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Abstract

We present an optimal control approach for the solidification process of a
melt in a container. The process is described by a two phase Stefan problem
including flow driven by convection and Lorentz forces. The free boundary
(interface between the two phases) is modelled as a graph.

We control the evolution of the free boundary using the temperature on the
container wall and /or the Lorentz forces. The control goal consists in tracking
a prescribed evolution of the free boundary. We achieve this goal by minimizing
a appropriate cost functional. The resulting minimization problem is solved
numerically by a steepest descent method with step size control, where the
gradient of the cost functional is expressed in terms of the adjoint variables.
Several numerical examples are presented which illustrate the performance of
the method.

1 Introduction

In the present work we extend our control approach to solidification processes
presented in [3]. Here we also include flow driven by convection and in addition
to temperature boundary control we also consider near wall Lorentz forces as
control actions. We develop an optimization strategy for the free boundary
in the corresponding two phase Stefan problem, whose mathematical model
in the present situation governs heat conduction in the solid phase and heat
conduction, heat transport and flow in the liquid phase. The coupling of the
phases is established through the Stefan condition at the free boundary, and
through a third order boundary condition which follows from the heat transfer
equation at the container wall.

Our goal is to control the evolution of the free boundary using the temper-
ature at the container wall and/or near-wall Lorentz forces as control action.
This is motivated by the fact, that we have in mind control of crystal growth
processes, where the shape of the solid-liquid interface strongly influences the
quality of the crystal.

We assume that the free boundary can be described by a graph. This leads
to a sharp interface model which explicitly contains the free boundary control
variable in terms of the function which defines its graph. The mathematical
formulation of the control goal now reads: for a prescribed desired evolution
described as a graph, find a temperature boundary control and/or near-wall
Lorentz forces such that the free boundary of the system is as close as possible
to the desired free boundary. Since the free boundary is modelled as a graph,
its error to the desired free boundary can be formulated in form of a cost



functional which explicitly contains the described functions.

Altogether we end up with an optimization problem for the temperature
on the container wall and/or near-wall Lorentz forces, which is coupled to the
temperature in the solid and liquid phases, to the velocity in the liquid phase
and to the desired free boundary by an highly nonlinear system of pde’s.

Let us comment on the work of Zabaras et al. In [7], [10], [9] similar control
problems as in the present work are considered. The main differences to our
have their origin in the fact that the free boundary is assumed as known a priori
and that the melting temperature condition at the free boundary is not met
exactly during the optimization process. This may lead to unphysical solutions
of the control approach. This is in contrast to our approach, where at any stage
of the optimization procedure developed the physical laws constituted by our
model are conserved.

In [7] and [10] the free boundary is set to the desired boundary without
ensuring that the melting temperature condition v = u,, is satisfied at the free
boundary (u denotes the temperature, u,, denotes the melting temperature).
The heat flow at the fixed boundary into the liquid phase is set to 0 (this
means, that the container is isolated). This allows to separate the problems
for each phase. In particular, the heat flow into the free boundary can be
computed using the Stefan condition, and by solving a direct (forward) heat
conduction problem [7], or a direct (forward) heat conduction problem includ-
ing convection [I0]. The optimization goal consists in determining the heat
flux at the fixed boundary of the solid phase such that the temperature differ-
ence at the free boundary is minimized, i.e. 3| u, — u(a:,t)||%2(rx[0ﬂ) = II;(i)Il,

where qq is the heat flow into the solid phase at the fixed boundary.

Yang in [9] extends the approach of [I0] to the case where the temperature
at the fixed boundary in the liquid phase is also variable. To separate the
problems for each phase the heat flux into the free boundary is assumed to be
given. The minimization problem in the liquid phase consists in determining
the temperature at the fixed boundary considering heat conduction, convec-
tion and the Stefan condition, such that the error of the temperature at the
free boundary |u,, — u(z, t)H%Q(rX[O,T]) is minimized, with the position of the
free boundary and heat flux into the free boundary given. The minimization
problem for the solid phase then reads as in [7] and [I0]: Given the position
and the heat flux of the free boundary, find the heat flux on the fixed boundary
such that the error of the temperature at the free boundary is minimized.

