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Local Defect Correction for Glass Flow Simulation

V.Nefedov* and R.M.M.Mattheij*
23 December 2000

Abstract

This paper describes a model to perform simulation of the glass flow in an oven. The
Navier-Stokes equations are discretised by a finite difference method on a collocated
grid and solved by a pressure correction method. Efficiency of the solution method
can be enhanced if the consistency condition for the boundary values is satisfied. A
special feature is that we employ refinement by uniform grids and solve the global
system by so called local defect correction (LDC). A special correction of the bound-
ary conditions for LDC, preserving the consistency condition, is introduced. The
performance of the method is illustrated by practical examples.

1 Introduction

Products made completely or partially from glass, such as TV and computer screens,
windows, tableware, play an important role in our daily life. Before one is able to produce
such products, the glass itself needs to be made. This process takes place in a so-called
glass oven or melting tank. The manufacturing starts with putting raw material, the
main components being soda and sand, into one side of the oven, which is heated by gas
burners from above. During the melting all components mix with each other. This heating
and mixing takes about 20 hours, after which the glass flows via feeding channels to the
production lines. There are therefore several processes involved, like melting, flow and heat
transfer, as well as various chemical reactions. Numerical simulations are an essential tool
for understanding these processes. In this paper we restrict our attention to the molten
glass flow simulation. The glass oven can be considered as a three-dimensional domain
domain composed of blocks. The molten glass is then essentially a three-dimensional flow.
For a proper simulation of the latter, we would need about 100 grid points in each spatial
dimension. This leads naturally to the choice of tensor grids and as compact and as simple
data structures as possible.
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versity of Technology, PO BOX 513, 5600MB Eindhoven, The Netherlands, nefedov@win.tue.nl,
mattheij@win.tue.nl



Since the flow has some areas of high activity a uniform grid does not give enough
resolution there or is too expensive. Such areas occur for instance where stirring is needed
to make the glass more uniform or air bubbles are being injected to insure a proper mixing
process. In order to properly resolve these phenomena a local refinement procedure is
needed. The method we are using was originally suggested in [9], see also [1]. It is
called Local Defect Correction (LDC) and is a an iterative procedure which accurately
combines solutions computed on a global coarse and local fine meshes. The paper is built
up as follows: the model of the glass flow is formulated in the next section, discretisation
techniques and the solution method for the flow equation are described in section 3, section
4 contains the detailed description of LDC. The fifth section deals with the estimates for
the perturbation parameters needed for construction of the local boundary conditions. In
the last section we illustrate an application of LDC to the glass flow and compare LDC
and non-uniform refinement using tensor grids.

2 The glass oven model

INFLOW

INFLOW OUTFLOW

. c—

WALL ,

Figure 1: Sketch of the glass tank (horizontal and vertical cross sections)

The geometry of industrial glass ovens may vary, still each one contains some typical
part In figure 1 we have sketched a simple oven. It consists of two tanks connected via a
channel. The left tank is an area where the heating and melting occur. The smaller, right
tank is connected via the feeders with the production lines. Since our primal interest is the
flow itself, we ignore the melting, assuming that the glass melt of a certain temperature
flows into the oven via the inflow area. We assume the glass to be a Newtonian fluid, cf
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[16]. Let @ = (@, o, w)T denote the velocity, /5 the pressure, ji the viscosity of glass, § the
density of glass and let F = (0,0, —5g)T be the body force per unit volume. The flow
equations can be written as follows

(p(%)&, Vi) =F — V5 + V- (4(X)Vid), (conservation of momentum)

and )
V - (p(X)i1) =0. (conservation of mass)

Tildes indicate that variables and parameters are dimensionfull. The equations are written
in a time-independent form, because for larger time scales the glass flow exhibits steady-
state behaviour. The viscosity f and density § are temperature dependent. In order to
obtain the temperature values we need to add the energy equation to our model. However,
it would make the computations significantly more complex and not really add to our
major objective i.e. to demonstrate our refinement technique. Instead, we use a realistic
temperature field which varies in space and approximates the actual temperature in the
oven. The flow equations are still too general since they might as well represent any viscous
fluid in a oven. In order to restrict the model to the particular case of the glass flow we
are interested in, we need to specify the parameters of the equation, namely the viscosity
and the density. Both entities are functions of the temperature. The viscosity decays
exponentially as the temperature increases. The expression for the viscosity is known as
the Vogel Fucher Tamman law, [16]

