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Preface

These notes have been inspired by a series of lectures I have taught during the last years
at the Scuola Normale Superiore in Pisa. The lectures were addressed to the students of the
Ph.D. Programme “Mathematics for Industrial Technologies”. Their general purpose was to
provide several examples of how a mathematical model for a given process can be formulated,
starting from the raw material, i.e. some basic physical information. Thus particular attention
was devoted to the modelling stage, still keeping the necessary level of mathematical rigour.
Topics like rescaling, usually not a main concern for mathematicians, find here some emphasis
to point out that solving real world problems requires quite often more than the knowledge of
fundamental theorems. Not only one has to understand the physical (or biological, etc.) nature
of the problem, but even once a sensible set of equations is obtained, then practical questions
arise that are not in mathematical books; for instance: how to understand if some effects are
dominant and some are negligible. This is normally crucial, because modelling is in many cases
the result of a compromise and it is very important to know the relative weight of the various
ingredients entering the final equations. Also it may happen that the process can have concur-
rent phenomena taking place at time and space scales very different from each other and that it
goes through several stages in which the relative importance of the various simultaneous mech-
anisms changes, sometimes producing a radical modification of the mathematical structure of
the model. All these circumstances contribute to make the technomathematician (so to speak)
a very peculiar character that needs also a very peculiar training. This motivates the many
digressions the reader will find. In this notes I have selected some topics having diffusion as a
common denominator. Even more specifically, for obvious reasons of space I further restricted my
attention to problems exhibiting free boundaries, which occur with great frequency in a variety
of applications. Diffusion is ubiquitous in nature and plays a fundamental role in innumerable
processes quite relevant to many applied sciences and to industrial technologies. Diffusion is also
responsible for evolution of biological organisms, since it intervenes in transmitting the chemical
signals regulating e.g. growth mechanism and the formation of coloured patterns in animals coat.

As a mechanism of mass transfer (but the same applies for instance to the propagation of
heat) diffusion is a macroscopic phenomenon having its roots in the seemingly chaotic motion
of molecules. The latter, however, does not take place in the absence of rules, but is governed
by probabilistic laws. Defining in an appropriate way the average of microscopic quantities it
is often possible to derive the laws obeyed by such averages, which can receive a more familiar
interpretation on the macroscopic scale.

This is precisely the way Statistical Mechanics leads from the immensely complex mechanics
of a huge number of particles to the laws of thermodynamics.

With techniques of the same kind it is possible to show that Fick’s law ! (the basic law of mass
transfer in dilute solutions, stating that mass flux is proportional to the gradient of mass concen-
tration), is the eventual macroscopic interpretation of the Brownian motion of inhomogeneously
distributed molecules of the same species.

The parallel law governing heat transport (heat flux proportional to temperature gradient)
is known as Fourier’s law 2. We will not enter the discussion about the validity of these linear
laws, which however work quite well in not too extreme situations. Fick’s and Fourier’s laws
belong to a class of experimental laws in which the gradient of some quantity plays the role of

! Adolf Eugen Fick (1829-1901), German physiologist. He formulated his law of diffusion in 1855. Inventor of
the contact lens (1887). Also known for the Fick Principle which allows to calculate the heart output from the
oxygen uptake or the carbon dioxide output during breathing.

2Joseph Fourier (1768-1830), the famous mathematician. His treatise on the Analytical Theory of Heat ap-
peared in 1822.
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a driving force. Another member of this class is Darcy’s law 3 (describing how liquids move
through porous materials like sand), which we will also consider.

In these notes we will not deal with the statistical origin of diffusion, nor with processes
deviating from the Fickian behaviour. We will present some problems including linear diffusion
and characterized by the presence of free (i.e. unknown) boundaries.

The prototype of this class of problems is the celebrated Stefan problem (heat conduction
with phase change), on which we will spend some more time, although for reasons of space
our approach will be far from being encyclopedic. On the other hand there are several books,
partially or totally devoted to this subject and many survey papers (see [15], [22], [23], [26], [30],
[33], [55], [65], [68], [74], [80], [81], [82]).

There are many reasons to start with an overview of the Stefan problem:

1) Phase change takes place in an impressive number of industrial processes (metal casting,
mould injection, crystal growth, etc.).

2) The standard Stefan problem has a simple mathematical formulation and has been studied
extensively.

3) Many other processes of different physical nature can be reduced to a problem of Stefan
type.

On the other hand we will have the opportunity to see that the occurrence of free boundaries
in mass or heat transport processes is quite frequent and gives rise to an amazing variety of
mathematical problems. Indeed we will illustrate a number of problems of industrial relevance
(either quite classical or very recent) having the structure of a boundary value problem for a
parabolic partial differential equation (i.e. the equation governing diffusion) in which part of the
boundary in unknown. Having already illustrated the fundamental mathematical aspects for the
Stefan problem, the emphasis in the remaining parts of the notes will be on modelling.

Keeping in mind the purpose of these notes we will confine to problems whose nature is

relatively easy to explain, once the basic facts about the classical Stefan problem are known.
However, at the same time we will at least take the opportunity to quote more complicated
problems in the same area, with the hope of arising the curiosity of the reader.
Having focused so much on on a very particular class of free boundary problems we feel the obli-
gation to point out that free boundaries appear in a really great variety of phenomena described
by differential equations and systems, most of the time of remarkable difficulty. For reasons of
space here we adopt a very restricted view, even within the class of free boundary problems for
parabolic equations. Thus the reader must be aware that this is not a book, in the sense that
completeness and full generality are out of our scopes, and references are also given sparingly.

We hope that these notes can provide some teaching material for higher courses in applied
mathematics and can anyway be helpful to students (even not mathematicians!) having an
interest for genuine applications of mathematics. For the latter reason we have treated with
perhaps excessive attention some introductory details.

I like to thank Professor Domingo A. Tarzia, my longtime friend, who kindly proposed me
to write these notes and who took care of their publication.

Let me recall that Prof. Tarzia has collected an impressively large bibliography on free bound-
ary problems, extremely useful for everybody working in this area. The bibliography is avail-
able at the internet address http:\\www.austral.edu.ar\fce\archives \mat\ Tarzia-MAT-SerieA-
2(2000).pdf.

