the functional v — / ID(v)| dx is
Q

to approximate the problems (1)-(5) and (6)—(9) by regularization; among the various possible regularization procedures, the one
below is classical

ol + (ue - V)ug] = V.o, +f in2x(0,7), (153)

Veu, =0 in2x(0,7), (154)
ﬁgD(us)

= —pl 2uD 155

O p&‘ + (82 + |D(ug)|2)1/2 + :bL (uS)v ( )

u.(0) = uy, (156)

u.=ug onl x(0,T7). (157)

The main drawback of the above regularization procedure is that it does not have the property that u(z) reaches the value 0 in finite time
if f = 0 (unlike the solutions of (1)—(5) and (6)—(9)). We will not investigate furthermore the regularization approach associated with
(153)—(157). Instead, in the following sections, we will discuss the solution of problem (6)—(9) via a time-discretization by operator-
splitting; with this approach (already investigated in Refs. ([7], Chapter 10), [27,28]) we will be able to solve problem (6)—(9) via
a methodology closely related to various methods used for the solution of the Navier—Stokes equations modeling incompressible
Newtonian viscous flow (i.e., those equations obtained by taking g = 0 in (1)-(5) and (6)—(9)).

11.2. Time-discretization of problem (6)—(9) by operator splitting

There are many ways to discretize problem (6)—(9) by operator splitting. Among the many possible schemes, we will discuss only
one, of the Marchuk—Yanenko type (see ([7], Chapter 6) and the references therein); this scheme reads as follows (with, as usual,
" = (n + a)Ar):

u’ = uy; (158)

then, for n > 0, u” being known, we compute {u"+1/3, p"+1} w"*+2/3 and w*+! as follows:
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Solve the generalized Stokes problem

%(un—i-l/?} _ un) _ %Vzun+l/3 + Vpn+1 — fn+1(: f(tn-H)) in Q, V- ul‘l+1/3 — Oln .Q,

un+l/3 — u]l’é—Fl(: uB(lJ’l+l)) on I—: (159)

then the transport problem

gu+ Wt . Viu=0in2 x (", ", u@) =u"t3, u= u'é+1 on T x (", "D, (160)
and set
w23 = u(tn+1); (161)

finally, solve the elliptic variational inequality problem
At
un+1 c (HI(Q))d, un+1 — u%—l—l OnI—; Q/(z(un+1 _ ul’l+2/3) . (V _ un+1)dx + lu’2 /!\2 Vun+1 . V(V _ uﬂ+1)dx

+ gV2A1[j(v) — j"™H]1 >0, v e (H' (2)%, v=u T onT; (162)

in (160) we have I = {xlxe I, (ugJrl -n)(x) < 0}, n being the outward unit normal vector at I". Closely related operator
splitting techniques have been used in [27] for the simulation of Bingham flow in two dimensional square cavities.

Remark 13. It follows from, e.g., ([10], Chapters 1 and 2) that the variational inequality problem (162) has a unique solution
characterized by the existence of a d x d tensor-valued function A" such that

Agt(ul‘l-i-l _ un+2/3) _ %VZUVH-I _ gﬁv . xl’l+l — Oln Q, un—H — u%‘i‘l Oan’ xn+1 c (LOO(Q))dXd’ )\’ﬂ-‘rl — (xl’l-‘rl)l’
A <laeon2, AT :DWHx) = D@ (x) a.e.on 2. (163)

The multiplier A" is not necessarily unique.

11.3. On the computer implementation of scheme (158)—(162)

There is no room in this review article to give a detailed discussion of the computer implementation of scheme (158)—(162) (if
one takes g = 0 in step (162) one recovers a solution method for the Navier—Stokes equations modeling incompressible Newtonian
viscous flow); such a discussion can be found in ([7], Chapter 10) and [28]. In the present article, our discussion will be limited to
the following comments:

(1) After an appropriate space discretization, the generalized Stokes problem (159) can be solved efficiently by an Uzawa-conjugate
gradient algorithm, preconditioned by discrete Poisson—-Neumann solvers. A detailed discussion of these Stokes solvers (includ-
ing an historical account) can be found in, e.g., ([7], Chapter 5).
(2) To solve the transport problem (160), we have advocated in ([7], Chapter 10) and [28] its equivalence with the following
wave-like equation problem (written directly in variational form):
Find u such that

/ u - vdx + / @3 V- @3 V)vdx+/ "3 n)@u - v)dlr =0,
Q Q IaVaas

vve Vit ae.on, Y, w=ufon T x (", w@) = w3 fut) = —@ A vt
(164)

with the test function space V& +1 defined by
Vit ={vive H' @) v=00n1"t")

The solution of problem (160), via its equivalent formulation (164), has been discussed at length in [7], where it has been
validated by the results of numerical experiments for a large variety of two and three dimensional test problems. In particular,
the space-time discretization of problem (164) by a combination of finite element space approximations and well-chosen finite
difference time discretization schemes is relatively easy to implement and leads to non-dissipative and accurate methods (see,
e.g., [7], and the references therein, for details).
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Fig. 5. Dividing K belonging to 7}, to define 7.