5510‘ Viscosly of glass

0 1 2 - 2 g
1100 1200 1300 1400 1506 1600 1700 1800 1900 2000
lomperature, K

Figure 2: Viscosity of tv-glass

i = W(T) = ae’T-0, (1)

Since the viscosity is a function of the temperature and the temperature varies in space,
the viscosity is also a spatially dependent function. We will further refer to it as i(X). The
coefficients a, b, ¢ in (1) are specific for different glass types (tv-glass, window-glass etc).
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Figure 3: Density of tv-glass

The most significant factor in a glass flow computation is the density. It may be modeled
as a linear function of the temperature, more precisely

p=pH(T)=a(l-B(T -1)), (2)
The changes in density, however small, are the driving force behind the glass flow. In order

to understand the relevant phenomena in our model we introduce dimensionless quantities

as follows:
1 1 1 1

X:= —)Eia u = —U—ﬁ’ p= Eﬁ’ K= ;;/]a
where X, U, po and o are the characteristic length, velocity, density and viscosity respec-
tively For a typical glass flow these values are
m kg kg
X =2[m|, U =0.01{— = 2200[—=%], = 40[——].
m] 2, po = 2200051, o = 40[]

The gradient and divergence operators written in old variables — V, V- and new variables
V and V- are related via ) )
V=XV, V.=XV-.

Substituting this information into the flow equations we have

u? .1 U
B (pu, V) = F — V5 + B0 (uv - u),
. |
pOT - (pu) = 0.

Dividing the momentum equation on both sides by X/(poU?), the continuity equation by
poU/X and defining
X = 1 p()X U

F:=——F, p:=——=p, Re:= ,
o7 P e Bo




(where Re is a Reynolds number) we obtain the dimensionless Navier-Stokes equations

{ (p(x)u, Vu) =F — Vp+ %V - (u(x) V), (3)
V- (p(x)u) = 0.

The Reynolds number is not small enough to neglect the convection term, thus we need
to consider full Navier-Stokes equations. The boundary of any oven is composed of several
parts, such as inflow, outflow, the top layer, and glass-wall border, see Figure 1. On each
of these boundary conditions for the velocity must be defined. We shall prescribe fixed
inflow and outflow velocities. At the border between wall and glass we assume no-slip. The
top layer is modelled as a symmetry plane, that is the normal component of the velocity
is zero; elsewhere we prescribe homogeneous Neumann boundary conditions.

u|rinflow = Uo, U|Finflow = 0’ wlinﬂow = 0’
ulrautﬂow = U, vlroutﬂow = 0’ 'w|outflow = 07
u|rwall,glass = U1, ,Ulrwal!,glase = 0’ w'wall,glass = 0’

%%'Ftozp = 07 %élreop = 0’ wltop = 0‘

3 The solution-method for the governing equations

For simplicity and efficiency reasons we opt for the finite difference method (FDM) among
the various discretisation techniques. The natural choice for the (FDM) applied to in-
compressible viscous flow problems is a staggered grid, where all dependent variables are
computed in different locations, see e.g. [13]. The problem discretised on a staggered grid
is always well-posed. However, the grid is far more complex than a standard tensor or
collocated grid, where all variables are computed at the same mesh nodes. Since we like
to carry out a simulation in a three dimensional space, where the domain is composed of
blocks and the number of grid points can easily be as large as 108, we would prefer to use
a collocated grid. On such a domain we introduce a tensor grid which is a product of three
one-dimensional grids

z; =1Hy, Hy=a/N;, ©i=1..Ng,
y; = jHy, H,=0b/N,, j=1..N,,
2y =kH,, H,=c/N,, k=1...N,.

Here a, b and ¢ are the length, width and height of the oven and H,, Hy, H, are the grid
sizes. We would refer to the maximum grid size as H, i.e. H = max(Hy, Hy, H,). The grid
domain £y is a set of grid points belonging to the physical domain. We do not describe
the details of the discretisation of the diffusion-convection and the body force here, see e.g.
[7]. Instead we concentrate on the gradient and the divergence operators. The discrete



gradient V, is defined by

Pi+1,56 — Di-15,k Pij+1.k — Pi,j—1,k Dijk+1 — Pijk+1\T
Vip)iik = , . 4
(Vapigp = ( 2H, ’ 2H, 2H, ) (4)

Similarly the discrete divergence V, is defined as

(Vh-u)ijp = Uitl,5k — Ui-1,5.k n Vij+1,k — Vij-Lk + Wi,jk+1 — Wiygk+1 (5)
LHE T *
2H, 2H, 2H,

After collecting these relations we obtain a discrete Navier-Stokes system of the following

form
{ Mg(u)u+ Vyp = F,

Vg-pu=0. ©)

The discrete operator My includes diffusion and convection components. Its non-linearity
is indicated by explicit dependence on u.