I wish to thank MAT, SIMAI, and I2T3 (Innovazione Industriale Tramite Trasferimento Tecno-
logico) for the typing work.

3Henry Darcy (1803-1858), French hydrologist. He formulated his law in 1855.
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Chapter 1

Balance equations

1.1 General balance laws

Let g be any physical quantity for which we may define a density u (Z,t) and a current density
j(:i", t). If do is a surface element with normal unit vector n, the amount of g crossing do per
unit time is j - 7 do.

While the procedure to define u is standard, the definition of j has an experimental basis
and is one of the main elements in formulating the mathematical model for the evolution of g.

The simplest case is the one in which ¢ is just transported in a velocity field ¢: then we
have the advection current fc = u¥. This happens for instance in the case in which ¢ is the mass
density p of a moving medium.

It is well known that mass conservation is expressed by the continuity equation

dp
1.1 — + div(pv) = 0;
(11) 2+ din(p)
which is a particular case of a more general conservation law, deductible on the basis of the same
arguments leading to (1.1). Such a law, referred to the quantities u, j reads

du

m+mﬁ:a

(1.2)
If instead of being conserved g is produced (or eliminated) at a rate f in the unit volume, a
source term appears in the balance law !:

ou .2
(1.3) o + divy = f.

Quite frequently the evolution of g is associated to the motion of a continuum medium of
density p and velocity ¥. Then we must keep in mind the following facts.

!The derivation of (1.3) is quite simple and well known. If one is not familiar with it, it’s a useful exercise to
count molecules of a chemical species which migrate with a velocity field ¢ (Z,t) and are produced at the rate of
f(Z,t) moles em™®sec™" . At time ¢ consider a domain of volume V' containing N moles and follow the motion of
the domain to a new configuration occupying a volume V + AV after a time At. The Lagrangian derivative %of

the concentration n = % (we refer to the average concentration, but it may represent the actual concentration if
V is taken "infinitesimal”), is the limit as At — 0 of the ratio Ait [giﬁg - %}, where AN = V fAt at the first

order (f is the average of f over V).

. . AN 1 N AV/AL
This can be rewritten as - VIAV — VIAV vV
The ratio % is the specific dilation rate and thus tends to div ¥, while %ﬁ tends to f. Therefore
the limit At — 0 gives ‘fi—? +n div U= f, or %—:‘Jr div (n?) = f.
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(i) the density (or concentration) of g is defined through a specific capacity w (the amount
of g per unit mass of the supporting medium) via the equality

(1.4) u = pw,

(ii) the current density is the sum of the advection term

-

(1.5) Je = pwv

and of another term, due to a specific transport mechanism of g (for instance diffusion), that we
denote by 7’ :
(1.6) F=7.+7

If we use (1.4), (1.5), (1.6) and mass conservation (1.1), we re-interpret (1.3) as follows:

(1.7) p [(981: +7- Vw} + divj = f,

to which (1.1) has still to be associated together with the evolution equation for ¢ (momentum
balance), if the velocity field is not prescribed.

In all equations above we have tacitly supposed that we were dealing with differentiable
functions. Let us examine what happens in the presence of discontinuities.

1.2 Propagation of discontinuities

We still refer to the generic conservation law (1.2). Suppose that a moving regular surface ¢ (t)
is a set of discontinuity for u and j’, which are C! on both sides of . We define the positive and
the negative side of ¢ by choosing the orientation of the unit normal vector 77 and we denote by
wt, £ the limits for (Z,t) tending to ¢*.

The jumps [u], [ﬂ are defined by

(1.8)

Figure 1.1: Propagation of discontinuities.
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Let V (Z,t) be the propagation velocity ¢ (t). An element do on ¢ sweeps the volume Vi
do dt in the time interval (¢,¢ + dt). If for instance on do we have u™ > u~, V -7 > 0, then the
expression

Vit [u]do

represents the loss rate of our quantity, due to the displacement of ¢ (¢) (if one of the inequalities
is reversed we have a gain rate).

If we still impose that the quantity g has to be conserved, we must say that the loss (or gain)
rate equals the difference between the local outgoing current ;Jr -7 do and the incoming current
f_ -1 do: the current density field takes away from ¢ more (less) material than it brings to (.

Thus the conservation law on the moving discontinuity surface ¢ (t) is expressed by the well
known Rankine-Hugoniot condition:

(1.9) W] Vit = m 7.

Note that the presence of possible (bounded) sources has no influence.
If ¢ is a discontinuity surface for the mass density in a medium with velocity field ¥, the conser-
vation condition (1.9) accompanying (1.1) is
(1.10) [p] V-ii=[pt]- .

Using the identity [ab] = [a]bT + a™ [b] = [a] b~ + a™ [b], we see that (1.10) shows how the
jump [0] - 7 is related to [p] and to the relative velocity of the medium with respect to the
discontinuity surface (:

(L.11) o) (V= o%) 7= [ 7,

Note that (1.11) are frame invariant.
If ¢ (t) is represented by the equation

(1.12) S(#,1) =0,
we have 55
(1.13) V-VS+E:0

and multiplying (1.9) by |V.S|, we may write it in the equivalent form:

05

S =17) Vs

— [u]

In the situation described by (i), (ii) of the previous section, i.e. when g evolves in a medium
of density p and velocity ¥, using (1.4), (1.5), (1.6) and (1.11) we may rewrite (1.9) in the form

(1.14) p~ (17 - 17_> fifw] = m N

or equivalently
(1.15) ot (V-W) i w] =

<y
I—\I
)

As we said, the presence of (bounded) distributed sources or sinks does not affect (1.9).
However, there are cases in which non-preserving phenomena occur on an interface and the
situation is completely different from the one we have illustrated so far. A clear example is
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provided by fast chemical reactions between two diffusing species. Diffusion of a diluted substance
in a still enviroment is governed by Fick’s law:

(1.16) j=—dVe
where ¢ is the substance concentration and d > 0 is the diffusion coefficient.

On an interface separating two diffusing species of concentrations c;, co which react infinitely
fast we have the following conditions:

(117) Cl1 = C2 :0,

(1.18) aji it =—j - i,

« being the ratio of the mass involved in the reactions, expressing the fact that the reaction is
sustained by the two diffusive fluxes at the reaction site.