The approaches of Zabaras at al. and Yang have in common, that a
physical solution of the optimization process is obtained only in the case
|t — u(x,t)“%Q(Fme]) = 0, which in most configurations only is satisfied
by chance. We emphasize that the approach presented here always delivers



physical solutions.

For a discussion on further related literature we refer to [3]. To the best of
our knowledge this is the first attempt (except of our previous work [3]) to con-
trol the evolution of the free boundary directly using a sharp interface model.
The presented approach admits the major advantage, that the interface serves
as an optimization variable itself and thus can be controlled directly. This is
different to phase field models, say, where the free boundary is represented as
a zero level set which only admits indirect control through the order param-
eter. Furthermore at any stage of the optimization process the physical laws
constituted by our mathematical model are conserved.

2 Problem definition

2.1 Physical model

Let 2 = G x H be a bounded cylindrical domain containing the substance,
where G denotes the ground domain and H C R the height, see Figure[l] For
t € [0,7] let Q4(t),(t) C Q denote the parts containing the solid and the

liquid phase, where Q4 (t)N(t) = @ and Q = Q,(t)UQ(t). The free boundary
is described as a graph

T(t) == Q,(6) N ) = {(ﬂi y)) Ly € G}

with f: G — H. Figure [l| shows such a configuration.
As mathematical model for the temperature u, the velocity v and the
pressure p we take

Oyu = i Au in (0,7] x Qs (1)
Csp
k
du+v-Vu=—Au in (0,7] x € (2)
ap
V-v=0 in (0,7 x 9, (3)

1
ow + (Vo)v — %A’U + ;Vp =—gv(u—uy)+A in (0, 7] xQ (4)

ks kl ks/l
VL = 2 8,ul0. — “La,ulq ::—[
r 0 M’ plt|z P

Qm}r on (0,7 xI'" (5)

U= Uy on (0,T]xT (6)

with the initial conditions



U(O,(E) = uo(qj) for z € Q (7)

v(0,2) = vo(x) for x € Q (8)

F(0,9) = foly) fory € G (9)
and the boundary conditions

Z?ll O = Uy — u on (0,7] x 09 (10)

v=20 on (0,7] x 092 (11)

Op=—pv-gy(u—upy)+v-A on (0,7 x 0. (12)

The vector v denotes the outer normal vector of the boundary and g denotes
the normal vector of the free boundary, directed from the solid into the liquid
phase (i.e. p = V|pa, = —V]gg, on I'). Equations and form the
Navier Stokes equations for incompressible flow, where € denotes the dynamic
viscosity and p denotes the density. The buoyancy force is modelled with the
Boussinesq approximation by the term —gy(u — uys) using the gravitational
force g and the thermal expansion coefficient v. The external force A is used
later in this section to model the Lorentz force. Equations and are the
heat equation in the solid phase and the heat equation with heat transport
in the liquid phase, respectively. The constants £,/ and c,;; denotes the heat
conductivities and the heat capacity in the solid and liquid phase, respectively.
The Stefan condition is a conservation law on the free boundary which
balances the heat transported into the free boundary and the melting heat
generated through solidification. The constant L denotes the latent heat.

r 0Q

Qs Q1

H

Figure 1: Solid phase 2, liquid phase €2; and free boundary I' in a container
with boundary 0.



Using the free boundary graph f the Stefan condition can be equivalently
written as

Lp\/% - —[ks/ﬁuu]r(t, (f(f, y)>) —0.

Equation @ states the melting temperature condition, where u,; is the melt-
ing temperature. The boundary condition for the temperature follows
directly from the heat transfer equation ¢ = a; /l(u — up) and the heat con-
duction ¢ = k,,0,u, where ¢ is the heat flow and o,/ is the heat transfer
coefficient between the container wall and the solid/liquid phase, respectively.