The solution method we use for solving (6) is of pressure correction type cf.[10]. We
first rewrite the momentum equation

0=F —Mpg(u)u— Vyp. (7)
Rather than solving (7) directly we consider a transient equation

Opu

% = F — Mg(u)u - Vgp. (8)
Using Euler-backwords for the time dependent term and Picards iteration to handle the
non-linearity (a part of the nonlinear term is computed using the information from the
previous iteration), we can formulate the predictor step

1
A—t(pu* —pu") =F — Mg(u™)u* — Vyp". 9
Assuming u” and p” to be known we can solve (9) for u*. Since u* might not satisfy the
continuity equation, we need to correct it. We use an expression like (9) but now in explicit
form 1

—A-?(pu”+1 — pu"®) = F — My(u*)u* — Vyp™t. (10)

This equation involves two unknown entities: the new velocity field u®*! and the new
pressure p"*!. To resolve this problem we apply the discrete divergence (5) to both parts
of (10). Requiring Vg - pu™*! = 0 we obtain an equation from which we can compute the
new pressure p"t!

1
~Vg Vgp"t' = -Vy - (F - Mg(u*)u’ + Ktpu"). (11)



To construct (11) we used the continuity equation. It turns out, that for some applications,
other constraints can used, see e.g. [15]. The boundary conditions for (11) follow from the
fact that we do not correct the velocity at the boundary

0= Z_ﬁ(pu”“ — pu™) =F — My (u™)u® — Vgp™*'  at the boundary.

Hence .
Vup™!' =F — My (u*)u* at the boundary.

After having found p™*! we substitute it into (10) and compute the new velocity u™*',
The algorithm thus far can now be summarized as the follows:

Algorithm 1 Pressure Correction

0. Let u®, p", At be given.

1. Find the predicted value of the velocity u* from

1
Al

2 Find p™*! from the pressure equation

pu* — pu™) = F — M(u")u* — V,p".

~V - Vpp™t = -V, - (F ~ M(u*)u” + -Al—ipu“).
3 Compute the corrected velocity field u™*! from
Ait(pu"'H - pu™) =F — M(u*)u* — Vyp"th.
4. Check convergence, returtn to step 1 if residuals are not small enough.

The major problem arises when solving the system for the pressure. If the pressure ma-
trix Vg - Vg is constructed as a combination of the discrete divergence and the discrete
gradient as introduced above thus acting on a pressure as follows

2Dk — Pi-2,4k — Di+2,5,k

(=Ve-Vup)ijr = 22 +
2pijk—pz'j—2k—pij+2k 2Pijk—29ijk-2—pijk+2
3J ¥ P ¥ . 3 3 S ¥ Nt ¥ . 12
4T * 4H? (12)

The pressure computed from (12) might exhibit high oscillations. This unphysical be-
haviour is caused by the fact that the pressure matrix —V}, -V, has eight zero eigenvalues.
To avoid the problem we replace the pressure matrix by a standard 5-point discretisation
of the Laplace operator denoted as V2,

2Di ik — Di-14k — Pi+l,jk
(= Vap)ijp = —1—= H; ==+
x
2Di ik — Pij-1k — Pig4lk | 2Dijk — Pigk~1 — Dijh+l
4 . (13)
H? ?



The two matrices —Vg - Vg and —V% both are approximate the same continuous Laplace
operator. It can be shown see e.g. [7] that the difference between them can be estimated
as

| = Vi - Vap+ Viplle < CH?,

where C depends on fourth order derivatives of p, e.i. for smooth p the error introduced by
changing the pressure matrix would be small. For the overall performance of the method
it is essential to be able to solve the pressure system efficiently; therefore we would like to
analyse —V?2 a bit better. It has the following properties:
1. The diagonal coefficients are positive, off-diagonal — non-negative.
2. The row-sums are zero for each row.
3. It is irreducible.
4. It can be symmetrised by diagonal scaling.
Thus for any vector p the sum of all components on the left-hand side of the system applied
to p is equal to zero

> (~Vipigs =0.

i\gk
The same should hold for the right-hand side

1
S =V (F = M (u)u + pu"ige = 0. (14)
1,5,k

All components on the left-hand side of (14) corresponding to the internal points of the
grid cancel each other and we are left with an expression which involves only the boundary
nodes. We recall that at the boundary the following relation holds