1.3 Heat conduction
The heat capacity of a thermal conductor at a temperature T is defined by the relationship

(1.19) dQ = C(T) dT,

where d(@ is the amount of heat that must be supplied to the body to raise its temperature from
T to T'+dT. The heat capacity of the unit mass, namely the specific heat ¢ (t), is a property of
the material of which the conductor is made, but it also depends on the way the amount of heat
is supplied.

If we recall the first principle of thermodynamics

(1.20) dQ = dU + dL

(dU variation of internal energy, dL work made by the system during the transformation), we can
easily emphasize the difference between the heat capacity at constant volume (C,), corresponding
to dL = 0, and the heat capacity at the constant pressure (C),), in which we have the contribution
of dL = P dV (P pressure, dV volume variation).

The definition of internal energy may be complicated, because it involves the potential energy

3
of molecules interaction, but for ideal gases we know that U = §N kT (N number of molecules,
k Boltzmann’s constant) 2. Thus C, = %N k.
In the case of constant pressure we have

(1.21) dQ = d(U + PV) = dH,

where H is the enthalpy of the system, which we may define as
T
(1.22) H(T) = [ Cp(8)dg,

To

up to a constant (the selection of the temperature Ty is arbitrary).

2Remembering that N = N,, Na (N,,: number of moles, Na: Avogadro’s number) and that the universal gas
constant is R = kN4, the product kN can be also expressed as Ny, R.
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At this point we try to use equations (1.4) — (1.7) to write down the heat balance equation
at constant pressure. We identify the quantity w with the specific enthalpy

T
(1.23 W) = [ e(ede,
To
i.e. the enthalpy of the unit mass, and we define the non-convective enthalpy current density by

means of the Fourier’s law
(1.24) J = —k(T)VT,

k > 0 being the heat conductivity of the material.
Thus in our case (1.7) becomes (neglecting the work of thermal dilation®)

oT
(1.25) Pep gy + pep - VT — div (k(T)VT) =0
where p has to be prescribed as a function of T' (since we are considering an isobaric process).

We will review some basic facts about the linear version of (1.25) (i.e. constant coefficients)
in the next Chapter.

A very important procedure when dealing with real problems is rescaling. Let us consider for
simplicity the case of constant coefficients. Looking at the shape of the heat conducting body it
is usually clear how to select a reference length L?. Likewise the initial or boundary conditions
indicate a reference temperature Ty. We denote by V and by A the gradient and the Laplacian

= T
in the non-dimensional coordinates and we put T = T
0
Velocity can be rescaled by vg, e.g. the maximum modulus of ¢. Thus we define the nondi-

- U
mensional vector ¥ = —. The choice of time scale is generally more delicate. For the moment
Vo

_ t
we set t = . with ¢ to be defined. Adopting the new variables, equation (1.25) takes the form
0

8T Vo
1.2 —
(1.26) ot L/t

7.VT— AT — 0,
tq

2

where t; = is the natural time scale associated to heat diffusion.

If we select tg = tq and we put L/tg = vq, (1.26) reduces to

0T vp= — ——
1.27 — 4+ —U-VT - AT =0.
( ) BT + vdv
The number I
p, — o _ volpe
Vd k

is called Peclet number and it expresses the relative importance of advection vs. diffusion. If
P. << 1, then the advection term can be neglected and (1.26) simplifies to

(1.28) 5 0

3 Again we are taking a simplified approach to heat diffusion. Thermal dilation not only affects energy balance,
but is the cause of buoyancy effects in fluids. For a description of the general theory see [75]

4Tt may happen that the geometry of the body suggests different rescalings for different spatial coordinates.
This is the case for a thin layer or a slender body (e.g. a thin rod). Proceeding in this way it is often possible to
obtain significant simplifications
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If on the contrary P, >> 1, then we expect that diffusion has little importance and the choice
of time scale should be changed.
In this case the natural choice is the one which reduces to 1 the coefficient of v'- VT in (1.26),

1 t k
namely tg = (@> . At the same time we have now — = = — << 1 and we replace
L tq pcvol P
(1.26) by
o/ A—
(1.29) = +7-VT =0.

ot

However, we must notice that this time we have changed the character of the equation (from
a second order parabolic equation to a first order (hyperbolic) equation). Such a modification
has substantial implications. For instance, when we solve (1.26) in a bounded spatial domain 2
with regular boundary 92 we must specify the temperature T (7,0) and e.g. the temperature
on the whole boundary 92 during a given time interval. When we come to equation (1.29),
besides the initial temperature we must assign T only on those points of 9§ such that 7 -7 < 0
(77 normal to 02 pointing outwards: the material enters the domain and we have to say with
what temperature). The data formerly prescribed on the complementary part of 9 for equation
(1.26) will not generally match the solution of (1.29).

Such a conflict is originated by the fact that the approximation leading to (1.29) does not

respect the nature of the original problem and is in fact admissible as long as AT does not
1
become so large to compensate the smallness of —.

A circumstance like this occurs any time we ireltroduce approximations deeply affecting the
mathematical structure of a differential equation (for instance, also for ordinary differential
equations, if we neglect the leading order term). We say that we have a singular perturbation
and we are forced to study the original (unmodified) equation in a boundary layer. This is a
large and important branch of mathematics °.

Continuing our analysis of equation (1.26), there may be cases in which the natural time scale
to is suggested by another parallel process. For instance another diffusive process of Fickian type

in which the (material) diffusivity d is much smaller than the heat diffusivity o = E In that
pc

2
A
case it may be convenient to rescale time by tq4= rE Now the coeflicient of the Laplacian in
A
. ta @ . .
(1.26) is =37 1 and we rewrite (1.26) in the form
d
doT L — ——
40T | whks G7 AT =,
o Ot o

L
where ot _ P,. Thus, if P, << 1, this time we are led to conclude that we may simplify (1.26)
Q
to

(1.30) AT = 0.

In this case the time evolution of the thermal field is so fast (in the chosen time scale) that
we may consider it quasi-steady.

Time variations of the temperature are driven only by the boundary data (provided they are
slow enough!).

Once more we have changed the nature of the equation (from parabolic to elliptic). An
obvious consequence is that we are not allowed to prescribe initial data. If we need to describe
the correct time evolution from ¢ = 0 we must revert to the time scale t; and compute the

®See e.g. the recent book by S. Howison [58] and the very classical book by H. Schlichting and K. Gersten [75].
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A _
solution for a time interval (which will anyway be much smaller than ¢4) long enough for T' to
approach its asymptotic value.