For the modeling of the Lorentz forces we consider a (hypothetical) rota-
tional symmetric configuration with G = {(r cosp,rsing) : ¢ € [0,2n],r €
[0,R]} and h € H = [h,, ] as sketched in Figure . This configuration
consists of actuator rings of the thickness dh — 0. Each ring consists of an
alternating arrangement of electrodes and magnets and each ring is control-
lable separately. We assume that the Lorentz force of each ring is rotational
symmetric and acts only in tangential direction, see Figure [3] This allows us
to assemble the total Lorentz force at & = (rcos¢,rsin¢, h) by integration
over the Lorentz forces generated by each ring

Alz) = / Ay)r(e g (VB =12+ (h— y)2)dy (13)

Lorentz forces ¢

Figure 2: Configuration of actuator rings used for generating Lorentz forces.



where
 ((h =y coso,(h—y)sing, (R 1)) y
VR G-y ()

is the tangential vector (see Figure[3)) and A, is the control force. The constant
d is used to tailor the influence of the control force. The function g(r) denotes
the dependency of the Lorentz force from the distance d, see Figure 3] We
choose

edx

T od

With this choice for g and A, = const. we obtain wall-parallel Lorentz forces
in h-direction which satisfy the approximation

g9(d)

A(.’L‘) ~ 514067% dist(z,0Gx H)

Y

compare [2, Appendix] and [8, Section 2,4]. Here a denotes the width of the
electrodes and magnets. We note, that we ignore effects caused by induction.
This makes sense for weakly conductive fluids and partially also for high con-
ductive fluids, if we use small magnetic and strong electric fields. Let us note
that highly conductive fluids combined with strong electric fields would cause
a considerable heating of the material near the container wall, which is not
considered in our model.

Let f be the desired evolution of the free boundary. We consider the
rotational symmetric case, i.e. G = {(r cos g, rsing) : ¢ € [0,2x],r € [0, R]}
and h € H = [hg, hp]. Similar to [3], we specify additional boundary conditions
for the intersection of the free boundary and the container wall;

f(t7 R) = ?(tv R) fr(tv R) = fr(tv R) frr(t7 R) = frr(t’ R) . (15)

Figure 3: Lorentz forces generated by a single actuator ring.



This choice simplifies our moving grid implementation and especially it avoids
the need of an additional boundary grid for the container wall temperature
up, and so the interpolation of u, between grids is avoided. further details are
given in [3].

The boundary conditions induce the following compatibility condi-
tions;

71577“

Lp——= = —(as — aq)uy, (16)
1+ /.
f L o Fofom UpPCs
Opup|,, = ft_2< _p < t_9 / f_2 2) _ P /l)
S 14 Fo\as — o NEgy (1+7) ksn

— 17
Lpfrt ( )

(as — o) (1+ ?if .

For the two-dimensional case the boundary conditions for f and the corre-
sponding compatibility conditions are presented in [3], where also a detailed
derivation of the compatibility condition is given. We note, the flow has no
influence on the derivation since v satisfies v = 0 at the boundary 9€2;.

Further we need to ensure that the boundary conditions are satisfied for
t =0, i.e. we to set

up(0,2) = u(x) + L0, u0(x) . (18)

As/1

Since u, needs to satisfy the compatibility conditions — (18)) it cannot
serve as control variable directly. We resolve this difficulty by splitting u; into
two parts;

Up = Upo + Bpe (19)

where uyo denotes a fixed part (e.g. a temperature known from experience),
and [uy. denotes the controllable part Sup., where 3 is a weight function which
allows to tailor the control part of the boundary condition. Now we require
that uyg satisfies the compatibility conditions - and assume

Bt,x) = 0.,0(t,2) =0  forx e dNQNT and t € (0,7,

3(0,z) =0 for & € AN, (20)

These conditions ensure that wu;, for every choice wu,. satisfies — , SO
that u,. may serve as the control variable in our optimization problem specified
below.