Vep"t! = F — My(u*)u*

Taking this into account (14) can be reformulated as

N!th Nz,Nz NmNy
E HyH,(u1gk — Ungin) + O HoHo(vine — vin ) + z  H Hy(w;j1 — wijn,) =0.
5k=1 i,k=1 i,5=1

(15)
Condition (15) is thus a consistency condition for the pressure system. Since (15) depends
only on the boundary values of the velocity, it can be checked prior to solving the Navier-
Stokes equations. If (15) is satisfied the pressure system has infinitely many solutions which
differ by a constant vector. If (15) is not satisfied the situation can be repaired in various
ways. Most common is to simply fix the pressure at one point; it makes the pressure matrix
non-singular, i.e. the pressure system will always have a solution. However, this way of
avoiding the problem has a drawback; fixing the pressure at one point often significantly
increases the number of iterations needed to solve the pressure system. An alternative
approach will be analysed in the next section.



4 Local defect correction

Since computing on a uniform fine mesh in a three-dimensional space is too expensive we
rather like to refine only locally. One way to do this is employing Local Defect Correction
(LDC) cf. [5], [6]. LDC enables us to combine results computed on two or more grids.
One grid is always the coarse grid covering the whole domain while other (fine) grids cover
regions with higher activity. Besides the global coarse grid 5 we shall use a local fine grid
QL which is a tensor product of three grids inside a block [z, %i,] X [Ujo, Ysi] X [Zkos 2k4],

Qﬁz = {Iﬁ’y} Z}c}, (16)
Tt =1y + thy, Ay = Hy[oz, 0<i< N =1+ (24 — 2iy)/ha, (17)
y;lj = Yjq +jhya hy = Hy/o-y’ 0<5< N; =1+ (yjl - yjo)/h‘y’ (18)
2 = zk, + khy, hy=H,/o,, 0<k <N =14 (21, — 2k,)/he- (19)

A superscript [ indicates that that the variable is defined locally, the subscripts H and A
indicate the coarse and fine meshes respectively. The o4, o, and o, are called the refinement
factors. They are assumed to be positive integers larger than one, i.e.

0z €N, 0,>1, oy €N, 0y, >1, 0, €N, 0,>1
The grids Qg and 2}, form together the composite grid Qg
Qup=QrUQL.

We also need a grid which is a set of vertexes belonging to both global and local grids,
denoted as €2}, i.e.

Qg = {2,952}, fo<i< i, jo<j<h, hoSk< k.
First, we solve the discrete Navier-Stokes equations on Qp

Mpy(ug)ug + Vapg = Fa, (20)
VH -pug = 0.

Next, by using linear interpolation for the computed velocity field we find Dirichlet bound-
ary conditions for the problem on the local fine mesh. In order to be able to solve the local
problem we need to check whether the boundary conditions for the local problem satisfy
the compatibility condition (15). In general (15) is not satisfied. It means that

N},N! NLN} Nz Ny
l l [ l l 4 —
E hyhs (w0 —uny i) + E hzhz(vi,1,k‘vi,1v;,,k)+ E  hohy (w5, —wi; n) =90. (21)
k=1 i,k=1 3,j=1

To mend this this we can adjust the boundary values at-the grid points which belong to
the local grid only. First we need a notation for the indices of local grid points at the faces
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of the O},

= {5, k) (25, w5, 24) € U\ Q)
= {('L,k)|( zaygvzlc) € Qh\Q }
e (G DIk ol 24) € 9 \ Oy,

When the consistency condition is not satisfied, this means that inflow and outflow do not
balance each other. The residual § can be zero, positive or negative. If zero, there is no
problem. If § > 0 the outflow is larger than inflow and if § < 0 the inflow dominates. Let
us assume, for simplicity, that § > 0, i.e. the outflow is larger than inflow. The idea is
to make the inflow larger and the outflow smaller by correcting the velocity at the local
points only. Thus we define the new velocity value @' as

ul,],k =(1- szgn(ulj k)a)%,y,m uﬁvz =1+ sign(uﬂvi,j,k)a)uﬂv;’j’k, (1,5) € K'. (22)

By analogy we correct the other components of the velocity field. Substituting the updated
velocity into (21) we have

N},N} NL,N} NL,NE
D hyha(inge — s ge) + D hohe(Bie — i) z hohy (Wi g1 — Wijni) =
Jk=1 1,k=1 i,5=1
I
(g.k)elt (6,k)€T?
! !
Q Z hahy((wg 51| + [wijml)-
(i.)eK?