Remark 3.1.
We will always assume, without mentioning it, that p, ¢, k are strictly positive. In deriving
equation (1.25) we have excluded that any phase change takes place.

1.4 Inflow and outflow boundary conditions

It frequently happens to consider diffusion problems within domains which are crossed by a liquid
(typically the solvent). Here we discuss very briefly what kind of boundary conditions should be
imposed in those cases.

We suppose to work in a frame of reference in which the boundary of the domain is at rest.
If 77 is the outer normal and v is the fluid velocity then we have inflow if ¥ - 77 < 0 and outflow
if ¥- 7 > 0.We refer to the case of solutions, but the extension to heat conduction-advection is
obvious.

(i) “Standard” conditions.

It is always possible to impose the value of concentration (Dirichlet) or of its normal deriva-
tive (Neumann) or of a linear combination of the two. This is what can be found on any book
on PDE’s. We will return to the question of the initial-boundary-value problems for parabolic
equations in the next Chapter. However we take the opportunity here to point out that even this
seemingly innocent subject can hide unexpected difficulties. Suppose for instance that in a layer
0 < z < [ it is possible to guarantee that concentration takes a value cy(t) at x = 0, while at

. . . c
x = [ the extraction rate of the solute is prescribed as —Da— = o > 0. Here we suppose that

(o is the maximum rate attainable in the process under consideration. To make the problem
even simpler we take v = 0. Of course the initial concentration ¢;,(x) > 0 must be prescribed

82
and the governing differential equation is 8—; — Da—g = 0. This problem is absolutely standard,
z

but we must be aware that, since we are dealing with a concentration, the constraint c¢(z,t) > 0
must always be fulfilled. If we just solve the stated problem blindly, depending on the data it
may happen that, starting from x = [, a negativity set appears at some time t*. Clearly we are
entering a non-physical stage, because we are imposing an extraction rate no longer compatible
with the amount of solute actually present in the solution. Therefore, for ¢ > t* we have re-
placed the flux boundary condition with the Dirichlet condition ¢(l,t) = 0. Once we have done

this, we should still keep the outgoing flux —D—C under surveillance. Indeed, it may happen
x

that if the boundary concentration cy(t) increases fast enough, the extraction rate needed to
keep c(l,t) = 0 exceeds the value ¢y. In that case we have to switch to the former condition

oc
D<= =
ox

0
c(l,t) >0, fDa—CLv:l < g, according to which the active boundary condition must be selected.
x

o > 0, and so on. Thus the problem turns out to obey the unilateral constraints

(ii) Contact with a well-stirred reservoir.
For simplicity we consider a layer 0 < x < [ with permeable walls (see fig. 1.2).
(a) Inflow.

Fluid is injected with velocity v through x = 0 (we consider a portion of the inflow surface of
area S). The well stirring hypothesis means that the concentration c,¢s in the reservoir depends
on time only. The thickness L of the reservoir decreases in time.
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Figure 1.2: Injection of a solution from a well stirred reservoir.

The mass balance in the reservoir is

d
1.31 = (Lepes) = LF — 3§,
(1.31) = (Leres) J

where F'is the possible supply rate to the reservoir (per unit volume) and j is the solute mass
flow rate in the domain considered. The latter is

, Oc
(1.32) Jj= <_D8x + cv)

=01

Clearly L = Lo — fg v (7)dr and L= —v, so (1.31) writes

dc
(1.33) L) (c —F) =D +v(eres =)

It is evident that this equation is not sufficient, because both ¢,.s and ¢ are unknown, if we
exclude the limit cases in which either ¢,.s or ¢ are prescribed. The missing condition is usually
expressed in the form of the diffusive mass exchange rate

Oc

(134) D% :h(c_cres)a

where h > 0 measures the exchange efficiency (it has the dimension of a velocity)®.

A justification of (1.34) can be obtained by assuming that agitation in the reservoir produces

a uniform distribution ¢,.s everywhere with the exception of a boundary layer near x = 0, having
thickness el, where ¢ < 1 depends on the agitation speed. There we have a concentration ¢ (z,t),
obeying

0 0? 0

9o _ pp 0%, Ocy _

ot Ox? Ox
and satisfying cp(—¢l, t) = cres(t), p(0,t) = ¢(0,1).

0, —el<z<0

5Show that as long as L/l > 1 and F = 0, from (1.33) we can deduce c,.s ~ constant (hint: rescale z by I
and t by I*/D).
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If we take non-dimensional variables, éb, ¢, 7 with ¢ = x/el, 7 = 12/D, we obtain

Dde, Dy e,  wde
2 0r €22 9€2 el 0¢

0, —-1<€£<0,

or N AN AN
Docy, 0*cy, elwdc,

Dy or  oe Dy oe

D l
Since D= O(1) and i)—v plays the role of a Peclet number in the boundary layer, we can say
b b

v
that, if the main transport process in 0 < x < [ is not advection-dominated and thus — is not

large, then the mass transport in the boundary layer is quasi-steady and diffusion-dominated,

2 ¢
ie. ?Zb ~ 0. Thus
AA A 0 éb AA
Cp=Cres (1 - E) +c 5 = —(7 =C — Cres
23
and returning to the original variables
0 D 0
(1.35) DS = 20 (e — cpes) = DS,

b%_ el

which identifies the coefficient h in (1.34) :

ox

Dy,
h=—.
el

Thus mass exchange is more efficient if the boundary layer is thinner.

(b) Outflow.
A typical case is when the fluid flowing out is eliminated. Then the outgoing solute mass

Oc
flux is cv and equating cv to the incoming flux, i.e. —Da— + cv, we conclude that the correct
x

condition to be imposed is

(1.36) Oc

= =o.
or|,_r

Of course we can also consider the case which the outgoing fluids enters another reservoir.
Then the analysis goes exactly as for the inflow case.

1.5 An example of singular perturbation

As we said, we have no space to deal with the theory of singular perturbations, particularly for
p.d.e.’s. Just to explain the main ideas, let us consider a classical case from mechanics.
The equation

(1.37) mzT4+NT +kr =0

describes the motion of a point of mass m under the action of an elastic force of constant x and
with a viscous damping of constant .