2.2 Optimization Problem

Our goal is to control the free boundary using the temperature on the container
walls and/or near-wall Lorentz forces. As control horizon we take t € (0,7
for some T > 0. Using the desired evolution of the free boundary f we define
the optimization problem

T
1
(f ubm c —ﬁ/
0

)\_T
2

)) dydt

T,y)) “dy = min!

frupe,Ac

!
/ (21)

st @) @ @. @ -

The functional J models the objective in our minimization problem, namely
the reduction of the error between the free boundary and the desired free
boundary. With Ar the deviation of the free boundary from the desired free
boundary at time ¢ = T is weighed. The functions wy, 3, f, uo, fo and
vy are given and the functions w, f, v and uy and/or A. are sought. From
here onwards we assume that the optimization problem admits a solution
(u*, f*,v*, uj., AZ). Further we assume that the state equations ({1) — (12)), ,
for every (upe, A.) admit a unique solution, in particular f = f(upe, Ac).
It then is meaningful to replace by

K(“bcaAc) = J(f(ubc;Ac)7 ubcaAc) = mlg' 5 (22)
Upe,Ac

where k denotes the reduced functional. To solve this optimization problem
numerically in Section [3| we apply a gradient algorithm with a appropriate
step size rule. Thus we need an expression for VK (uy., A.). There holds

= [—ﬁ@s/lws/l , —5/1,0(15,:3)-7‘(:1:, v)g(vV (R =712+ (h— y)Q)dx} (23)

where & = (r cos ¢, rsin ¢, h) and the tangential vector 7 is defined as in ({14]),
see also Figure |3, For given ;. and A. the functions w,/ and 1 are obtained
first by solving (1) — (12), (13), for u, v and f, and then by solving the

8



so called adjoint system

— Oy = ﬁAws in [0,7) x Q ,

k
—8twl:—lAwl+v-le—ﬁ- in [O,T)XQZ,

ap ap
ks/lauws/l = —Qs/1Ws/1 in [O)T) X @Qs/l \ I )
Ws/l:O ln {T}XQS/Z 3
W/l = —¢ in (0,7)xT,
onp + (Vv — (Vv) o + %A’(/J =cpwVu—Vr in[0,T) x
Y(T,z) =0 in {T} x Q(t) ,
Y =0 in [0,7) x 08,
Oy = Jyuc;pw; in [0,7) x 98,
V=0 in [0,7) x
— LpOyp = % in [0,7) x G,
Lpo =X (f — f) in {T} x G and
©0=0 n (0,7) x 0G

for w, ¥ and .



3 The numerical approach
In this section we present a numerical solution of the optimization problem

K (upe, A.) = min! |

ubchc

using the following gradient algorithm.

(CO) Initialization of “1(72) —0and AY =0

(FWD) Solving the forward system [u©,v®, fO](u{”, AY)
(S1) For all 1 < k < kpax

(ADJ) Solving of the adjoint equation system
(w8 50 0] (k1) (k=1) | f(=D))

(GRD) Computation of the gradient G*) = VK (w®), )

(LM) Line minimization: K([ul()];_l), AFD] 4+ sWGW)) = min]

s(k)

(FWD) Solving the forward system [u®) v*) f(’“)](ul(,lz),Agk)) using

e AL = g™, ALY+ 500G

The forward and adjoint systems (steps (FWD) and (ADJ)) are discretized
using the finite volume approach and are solved using a PISO algorithm, see
[4], [B] and [6]. For the spatial discretization we use a moving grid which tracks
the free boundary, i.e. the free boundary is represented by a grid hyperplane.
A detailed description of this grid can be found in [3]. An example grid for
two time instances is shown in Figure [5] For the time discretization we use
an adaptive grid where the time steps are calculated by fixing the Courant
number. The gradient steps (GRD) are computed according to (23). For
the line minimization we use a quadratic approximation approach, which is
described in [3]. As stopping criterions we use

JE=1) _ (k)