Therefore, the natural choice for « is given by

o™t =07 D hyha(lu el + gl + D oha(lofy el 4+ [0 k) +
(7,k)eX; (i.k)en

D hahy(lwhyal + lwl ml)] (23)

(i.5)€Z

Using the newly corrected velocity at the boundary of } we can formulate the local
problem
M(up)uy, + Vipy, = Fy,
v, - I __ (24)
h - puy = 0.
After having solved the local problem we combine the two results into the solution at the
composite mesh
. . . 1
__ | w, if the node is in (2},
WA= { uy, otherwise. (25)

If we would combine the solution on the local fine grid with that on the complementary
coarse grid we will not obtain a sufficiently globally accurate solution in general. We need

10



to provide a certain exchange of information between solutions on coarse and fine grids to
correct the approximation on the composite grid. First we construct a (grid) function gg
that is defined on the coarse mesh points

_ [ uy, if the node is in Q,
gu = uy, otherwise .

The function gy can be considered to be a projection of ugp onto the coarse mesh (.
Next we compute the defect d '

d :=Fyg — My(gr)gy + Vuprs. (26)

Since gy coincides with uy outside Q;, the defect is only nonzero in ;. The right-hand
side of (20) is updated with the defect and we have

Mg (u})uly + Vapy =Fg — d,

V- puy =0. (27)

The boundary conditions for the problem on the local fine grid are obtained by interpolating
u};. Since they will generally not satisfy the compatibility condition (15) we correct them
in the above-described fashion. After solving the local problem

My(ullul! + Vil =

(28)
Vi pug' =0,
we combine u}; and ub! into a new composite solution
L1, . . 1
=4 U if the node is in €2}, (29)
Hh uj;, otherwise.

The solution method for the glass flow can be now formulated as follows:
Algorithm 2 Local Defect Correction
0.d:=0, i:=0
1. Solve by algorithm 1 o .
Mpg(uy)uy + Vapy =Fr - d,
VH : pu"H = 0.
2. Create boundary conditions for the local problem by interpolation.
Correct the boundary conditions if (15) is not satisfied.
4. Solve by algorithm 1

w

Ly by Li __ml
M, (llf:l)}lhz + Vipy = Fy,
Vi pu* =0.
5. Construct the composite approximation
i _ [ u}?, if the node is in QO
Up,p = i :
ujy, otherwise.

6. i:=i+1; return to step 1 if residual is not small enough.

11



5 Estimate for the perturbation parameter

Since we perturbed the boundary conditions for the local problem by (1 — a) we would
like to obtain an estimate for o.. This is borne out in a property, the derivation of which is
deferred till the end of this section. We start with a definition of a discrete integral norm.

Definition 1 For f(z,y) € C([a,d] X [¢,d]), hs = (b—a)/(N —1), by = (d—c)/(M - 1),
z; = a +1hg, y» = c + jhy, the discrete integral norm of f is defined by

N,M
fllzs =D hahylf (i, v5)|

i,j=1

Next we introduce a concept which is useful to describe a function requirements needed
below.

Definition 2 A function f € C([a,b] x [c,d]) is called infinitely oscillating around zero if

there exists a point x € [a,b] X [¢,d] and a direction r, such that for any € > 0, there exist

0 <ty <ty <€ such that .
f(X + tlr)f(x + tzl‘) < 0.

The following lemma gives an estimate of the difference between the integral and discrete
integral norms

Lemma 1 For f(z,y) € C?*[a,b] X [c,d]), such that f is not infinitely oscillating and
Z = {(z,y)|f(z,y) = 0} the roots of f form a one-dimensional manifold or a finite set of
points, the following holds

1llze = 1llzpl < CuR?

Proof We note that for a function which is only positive or only negative on [a, b] x [c, d],
the discrete integral norm coincides with midpoint integration. We can encounter problems
only at those points where f changes sign. Therefore we need handle this cases separately.
We split the complete domain [a, b] X [¢, d] into two parts

[a,b] X [¢,d] = ([a,b] X [¢,d] \ Vz) U Vz, (30)
where V7 is a h-neigbourhood of Z

Vz :=UuinVig Vig = [z: — hs/2, 7; + he /2] X [yj - hy/2’ Y + hy/Z],
(1,5) € {5, I3z, y) € ZNV}. (31)

Using the fact that [ = [+ [ and the splitting (30) we have

N f | zatixic.ay = NFH zaapixieapl <
|||f||L1([a,b]><[c,d]\Vz) - Hf||L§~([a,b]x[c,d]\Vz)| + |”f||L1(Vz) - ||f”L'1‘(Vz)|' (32)