We may rescale x by some length L (;: w/L) and time by ¢ =1 7, so that (1.37) becomes

2T Nd7T ~
(1.38) %—j+——f+mx:0
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and if we choose 7 = % and we set € = 75 = 55, we obtain
Pr dr o~

(1.39) e—— + —+2=0.
dt dt

Of course we can associate to (1.37) any pair of conditions
(1.40) z(0) =29, (0) =,

which in the nondimensional form become
(1.41) T (0) =7= T o= ==, vt =

and we always find one unique solution.

However, we are interested in the case in which m is small, in the sense that ¢ << 1. We
wonder whether the solution can be approximated by taking € = 0 in (1.39). Thus we are led to
consider the so-called outer solution x,y:, governed by the equation without the inertia term

d
(1.42) Tt ot = 0,

dt

which however cannot match the original data (1.41) for the simple reason that it is a first order

~

equation whose general integral is oyt (;) = ce . Therefore we need to put a magnifying lens
on what happens in a short time close ¢t = 0 and to describe the so-called inner solution x;,.

~

A
Returning to (1.39) we use the different rescaling t= %, leading to

1 d2 n d n
(1.43) - ( e ) p—
“\dt  dt

Treating (1.42) and (1.43) is not difficult, but it is delicate.

In this particularly simple case it is possible to calculate the exact solution of (1.39), (1.40)
and its first order approximation in &, which can be used to check the validity of the expression
we will derive for oy, Tin. The exact solution is

<5'170+%(1+\/1—45)§50) '<_1+ 1_4{5)?_
ex L —
V1 —4e P 2e

1
(1.44) +2

12

(—1+\/1—4€)550—550 -< 1—1—\/1—45);-
ex _—
VI—d: P 2¢

[50 +e (50 + 170)} o~ (1)t _ {;O 4 5o 4 <3 To +2 %ﬂ e—(§—1—e)t’

to the first order in €.

It is easy to check that both the differential equation and the initial conditions are satisfied
to the first order in e by this approximation (note that the coefficient of the second exponential
must be calculated to the second order in ¢ order to compute its first order contribution to
velocity).
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Let us go back to the problem of computing xou:, Zin-
Looking for the inner solution we may write

e (1) = (D) o (1)

imposing that (1.43) is satisfied with initial conditions

dxm

1.45 in(0) = Zo,
( ) !E() Zo i

oy = €0

in the sense that

~ A ~
Yo+ 9o =0, w0 (0) =20, y;(0)=0=yo <t> =T

~ ~ ~ ~ N ~ N
Y+ i+ 20=0, 51 (0)=0, ¥ (0)=vo=y = (% + Uo) <1 - €t> — Zot .

Thus we find the expression

(1.46) Tin <;f\> =T +¢ { (50 + g0) <1 - 6_t> - 5O/t\} )

A
which clearly agrees with (1.44) to the first order in €, once we put t=

™ [+

Coming to the outer solution, we note that it should lose the memory of the initial ve-

locity. Indeed if we now match for e <1< 1 the function Touwt ~ ce~t with i ~ T

+e { (50 + 50) (1 — e_§> 1 EO’Z} ~ 50 (1— ?) we get ¢ :520, as expected, and thus simply

-z
(1.47) Tout (?) —Fpe b,

~ A
The transition from z;, to Ty takes place in a time interval in which ¢ is small while ¢ is large.

~ A
For instance if € ~ 10™* we can have t= 1072, t= 102. Check that ;,, Zous do match for these
numerical values.

1.6 Phase change.The Stefan condition

We refer to the specific case of melting or solidification at constant pressure. The peculiar feature
of such phase transitions is that they are accompanied by a jump of the specific enthalpy.

For simplicity here we suppose that there is a fixed temperature T}, (the melting point) above
which the material is liquid and below which it is solid 7. For pure substances this is actually the
case (T, depends on pressure, which however is constant in our case), although usually the solid
may be (slightly) overheated and the liquid may be (largely) undercooled. For systems such as
alloys or polymers the situation is much more complicated, but we are not going to deal with
such cases.

If we take T), as the reference temperature in the definition (1.23) of the specific enthalpy,
we write

T
(1.48) maw=/ co(mydy, T <Th

"See Remark Remark 4.2 below.
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and

T
(1.49) h(T) = / ¢ (n)dn+ A, T>1T,

where A > 0 is the so-called latent heat and the indices s, [ refer to the solid and liquid phase,
respectively.

We want to derive the mathematical model for two heat conducting phases separated by a
sharp and regular interface I', defined as the set {T" = T,,}.

All we have to do is to write down the enthalpy conservation law on the moving interface
(i.e. the Rankine-Hugoniot condition for enthalpy), which is obtained from (1.14) with w = h,
(W] =\, j' = —kVT.

Note that [h] = A is consistent with the normal 7 to I' pointing towards the liquid phase.
The resulting equation is the so-called Stefan condition:

Either T T
(1.50) Aps (V=) - ﬁ:—/«;la—n“rms o
o o1, o,
(1.51) Aoy (V=) - ﬁ:—mafnlms o
to be coupled with
(1.52) Ty=T =T, onl.

If we may neglect deformations in the solid phase and we take a frame of reference in which
the solid phase is at rest, equation (1.50) simplifies to

~ oT; 0T
1. ApsV - = —K—— + Ks )
(1.53) p n Kig—+ Rs

and if " is described as the set S(Z,t) = 0 , we can also write

(275 = 0)

08
Let us consider in particular the one-dimensional case with the only space coordinate x. If
we put S(z,t) = x — s(t), then (1.53) is

S oT, Ty
(1.55) A pss(t)=—k o + Ks o

When we have no variation of T}, it makes sense to consider one-phase problems:
a) melting (with liquid at rest) of solid at T' = T,

(175 = 0)

- oT
1.56 A = —K]— 7 =0
(1.56) prs=—kig— (61 =0)
(remembering (1.10) we see that p; s= ps(s —v,), explaining that when #; = 0 the solid is
displaced with the velocity given by: (p; — ps) 5= —psvs. In the frame with the solid at rest in
(1.56) py is replaced by ps (see(1.55)),
b) solidification (with solid at rest) of liquid at T = T,

(1.57) A ps 5= msg—: (s = 0)

(with vs = 0 the liquid phase is diplaced with the velocity v; = (1 — &) s).