(3) Problem (162) is a trivial vector-valued variant of problem (58) in Section 7.3, implying that the various methods we have
considered for the solution of (58) are easy to modify in order to solve (162). Some of the methods resulting of these modifications
are described in, e.g., ([7], Chapter 10) and [28].

(4) Concerning the space discretization of problem (500)—(504), we have relied, in Refs. [7,28], on a variant of the well-known
Bercovier—Pironneau finite element approximation. Assuming, for simplicity, that £2 is a polygonal domain of R?, one uses the
following finite element spaces to approximate pressure and velocity, respectively:

Pi=1qlge C%). qlxe P, VKeT),  Vi={Ive(C @) vikeP)’ VK eTp)
where-as usual- P; is the space of the polynomials of two variables of degree < 1, and where 7}, /> is the triangulation of £2,

obtained from the pressure triangulation 75 by joining the mid-points of the edges of its elements (as shown in Fig. 5, below).

We observe that it is easy to compute j(v), Vv € Vj, since (from the definition of V) we have D(v|x) € (P)**2, VK €T, /25
and therefore |D(v|x)| € Py (with Py the space of the constant functions of two variables), which implies in turn that

v = / IDW)[dx=" meas.(K)DV|x). VVe Vi
2 KeTp)
There is no need thus for numerical integration to compute j(v). The finite element approximation of the sub-problems (159) (160)
and (162), and the solution of the resulting fully discrete problems is discussed in Refs. [7,28].

11.4. Numerical experiments and further comments

The computational methodology (briefly) discussed in Section 11.3 has been applied to the solution of problem (6)—(9), assuming
that:

Fig. 6. A uniform triangulation of £2.
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Kinetic energy, g=1, visc=1, U=1
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Fig. 7. Variation of the kinetic energy.

Streamlines, g=1, visc=1, U=1
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Fig. 8. Streamlines of the computed velocity field at steady state.

(1) 2=(0,1)x (0, 1), ' =0952.
2)o=1lLpu=1¢g=1.
3) I'y ={x|x={x1,x}, x2 =1, 0 <x; < 1} and (sliding upper boundary)

0 ifxe I'\ Iy,
up(x) = ) 2 (165)
16{x7(1 — x1)*,0} ifx € I'y

“4) ug=0.

Remark 14. The methodology discussed in Sections 11.2 and 11.3 is robust enough to handle without additional difficulties the
case where ug given by (165) would be replaced by

o [0 itrerry 166
Y= 10 ifx e Iy,
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Plastic and rigid regions, g=1, visc=1, U=1
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Fig. 9. Visualization of the computed plastic (white) and rigid (black) regions at steady state.

|lambdal, g=1, visc=1, U=1
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Fig. 10. Graph of |A;| (A}, is the computed approximation of A ).

The regularization associated to (165) is a classical one in the context of wall driven cavity flow, which is the main reason why we
used it here.

The results shown below have been obtained using for 7, a uniform triangulation like the one shown in Fig. 6, below, but with a
smaller space discretization step, namely Ax; = Axy = 1/64; for the time discretization, we took At = 1073,

On Fig. 7, we have visualized the time variation of the computed kinetic energys; it is clear from this figure that we have fast
convergence to a steady flow. On Fig. 8 we have shown the streamlines of the (quasi) steady-state solution. The rigidity (black) and
plastic (white) regions have been visualized on Fig. 9. The rigidity region is the one where D(u) = 0; it reconnects tangentially with
the boundary of £2 in the two lower corners, as shown in the above figure, and in Fig. 10 where the graph of the function x — |A(x)|
has been visualized (we recall that |A(x)| = 1 in the plastic region). The above results are in good agreement with those reported in
[27].

To conclude the presentation of the results associated to the test problem under consideration, we will report on the following
numerical experiment: with ug, 1, g and ug as above, we solved — approximately — problems (6)—(9) up to t = 0.05; let us denote
by u;(0.05) the approximate velocity at ¢+ = 0.05. At ¢ = 0.05, we froze the motion of the upper wall implying that for # > 0.05 the
Bingham flow is still modeled by (6)-(9) completed by the boundary condition

u(r)=0 onl, ifr>0.05,
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o2 Kinetic energy, U=1, (upper wall has been stopped at t=.05)
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Fig. 11. Variation of the kinetic energy vs. time after the sliding of the upper wall has been stopped at = 0.05.

with uy,(0.05) as initial condition at r = 0.05. Fig. 11 suggests that the flow behaves as expected, namely, the fluid returns to rest in
finite time. The kinetic energy behavior observed in the above figure is consistent with the one reported in [5,11,30], concerning the
solution of a closely related test problem (in the three above references the solution was computed using an equivalent stream-function
formulation of problem(6)—(9), coupled to a variant of the augmented Lagrangian algorithm (128)—(131)).

12. Conclusions

Various computational methods for the numerical simulation of Bingham visco-plastic flow have been discussed in the preceding
sections of this article. Since some of them still have to be tested for multi-dimensional flow in general geometry, the authors
do not think they have enough practical experience to give strong advices on which method has to be used. Actually picking a
method among others largely depends on the existing software the potential user has access to. At that stage let us say that the
Penalty/Newton/Conjugate Gradient method discussed in Section 7.5 looks promising to us and we intend to apply it in the near
future to the solution of problems more complicated than flow in cylinders.
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