Kmax := min {k : 70

(37)

The algorithm is implemented using the Open Source toolbox OpenFOAM

1.
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4 Numerical results

4.1 First test configuration

As the first test problem we consider an aluminium melt in a rotational sym-
metric cylinder with a diameter of 5¢m and a height of 10em. Thus the do-
main is described by Q = G x H with the ground G = {(r cos o, rsing) : ¢ €
[0,27],r € [0, R]} with R = 2.5cm, and the height H = [hy, hy] = [0, 10cm).
The solid phase is on the bottom and the liquid phase is on the top. The
gravitational force is directed downwards, i.e. g = ((O, 0), —9.82)8%. We opti-
mize the solidification process over the time period [0, 7] with 7" = 40s. The
physical constants for aluminium are listed in Table . For a,/; we choose

J J
. = 1000——— d = 250—————
@ s-em? - K an a s-em? - K

The desired free boundary is the moving plane f(¢,3) = 0.025m + 8(1)—0% -t

(t €10,T], y € G). As initial condition for the temperature we choose
uo(y, h) = unr + gy (h —0.025m)  fory € Gand h € H,
where v/, and u; are equal to

Lpag, 1 m

/ — —_—

Usjt "= ksp(os —oy) 800 s
For the boundary value uyy we choose

wpo (t, (y, 1)) = wn+u (h— f(t,y)) for t € [0,7], y € 0G and h € H.

For this choice of f the function wuy in (41)) satisfies the compatibility condi-

tions — (118).
Two control cases are considered. First, we use only the the container wall
temperature uy for control by setting the control weights 3 and ¢ to

_ 2 b
(£)%8 <%> th < f(t,y)

( -

=
=
—~
-
<
>
~
~—
I
Nl Hl=

() 2Ty and

fort € [0,T], y € G and h € H. Secondly, we control using near-wall Lorentz
forces only;

By =0 and 0 =1.
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Making use of the symmetry the spatial mesh contains 100 cells in vertical
and 25 cells in radial direction.

The computational time for one forward step (FWD) takes approximately
80s on a single AMD Athlon MP 2133 MHz, for the backward step (ADJ) it
takes around 120s.

p = 265024
cs = 12307 a = 10907
ke = 2271 ki =100

L= 397670k—‘]g
v=384-10""1
e=323-10731
uyr = 660°C

Table 2: Physical constants aluminium.

4.2 Results for the uncontrolled case

First we examine the results for the uncontrolled forward problem with . = 0
(Forward step 0 of the algorithm). Figure |4 shows the shape of the free
boundary, the temperature u and the velocity v in the liquid phase at three
different time instances. Figure [5| shows the corresponding grids.

The images (e.g. in Figure |4)) show white and grey stripes. Every stripe
represents a temperature interval corresponding to the legend shown right.
The black line depicts the free boundary. The arrows are directed into the
direction of the flow and their length is proportional to the magnitude of the
velocity.

4.3 Results for the controlled case

Fist we examine the control with the container wall temperature, i.e. 0 = 3,
and § = 0. We begin our numerical investigation with the setting Ay = 0.
This means that the error of the free boundary at time 7' is not penalized.
Figure [6] shows the shape of the free boundary, the temperature and the
velocity at two different time instances and after different gradient iterations
and when the stopping criterion is met (k = Kmax). (The plots for ¢ =0

12



are omitted, since the temperature and the free boundary for all k£ are equal to
the temperature and free boundary, respectively of the uncontrolled problem.)
Figure [7] presents the cost functional J for every gradient iteration k. As can
be seen the functional

Jo := %//(f(w)—?(t,y))zdydt (38)
0 G

is reduced very quickly, and that the optimized evolution of the free boundary
delivers a nearly flat graph at all time instances.