Pl
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Remark 4.1.
The sign of the one-phase one-dimensional Stefan condition indicates which phase is conduct-
ing and which is identically at the phase transition temperature. O

As we shall see, in one-phase problems the conducting phase is always advancing over the
isothermal phase.

So far we have excluded superheating or supercooling. However, the model above still makes
sense if the liquid is below freezing and/or the solid is above melting temperature, provided we
impose that phase change occurs only at T' = T,,.

For instance we may use (1.56) to describe solidification of a supercooled liquid (T" < T5;,) or
(1.57) to describe melting of a superheated solid (T > T;;,). In such cases however the conducting
phase shrinks in favour of the isothermal phase which increases its volume.

More generally the temperature at the interface is not constant but depends on its curvature
(through surface tension effects) or on its velocity (kinetic supercooling). We will not deal with
such cases, nor with processes with variable pressure.

Concerning rescaling we have several options.

Considering the one-phase one-dimensional melting problem

. oT
=0, pA §= —kK % ) T‘x:s =Tm,

Tr=s

(1.58) pe— — K

with constant coefficient, we can introduce the non-dimensional variables

T—-Th, x S t PAL? pcL?
1. 0= —— == == = tm=—— tg=
obtaining
20  t,, 0% do 00
1.60 — - — === — == 0|, =0.
(1.60) or  tg 0&2 ’ dr o€ 5:,;(7)’ lg_U(T)

The temperature Ty may be a typical value of the boundary temperature. In this way we
have selected a time scale linked with the phase change process. The nondimensional ratio

(1.61) Ste = C(TO)\_Tm)

is called the Stefan number and it coincides with ttT(i'
By adopting the different rescaling

T-T, t T S
(162) 0= T ’ T_Ev f_za O-_Zv
we reduce (1.58) to the simpler form
o0  0%0 do 06
1.63 A do % o —0
(1.63) or 8z dr 3 P le= =0

A
provided T* = —. Of course we can get the same result performing a further rescaling of (1.60).
c

Note that in (1.60) the thermal field # can be considered quasi-steady (hence linear in &) if
Ste << 1 (meaning that the latent heat is large with respect to the amount of heat required to
take the unit mass from the temperature Ty to the temperature T;,).

Example: Water
p=1gr/cm?, c=1lcal/¢g°K, k=~ 1.5 x 1073 cal/ sec cm °K,
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A =80cal/g, L =10cm [L = 1em], Tp = 283°K, Ty =273°K

!

tg = % ~ 6.64 x 10* sec [6.64 x 102 sec]

tm = #ﬁm ~ 5.33 x 105 sec [5.33 x 10% sec]
Ste ~1.25 x 1071

For Ty = 323°K, t,,, is reduced by % and Ste ~ 6.25.

Remark 4.2 .

We recall that only solidification (and melting) accompanied by the formation (or destruction)
of crystals gives rise to a discontinuity of enthalpy (i.e. involving release or absorption of latent
heat).

When the solid phase is amorphous no latent heat is released upon solidification and this
process is more approximately called glassy transition. During a glassy transition molecules
do not enter a crystalline structure, but we can say that their mobility is strongly reduced by
a sudden and large increase of viscosity. In other words amorphous solids (like glass) can be
considered fluids with an extremely high viscosity. O

1.7 Weak version of balance laws

00

Rn

Figure 1.3: Weak formulation of balance laws.

Let us come back to the balance law (1.3) in the presence of a discontinuity surface I' ¢ R,
on which the Rankine-Hugoniot condition (1.9) applies.

We want to show that we may interpret (1.3) in a generalized way, so that it incorporates
(1.9). Such a generalized version of (1.3) holds in any domain including I' and replaces the
system (1.3), (1.9). This approach presents several advantages:

(i) We can deal with non-smooth functions (thus we may consider for instance a larger class
of data),

(ii) in many cases (like in the Stefan problem) the surface I' is unknown (i.e. it is a free
boundary) and there is no explicit mention of it in the weak formulation (in other words its
definition becomes implicit),

(iii) numerical methods can be set up for the weak version, based on smoothing approximation
procedures.
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We will discuss in more details such aspects when we will deal with the weak form of the
Stefan problem. Here we want to say a few general things about the weak version of (1.3), (1.9).

Let us suppose that u, j satisfy (1.3), (1.9) in the usual sense (classical version). We select
a test function o (Z,t) having compact support in a smooth domain  C R™*! in which (1.3),
(1.9) are satisfied and which intersects I'. With reference to fig. 1.3 we define the domains Q~,
Q7F, where [ is the unit vector normal to I" in R™*1.

For the moment we suppose that ¢ is a C*° function.

" 8%
+

For a vector function Z'(Z,t) € R"™! we define the divergence operator div,;17 = Z .
T
=1

O0zn -
Za:l. We take 2’ = (90], gou), so that
(1.64) divn1Z = ¢ (dz‘vj‘+ ?;;) +7 - Vo+ u%f
- 8¢ . _ +
=fo+J- Vgo%—ua in QT UQ".
Clearly
(1.65) /divn+15dfdt = / Z - Uy do,
Q* oN*

where 7y is the outer unit normal to ON*E.
Due to the choice of ¢, Z vanishes on 9. Therefore the only contributions to (1.65) come

from the sides '™, I'" of ' N Q. For I'™ we have ¥ = fi, for I'" we have 7y = —i.
Hence (1.65) gives
(1.66) /dwn+lzdfdt _ q:/g- ii do,
ot r+

We are now ready to evaluate

(1.67) / divnﬂidfdt:/{u%f 47 V(p—i—fgo} A7 dt = — / 3 i do.

Qrue- Q Inaly)

Since ¢ is continuous across I', we have

(1.68) 2 i = { 7] - i+ lul e |

where [i,, is the projection of i into R,, and gy is the n + 1 (i.e. time) component of /.

If ' has the equation S (Z,t) = 0, fi is parallel to the (n + 1)-dimensional vector (VS, %j)

If we use S (Z,¢) = 0 to define & (t) in R™, we have & = V (with the notation of Sect. 2), and

V.VSstoi=0.