12



The first term of the right-hand side of (32) can be interpreted as an error of the midpoint
integration rule

H|f”L1([a,b]><[c,d]\Vz) - ”f||L;=([a,b]x[c,d]\vz)| < DiR?
Let now (£,m) € Z be the point in h-neighbourhood of (z;, y;), that is

(&m) eV C Ve

We need to estimate

[ V@il - 1z, )l dady.
Vij
Using a Taylor expansion around (£, 7) we have

| / F(@s,y] £ (2, v)|dady] < Dol
\¥;

where D incorporates first derivatives of f. The integral over V; can be represented as a
sum of integrals over V; ; constituting Vz

A2y vy = 1 pavpy | = Z | / | f (zi, 431 — | (2, y)|dzdy]. (33)

L Vi

Expression (33) can be estimated by the number of V;; times the maximum over all inte-
grals. Noting that that the number of V;; is at most |, , 1dT'/h, we have

£ Nzava) = 11| < Da / 1dTH?

zZ
Finally,
Nl zacotixied) — 112 apixedn! < Cih?
with Cy = Dy + Dy §, 1dT. B

Before we arrive at our desired property we first give another lemma for which we need a
notation for the indices of points at the faces of Qf;, viz.

19 = {(j, k)|(ah, o, ) € Dy,
J9 = {(i, k)| (2}, o), 21) € Dy,
K9 = {(i, 5)| (e}, o}, 24) € Q.
T

Let us denote the global fine mesh as (4, and the solution computed on Qy, as (4,9, ¥)" .
The following lemma estimates the distance between u' and h at the faces of (.

Lemma 2 If the analytical solution of (3) is twice continuously differentiable, then the
following holds
) < CLH?

l N
max o ]
(i,j)eKyuKz(lul,J,k U1,5,k

13



Proof The distance can be estimated as a maximum of two distances

ap— Augel) < P ax (Jul ., — f1skl))-
max(juy gy = Gagiel) < max( max (fuyje — Gugel), max (jur, = Gl))

We recall that 4,4 is the solution of the discrete problem on the fine mesh. Further,
when (j,k) € K9, uﬁ,j,k is a solution discrete problem on coarse mesh. Since they both
approximate the same exact solution #, we have for some constant Dj

! - 2 . . 2
max |uy ;. — Uy < DsH max |y ;5 — U1 x| < Dsh®.
(G .k)EK? | 1,5,k 3T | ? (j,k)EKS | 3T 30y |

Therefore

max |Ull - 'l?l,l’j,k| < 2D3H2A

(J,k)EKg ,jvk

We now look for an error estimate at fine grid points not being coarse grid points at the
same time (i.e the set K'). The estimate can be obtained as follows

{ N 1 - = N
max |ui .. — 15kl < max |uy ., — Ui + Max (U5 — U1kl 34
(j,k)eK’l 1,5,k 1,J,Ic| = (j,k)eKll 1,5,k 17],"1' (j,k)eK‘l 1,5,k 1,3,k| ( )

The second term on the right-hand side of (34) is an approximation error, since 4y is
the discrete solution on the fine mesh and @, ; is the exact solution, i.e.

-— ~ 2
max |u1,',k — Ui, ',kl S D3h .
Gkyekt 7 I

In order to obtain a similar estimate for the first term of (32) we introduce a reference
function u® which is found by a cubic spline interpolation of the coarse grid solution (20)

s H
up = Y U150k 2),
(j,k)EKS

where cfk (y, 2) is cubic B-spline cf. [4] Then applying the triangle inequality we have

l o m. l S s _ s
(o |urge = Tugal < max fuy, = uigel + e ful g — Bl (35)
¥ ? ?

The first component on the right hand side is simply the linear approximation error. An
estimate for the second component follows from the fact that u* can be represented as

uy = Y wgsca(®:2) = Y (Guge+ DixH)ef(v,2),
(k)€K (.k) €Ky

where
= 2
ik = U1k + DjpH", for some Dj.
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Hence,

max {uf i, — Gkl S| D w1kcik (%9, 2) — 8lleo =

(J:k)EK? (GRex,
10, @@ 2) —a)+ Y. DipHl(z,9,2)|le <
(4,k)eX, (5,k)EX,
D34H? + max (D;;)H? = DsH?,
(4,k)EKS

for some Dy, Ds. Here Dy is the error constant of spline approximation. We note that if
g € C3(Q), then

max |uf ;, — Uik < D,H3 + maz(Dj,k)Hz.