Next, we set A\ = 0.3, § = (1 and 6 = 0. The numerical results are
presented in Figure [§] (cost Functional) and Figure [J] (temperature, velocity
and free boundary). With this parameter choice

Ii=y [ (T = FT.0)dy (39)

G

is penalized. As expected, our numerical algorithm quickly reduces this func-
tional, see Figure [15] where the behaviour of this part of the functional is

t=0 t=20 t=40
01 [ e e a S el 0! T
v aad v rrrremean
-------- (s vvrrrmrms>=aay e vvrrvressaoy
»»»»»»»»»»»» L4 v v vvrre v v vvrrea
............ H 900 b4 vy Hgm {44 vvvrresy Ho(m
h “ldl(('-\‘ 14444117>\‘
L ddadaavr IR RN
IR RRR RPN 1144441'.‘\
TR R Y B B By ::::ttvv-‘
e e e e e e L N I Y I Y LA |
0.08 =Rl =L 800 “'“31AAAAAA4,: il soo 008 Hga oy o,t LI 800
........ Ahdddhday, bawn v 0
vvvvvvvv [N IR t\\\m—.f/‘/
[ AN YN
[ AN
. YRR
........ M 700 AAAAA“A:: 700 700
LddAdadag
e AAAAAAAA,;
] 44 daaday )
0.06 - | 0-001““44"'V r 0.06 »
H 600 Jlldlll"' ’_‘GDO HGDO
I N S S 1
........ Fadass 27
........ MY N S
........ NS5
L 500 BRI Ll 500
0.04 k= e | 0.04 L | 0.04 | —
........ 400 U-lDO Umn
H 300 H 300 H 300
0.02 [ - 0.02 = 0.02 -
Ll 200 Ll 200 Ll 200
= =100 =100
0 | | | 1 ,1[)(] 0 1 1 | ! U 0 | 1 | 1 u
0 0.005 0.01 0.015 0.02 0.025 0 0.005 0.01 0.015 0.02 0.025 0 0.005 0.01 0.015 0.02 0.025
4.569E-3 —= 4.569E-3 —= 4.569E-3 —=

Figure 4: The temperature u (white and grey stripes), the velocity (arrows)
and the free boundary (black line) for the uncontrolled problem after three
time instances.
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illustrated also for different parameter settings. The behaviour of J; for the
same parameter settings is shown in Figure Again, the graph of the opti-
mized evolution is nearly flat.

Now we investigate the control with near-wall Lorentz forces, i.e. we set
B8 =0,6=1and A\r = 0.3. The numerical results are presented in Figure
(temperature, velocity and free boundary), [11| (Lorentz forces) and [12| (cost
Functional). It can be seen, that the control with Lorentz forces does not
work as well as with container wall temperature (compare Figure E[) This
can be explained using Figure The area around the intersection of the
free boundary with the container wall is the coldest zone in the liquid phase.
To make the free boundary flat the material of this zone must be transported
to the center (dashed arrow). Therefore the Lorentz forces should act in the
direction sketched in Figure compare also Figure [I1] But the flow driven
by that Lorentz forces (and also by the convection) has only a small effect since
the velocity is limited due to v = 0 at 9€); and € > 0, so that the cold material
arrives at the center delayed, i.e. the free boundary is ,,hanging back”. (If the
Lorentz forces would act in the opposite direction as sketched in Figure (13| the
material would be heated up at the container wall and hot material (instead
of cold material) would flow to the center.)

0.08 & = 0.08 g

0.04 0.04

0.02 0.02 B

0

0 0.005 0.01 0.015 0.02 0.025 0 0.005 0.01 0.015 0.02 0.025 0 0.005 0.01 0.015 0.02 0.025

Figure 5: The grid for the uncontrolled problem at three different time in-
stances, see Figure [d] The black line represents the free boundary.
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k=0 (w/o control)

900

800

700

600

500

400

300

200

100

0 0.005 0.01 0.015 0.02 0.025 0 0.005 0.01 0.015 0.02 0.025 0 0.005 0.01 0.015 0.02 0.025 0 0.005 0.01 0.015 0.02 0.025
9.015E-3 — 9.015E-3 —— 9.015E-3 —= 9.015E-3 ——=

k=0 (w/o control)