Setting X = |VS|2 + (@)2) , we see that

Nji =+ (vs, gf) —_ (ﬁ,_v - ﬁ)

7i being the unit normal vector to the surface S (Z,¢) =0 in R™.
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Thus (1.68) becomes
(1.69) z[z-ﬁ]:iyvsy{m-ﬁ—[u]v-ﬁ}¢:o

because of (1.9).
The conclusion is that if the pair u, j satisfies the system (1.3), (1.9) we have

(1.70) /{u?;f +7- V(p—i—fgo} dZdt =0
Q

for all p € C§° (2).

Now we may replace (1.3), (1.9) with the requirement that (1.70) is satisfied in the above
sense. At this point we should be more precise about function spaces. Equation (1.70) makes
sense if we look for u € L2, j € (L2)n, and accordingly the space of test functions can be
identified with H} ().

Note that f is then to be taken in H—!(Q): in a sense we can say that the source term has
no role in balancing the singularities at a discontinuity surface, provided it belongs to H~! (Q).

However, if e.g. w is just an L? function, we are no longer able to specify for instance its
initial value (which is always essential in evolution problems). Initial data must be incorporated
in the problem statement (weak version) by suppressing the requirement ¢ = 0 for t = 0 and
letting the corresponding term appear explicitly in (1.70). Boundary values must be treated in
a similar way.

This general framework can be adapted in various ways to the specific problem considered,
using the peculiar structure of 5



Chapter 2

Some basic facts about the heat
equation

2.1 Main results on the model problems

In this section we summarize a few fundamental results, stated in their simplest form and referring
to the most elementary model problems.

t
|/

(1) u(0,) = f(1)

either

or Ugy — up = q(z,1) z=s(t)
u(s(t),t) =0
(11) us(0,1) = g(t)
0 u(z,t) = h(z) s(0) =b>0 .

Figure 2.1: Sketch of Dirichlet (I) and of Neumann (II) conditions.

In Fig. 2.1 we sketch the typical Dirichlet (I) and Neumann (II) problem for the heat equation
in one space dimension with a (prescribed) moving boundary z = s(t).

Main assumptions on the data are:

e s(t) Lipschitz, infs(t) >0

e h, f, [g] continuous and h (0) = f (0), h(b) > 0 (= u continuous in Q)
Notation for norms on Qr

Ifll = sélp |f| for f continuous in @T (f ceC (@T)) .

22
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C’Q’l(QT) is the space of functions u continuous in Qp together with wu,, g, us.

‘f(xl7t) — f(x//7t)‘ + sup ‘f(l‘,ﬂ) — f(l‘,t”)’

’x/ _ x//’a 14t ‘t/ _ t,,|a/2

[f1* =] + sup
x/¢x/1
for feC(Qr),ac(0,1)

The corresponding functional space is denoted by H*/2 Q7).

Similarly we define

H1+a7(1+a)/2 (@T)

as the space of functions having bounded norm

F10FD = £+ £,
and the space H2T®1t3 (@T) with norm
FIEFD = 1A+ el 111
Basic references are the classical books [15], [51], [62].

More definitions:

e Definition of parabolic boundary

opQr = CI {8QT N {t < T}}

Figure 2.2: The parabolic boundary.

e Open segment St ={0QrnN{t=T}}

° Spaces Ha,a/? (QT) ’ H1+a,(1+a)/2 (QT) , H2+a,l+a/2 (QT):
f e HY2(Qr) if |f |E§2 is bounded for all domains @’ having positive distance from

opQr.
Similarly for the other Holder spaces.

Now we are going to state some fundamental theorems.



24 CHAPTER 2. SOME BASIC FACTS ABOUT THE HEAT EQUATION

Theorem 2.1 (Mazximum principle (weak version)) Let u € C*1(Qr) N C(Qr) be a solu-
tion of ugy —ug = q in Qr and let Qp be bounded. Then if ¢ > 0 [< 0] u takes its mazimum
[minimum/ on the parabolic boundary OpQp. O

The weak maximum principle does not forbid that max u [maxwu] is assumed somewhere in Qp
also. The strong maximum principle (valid also for Q7 not bounded) examines precisely this
situation. Its general statement is rather complicated, but it is greatly simplified if the boundary
OpQr has an interval on t = 0 and is completed laterally by one or two continuous curves along
which time increases, as we are supposing.

Theorem 2.2 (Mazximum principle (strong version)) Let u € C%1(Qr) N C(Qr) be a
solution of Uz, — uy = q in Qp,with Qr as in Fig. 2.2. Suppose ¢ > 0 [< 0]. If u has a
mazimum [minimum/ on St, then u is constant in Qp. O

An immediate corollary is the uniqueness for the Dirichlet problem (I).

Again we state the following theorem for the particular boundary we have chosen.

Theorem 2.3 (Boundary point principle)(Friedman (1958), Vyborny (1957), also known
as parabolic version of Hopf’s theorem (1952))(for the elliptic case). Let u € C*1(Qr) N C(Qr)
be a solution of uzy —uy = q and ¢ > 0 [< 0]. Suppose that at a boundary point (xg,tg) (either
xo =0, or xo = s(to)), with to > 0, u attains a mazimum [minimum/ strictly larger [smaller/
than the values taken in the intersection of Qp with some half circle (x — xo)? + (t — to)* < R2,
t < tg. For any unit vector € pointing in the above neighborhood consider the points (zs,ts) =
(zo,t0) + 0€ with § > 0 sufficiently small and take the directional difference gradient x (9,€) =
u (s, t5) — u (o, to)

5 .

Then limsup y (4,€) < 0 [liém(i)&lfx (6,€) > 0] for all € in the specified set. O
§—0+ -

<0 [< 0] , x9=20
>0[>0], $0:S(t0)

As a corollary, uniqueness for the Neumann problem (II) follows.

Remark 1.1.