(J k)EKl ).7’
due to the fact that the spline approximation yields a better accuracy for a smoother
function. Having proved (34), we finally proved the statement of the lemma, with Cy =
ma,x(2D1, D5) |
We can now find the required estimate for the perturbation parameter c.

Property 1 If the analytical solution of (3) is twice continuously differentiable, then the

following holds
6C,SH?

<
== 02)(Cs — 12C172)

where Cy and C are constants from lemma 1 and lemma 2, respectively,

S = 2(ay — 4)(ghy - 91) + (g — 20y — ) + (Ul — 9y — )]
and 0 := max(oy, 0y, 0;)

Proof The expression in the square brackets in (23) can be considered as the sum over all
points minus the sum over only global points

Z hyhe( |u13,k|+|uN',],k|)+ Z hgh (lvzlk|+|va’k|)

k)ert (i,k)eT
Z hmhy(lwf,jﬂ + |w£,j,N§|) =
(i.5)eK?
N1,N NL,Nt NNy
!
Z hyha(|uy ikl + |UlN;]k|) + Z hahe(95] + |”§,N{,,k|) + Z hahy (lwi ;1| + |w£,j,N,l|) -
k=1 ik=1 ij=1
Z hyha( Iuljkl + |UN;,J,1;| Z hah. (lvukl + !’Uz N;,kl) -
(4.k)els (4,k)eJ9
Z hmhy(|w£,j,1| + |w£,j,N;|)- (36)
(i.5)EK?

15



We denote as u! a twice continuously differentiable function that attains values u} ;, at

points (z!, yJ, z.), e.g. a cubic spline. Using the notation of the discrete integral norm we
can rewrite (36) as follows

Z hyh.( Iulj,k|+|uN1]k,| Z hgha( |vz1k|+|”lek|)+
(FR)EX (‘L k)eY;

D hahy(lwhgl + [l ) =
(3,0)€Z;
luillze + lluwllze + llorllzs + [losllr + Hwillze + Nwells —
o, to; (IIuIIILH+IIuNIILH)—a Yo (vl pe + llvall ) —
o5 oy H(llwillpe + [lwellpe) 2
(1 = o) (Nwallzy + llunellzy + lorllz, + loaelle, + willz, + llwag llz,) = 12C1A%).

This estimate follows directly from lemma 1. We denote ||ui|z, + ||un ||z, + |lv1]lz, +

l[onille, +1lwil|L, + [lwnil|z, as Cs. The next step is to estimate §. Note that the solution
(4, 9,%)T on the global fine mesh Q satisfies the consistency condition (21) exactly

1 arl
NN NLNE NN

D hyha(tage— i)+ D hohe(Big—Oimp)+ D hohy(Biga— i m) = 0. (37)
k=1 ik=1

,j=1
Subtracting (21) from (37) we find that
Nl Nl N}_.,N‘
6= Zhh Ul ik — “N!;k Zh’h’(vzlk N;,k)+
Jik=1 i,k=1
NI Nl Nl Nl
Z h’ h (w’L] 1 ,],Nl Z h h (u17.7>k' - aNi-:]rk) -
tj=1 Gk=1
NLN NL,N,
Z haha(Bi16 — Bin k) Z hahy (Wi — Wijn1)-
i,k=1 1,5=1

Rearranging terms and applying the triangle inequality we obtain

NN} N} N}
l ~ l -~
0 < E : hyhz’“1,j,k — i8] + z : hyhz|uN;,j,k - ”Ni,j,kl +
Jk=1 3.k=1
NL N} NN}
l o l A
> hahalvhy = Bigl + Y hahalof e — Bingel +
ik=1 ik=1
NL,N} NL,N}
{ - i 2
E hxhylwi,j,l — Wiga| + _S_ , hzhyWi,j,N} - wi,j,N§|'
1,j=1 i,7=1
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Figure 4: Typical pattern of the velocity field for bubbling

Using lemma 2 we have that
§ < 6C,SH2.

6 Numerical Experiments

(38)

A good example to test our method for the glass oven is bubbling. Although this is a
typically local phenomenon, it has a noticeable global effect. It works as follows. Air
bubbles are injected at the bottom of the oven and on their way to the top attract air from
the glass, thus making the glass medium more uniform. Another important feature of the
bubbling is enforcing the so-called backflow, which is important for proper melting of all
components. In figure 4 we plot a typical velocity field pattern when bubbling is used.
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Figure 5: Velocity field in the vicinity of the bubbler, computed with non-uniform tensor
refinement (left) and LDC (right), z = 3.4
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Figure 6: Absolute values of the velocity in the vicinity of the bubbler, computed with
non-uniform tensor refinement (left) and LDC (right), z = 3.4

The bubbling is modelled as follows.