0 0.005 0.01 0.015 0.02 0.025 0 0.005 0.01 0.015 0.02 0.025 0 0.005 0.01 0.015 0.02 0.025 0 0.005 0.01 0.015 0.02 0.025
4.509E-3 —= 4.509E-3 —= 4.509E-3 — 4.509E-3 —

Figure 6: The temperature u (white and grey stripes), velocity (arrows) and
free boundary (black line) after several gradient iterations k and at two time
instances for the problem with container wall temperature control with Ay = 0.
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0.02 : : : : : S
0.018
0.016
0.014
0.012

0.01
0.008
0.006
0.004

0.002

0 2 4 6 8 10 12 14 16
Gradient iteration number k

Figure 7: Iteration history of v/J for the controlled problem with Ay = 0 for
each gradient step k for the problem with container wall temperature control.

0.025 o

0.02

0.015

0.01

0.005

0 2 4 6 8 10 12 14 16
Gradient iteration number k

Figure 8: TIteration history of v/J for the controlled problem with Ay = 0.3 for
each gradient step k for the problem with container wall temperature control.
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k=0 (w/o control)

0.1 0.1
900
800

0.08 0.08
700
600

0.06 0.06
500

0.04 400 0.04
300

0.02 0.02

100
[ S — —— — 0
0 0.005 0.01 0.015 0.02 0.025 0 0.005 0.01 0.015 0.02 0.025 0 0.005 0.01 0.015 0.02 0.025 0 0.005 0.01 0.015 0.02 0.025
9.666E-3— 9.666E-3— 9.666E-3— 9.666E-3—

40s

k=0 (w/o control)

0 0.005 0.01 0.015 0.02 0.025 0 0.005 0.01 0.015 0.02 0.025 0 0.005 0.01 0.015 0.02 0.025 0 0.005 0.01 0.015 0.02 0.025
6.660E-3—= 6.660E-3—= 6.660E-3 — 6.660E-3——

Figure 9: The temperature u (white and grey stripes), velocity (arrows)
and free boundary (black line) after several gradient iterations k and at two

time instances for the problem with container wall temperature control with
Ar = 0.3.
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k=0 (w/o control)

300
[V s s— ——
0 0.005 0.01 0.015 0.02 0.025 0 0.005 0.01 0.015 0.02 0.025 0 0.005 0.01 0.015 0.02 0.025 0 0.005 0.01 0.015 0.02 0.025
0.02026 — 0.02026 — 0.02026 —= 0.02026 —=

40s

k=0 (w/o control)

0 0.005 0.01 0.015 0.02 0.025 0 0.005 0.01 0.015 0.02 0.025 0 0.005 0.01 0.015 0.02 0.025 0 0.005 0.01 0.015 0.02 0.025
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Figure 10: The temperature u (white and grey stripes), velocity (arrows) and
free boundary (black line) after several gradient iterations k and at two time
instances for the problem with Lorentz force control.
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k=0 (w/o control)
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Figure 11: The Lorentz forces (arrows), the temperature u (white and grey
stripes) and the free boundary (black line) after several gradient iterations k
at t = 20s for the problem with Lorentz force control.
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Figure 12: Tteration history of v/.J for the controlled problem with Ay = 0.3
for each gradient step k for the problem with Lorentz force control.
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Figure 13: Influence of the flow. In order to achieve a flat free boundary,
the cold material must be transported to the center. This is done be Lorentz
forces as depicted. Compare also Figures [11] and [10}
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Figure 14: TIteration history of the error of the free boundary /Jy (compare

(38))-
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Figure 15: Iteration history of the error of the free boundary /Jr (compare
(39)). As expected, for Ay > 0 the functional Jr delivers smaller errors than
for /\T =0.