Let us assume that the initial volume of the bubble is V;. Since the hydrostatic pressure
decreases in going to the glass surface, the diameter of the bubble V}; increases. From the
gas law we have

H

% — ‘/0 pa + pg ,
Pa+ pg(H - 2)
where p, is the ambient pressure, p the density of glass, g the gravitational constant, H
the glass height and z the momentary glass height. We denote the total volume flow by
@. Then the distance between the bubbles is

Vov

d=—, 40

0 (40)
where v is the bubble rising velocity, which is the sum of the undisturbed vertical glass
velocity and the relative glass-bubble velocity. The force acting on the glass from one
bubble is

(39)

Fy = —Vppg. (41)
Since per vertical meter, there are on average 1/d bubbles acting on the glass, the average
force per meter height is
Fy, _ VipgQ

F=22=
d Vou

Let us denote the intersection of the bubble and the plane z = zx as By, and the cell around
the point (x;,y;) as V;;, i.e. Vi :=[z; — hy/2,2i + hg/2] X [y; — hy/2,y; + hy]. The body
force is now corrected by

(42)

Fiiv=—bijsg + F / ldzdy/ | 1dzdy. (43)

By,
BkﬁV,‘,j
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Figure 7: Absolute value of the velocity in the vicinity of the bubbler, computed with
non-uniform tensor refinement (left) and LDC (right), z = 0.5

method | memory time
tensor | 36519 15120
LDC 6835 5213

Table 1: Computation cost for tensor refinement and LDC, oven with two bubblers

To put it another way, the bubbling is modelled by a local perturbation of the body force.
The first example we consider is an oven of the size 6 X 2 x 1, with two bubblers, located
at the points z = 3.4,y = 0.4 and z = 3.4,y = 1.6, radius of both bubblers is equal to
0.06. Since the size of the bubbler is much smaller than the size of the oven, we need to
either use uniform fine mesh everywhere, or refine locally. The uniform refinement is not
feasible due to a huge overload. First we solve the problem refining in the vicinity of the
bubblers by means of a non-uniform tensor grid. Then we solve the same problem but this
time employing LDC and three uniform grids: the global coarse grid covering the whole
oven and to local fine each covering one bubbler. Thus the local problems in LDC can be
computed in parallel. The refinement factors are

oz =4, 0y=2,0,=2.

We plot the results for both approaches in figures 5-7. Pictures on the left and the right
sides are virtually identical. This means, that by using LDC we obtain the same results
as when using a non-uniform tensor grid. However by using LDC we achieve a significant
reduction of overload, see Table 1, namely approximately three times gain in storage and
computational time.

The second example we consider is the same oven, but now with seven stirrers, equally
distributed along the line z = 3.4. Again we compute the problem by means of two ap-
proaches: non-uniform tensor refinement and LDC. However, we use now only one local
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Figure 8: Velocity field in the vicinity of the bubblers, computed with non-uniform tensor
refinement (left) and LDC (right), z = 3.4 '

method | memory time
tensor 39231 17236
LDC 8029 6875

Table 2: Computation cost for tensor refinement and LDC, oven with 7 bubblers

grid for LDC. The results of the computation are depicted in figures (8)-(10). For this ex-
ample LDC again has a considerable advantage in storage and time, see Table 2. However,
since we used one larger local grid, the speed-up is slightly smaller. It can be explained by
observing that doubling the number of grid points leads to more than two times increasing
the computational time. We denote the solution obtained with LDC by (ug s, va s, was)’
and the solution obtained with non-uniform tensor refinement by (4,9, ®)T. The distance
between these solutions is measured by

w_ Mump =8l o _ lorp—lle o _ llwas — @l
il ollee TR
As can be seen from the table 3 the solutions differ about 102, which corresponds to an

interpolation error, that cannot be overcome. Therefore the result achieved is the best one
we can expect from our method.

# bubblers e* e’ e’
2 2.34-10"%2 2.01-10"2 9.85.10"°
7 2.17-107%2 1.85-10~2 8.76-1073

Table 3: Difference between solutions obtained by LDC and tensor refinement
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Figure 9: Absolute values of the velocity in the vicinity of the bubblers, computed with
non-uniform tensor refinement (left) and LDC (right), z = 3.4
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