4.4 Second test configuration

To demonstrate the scope of control with near-wall Lorentz forces we inves-
tigate a melting problem as second test configuration. As above we consider
an aluminium melt in a rotation symmetric cylinder with a diameter of bem
and a height of 10cm. The melting process is optimized over the time period
0,62.55]. For ay we now choose

J J
=50— d —200————— .
“ s-cm? - K o “ s-cm? - K
The desired free boundary is the moving plane f(t,y) = 0.075m — === - ¢
(t €[0,T], y € G). As initial condition for the temperature we choose
uo(y, h) = unr + ug,(h —0.075m)  fory € G and h € H, (40)

where v/, and u; are equal to

Lpa 1 m

/ —_—

ST o —ay) 1500 s
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For the boundary value uyy we choose

wpo (t, (y, h)) = wns +u, (h— f(t,y)) for t € [0,7], y € 0G and h € H.
(41)

Since we control only using near-wall Lorentz forces, we set
f=0, 6=1 and Ap=03.

As above, the spatial mesh contains 100 cells in height and 25 cells in radial
direction and we make use of the rotation symmetry.

The numerical results are presented Figure [16] (temperature, velocity and
free boundary), |17 (Lorentz forces) and |18 (cost Functional). It can be seen,
that the control with Lorentz forces now delivers good results. The free bound-
ary becomes flat by applying Lorentz forces directed upwards at the container
wall, see Figure [[7 With such a force the hot material is transported to the
center with the consequence that the free boundary becomes flat.

4.5 Stopping criterion

Table [3] shows the number of iterations kpya.y resulting from the stopping crite-
rion with the limit £ = 10™*. The algorithm converges quickly, and needs
only 12 iterations; except for the first test configuration with Lorentz force
control only, where the shape of free boundary is improved only very slightly.
For this case the stopping criterion is already reached after 4 iterations.

Test configuration # | 1 1 1 2
BB B 0 0
5|0 0 1 1
Ar |0 03 03 0.3
kmax | 13 12 4 12

Table 3: The number of iterations k., resulting from the stopping criterions
for all considered cases. As tolerances we set € = 1074
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Figure 16: The temperature u (white and grey stripes), velocity (arrows)
and free boundary (black line) after several gradient iterations k and two time
instances for the melting problem with Lorentz force control.

23



k=0 (w/o control) k=1 k=kax=12
0.1 [ 0.1 01 ;
4
< \l
A/ Ty 7
N 900 900 Q ) 900
0.08 0.08 : 008 - 0.08
1 7 v
A
s oy 850 850 g 850
4 4 i
0.06 006 [t [N e— 0.06 A
s 800 o 800 e—— 800
B\ — —— X
| —
750 750 750
0.04 0.04 0.04 0.04
700 700 700
0.02 0.02 0.02 0.02
650 650 650
0 0 0 60 0 60 0 600
0 0.005 0.01 0.015 0.02 0.025 0 0.005 0.01 0.015 0.02 0.025 0 0.005 0.01 0.015 0.02 0.025 0 0.005 0.01 0.015 0.02 0.025
0.09863—= 0.09863—= 0.09863— 0.09863—

Figure 17: The Lorentz forces (arrows), the temperature u (white and grey
stripes) and the free boundary (black line) after several gradient iterations k
at t = 20s for the melting problem with Lorentz force control.
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Figure 18: Iteration history of v/.J for the controlled problem with A\ = 0.3
for each gradient step k for the melting problem with Lorentz force control.
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Conclusion

We present a control algorithm for the solidification process of a two phase
Stefan problem considering flow using a sharp interface model. The control
goal consists of tracking a prescribed evolution of the free boundary.

Our optimization approach ensures that the physical laws constituted by
our mathematical model hold at every stage of the optimization process. This
is accomplished by regarding the interface itself as the optimization variable.
We present several numerical examples which demonstrate the scope of our
method. It is one result of this work, that the tracking of the interface works
very well with container wall temperature control. However with near-wall
Lorentz force control only a slight improvement of the shape of the free bound-
ary was possible for the considered solidification problem. On the other hand
for the investigated melting problem Lorentz force control also works very
well.
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