For more general equations or more general domains (non-Lipschitz, or in more than one
space dimension) additional requirements are needed on the coefficients and on the boundary.
We just remark that if in place of u,, —u; = ¢ one considers the equation a(x, t)ug, + b(z, t)u, +
c(x,t)u—uy = 0, then a > 0 is a minimal requirement, the presence of the term bu, is immaterial
for the theorems above, while the condition ¢ > 0 is important: if ¢ # 0 and ¢ > 0, in all
statements the words mazimum and minimum must be replaced by positive mazimum and
negative minimum. O

Ezistence for the Dirichlet problem

Hence if u, (x0,to) exists, then uy (zo, to) {

Theorem 2.4 If the chain of data on dpQr is continuous, problem (I) is solvable in H*t1+¢/2 (Qr),
provided g € H*/? (@T)

Remark 1.2.
Inside Q7 the regularity of the solution is determined by g. The theorem is not stated in its
most general form. O
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Theorem 2.5 If ¢ € H¥/? (@T) and there exists a function ¢ € H*tel+a/2 (@T) coinciding

with the data on pQ, and iff (0) = A" (0) — ¢ (0,0), A’ (b) s (0) + 1" (b) = q(b,0), with $ in a
Hélder class (exp. %), then the problem (I) is solvable in H*+1+/2 (Qy).

Existence for the Neumann problem
We deal just with the smooth case:

Theorem 2.6 Let ¢ € H*/2 (@T) and suppose there exists a function ¢ € H*tol+e/2 (@T)
such that ¢, = g for x = 0 and ¥ equals the data on the rest of OpQT, with compatibility
conditions satisfied at the corners (0,0), (b,0). Then problem (II) is solvable in H*+1+e/2 (Qr).

2.2 Fundamental solution of the heat equation

The function

A2
(2.1) F(:U,t;g,T):QTr(lt_T)exp [—M] , t>rT1

is called the fundamental solution of the one-dimensional heat equation. It is easy to check that
(2.2) Iye — T =0, Ie¢e + 7 = 0 (adjoint equation).

The basic property:
+o0
(2.3) lim (T (z,t:€7)d§ = ¢ ()

t—710 J _~o

at all points of continuity of ¢, provided the integral exists, can be demonstrated performing the
limit with some care.
With the help of (2.3) we can study the Cauchy problem

(2.4) Uge — U =0, —oc0o<ax <400, t>0,

(2.5) u(z,0)=p(x), —oo<x<+00,

with ¢ (z) continuous and such that |¢ ()] < ce®™*”.
The unique solution (in the same class of ¢) of (2.4), (2.5) has the explicit representation

+00 1
(2.6) u(a:,t):/ (&) (x,t;:£,0)dE f0r0<t<r“2.
Remark 2.1.
It is very easy to calculate
+oo
(27) | reuendg-t

whose meaning is heat conservation. O

Remark 2.2.

If 2 is a point of discontinuity of ¢ (z) (and defining in an appropriate way the solution of
(2.4), (2.5)), then (2.6) is still the solution of the Cauchy problem, provided ¢ has the left and
the right limit in 2o (resp. ¢g, @)
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In such a case (2.3) is modified to

(2.8) lim +Oog0(f)F(x,t;§,O) d¢ =

t—0t J _oo

o5 +90
Bk,

d

Remark 2.3.

Equation (2.6) shows very clearly that the heat equation forces disturbances on the initial
data to propagate at infinite speed. Although contradicting the theory of relativity, it must be
said that in the vast majority of practical cases the heat equation describes heat transfer with
great accuracy.

The Cauchy problem for the non-homogeneuous equation
(2.9) Uz — ut = (2, 1)

with ¢ locally Holder continuous w.r.t. x, uniformly in ¢, and with the same growth condition as
the initial data ¢ (x), is solved by

+oo t +oo
2100 w@en= [ e@r@agnd- [ [ TeugnaEndrn
—00 0 J—oo

The last term is called a volume potential.

Clearly, if ¢ = constant the volume potential is simply —qgt.

Let us define two more heat potentials. In the following = = s () is a Lipschitz continuous
curve.

Simple layer potential (V continuous function 1))

(2.11) Uy (z,t) = /0 ()T (z,t;8 (1), 7)dr.

VU solves the heat equation for ¢ > 0, z # s (t) and is continuous accross the curve x = s (t).
Double layer potential (V continuous function 1))

(2.12) Uy (z,t) = / Y (1) (858 (1), 7)dr.
0
Note that ,
O (z—¢)

so for z = s(t), & = s(7) it behaves like (t — 7')_% (remember we are considering Lipschitz
curves).
Wy solves the heat equation for ¢t > 0, x # s (t) and satisfies the jump relation

. 1 !
(2.13) a:—lg(rtl)i Uy (z,t) = :F§¢ (t) + /0 Y (1)Ty (s(t),t;8 (1), 7)dr.

Example: For s = sg, constant

limi Uy (x,t) = ZF;/J (t).

r—S0
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Ugy — Ut = ¢

Figure 2.3: Sketch of Problem 1

2.3 Representation formulas

As an application of heat potentials we can get representation formulas for various typical prob-
lems.
Problem 1 (see fig. 2.3):

f1, fo continuous

h continuous

fi, h matching

s; Lipschitz, |s; — sa| >y >0

We split u into the sum w + v with

Wey —wy =¢q, w(z,0)=h(z), —oo<z<+oo (already solved)

with arbitrary continuation of h and ¢ (e.g. bounded).
Then v (x,t) solves
Vgz — vt = 0,

U(Si(t)7t) :fi_w(si (t)7t) = @i (t)a
v (z,0) =0,

and has the representation

(2.14) v (z,t) = —/0 Uy (z,t;81 (1), 7) pa (7)dr + /0 Ty (z,t; 82 (1), 7) po (1) dr,

with p1, pe solving a system of two Volterra integral equations of the second kind with weakly
singular kernels:

(2.15) p1(t) = %/M (t)_/orzv(sl (), t;81 (1), 7) pa (1) d7

- "L (51 (8) 580 (7) ,7) aa (7) d
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pr(t) = g = [ Tolsa)tis (7). 7 (1) dr

+A%Awm¢@vxﬂmvmﬂ

having a continuous unique solution (g1, u2) .

Problem 2:

Instead of the domain s; () < x < s2 (), t > 0 consider the unbounded domain = > s; (¢),
t >0 (or x < s2(t), t >0) and drop the index 1 (or 2). Of course a growth condition must be
imposed on h (as we have seen for the Cauchy problem). Using the same procedure as above we
are led to consider one of the following problems.

Vgz — Ut

Figure 2.4: Problem 2 with x > s(t) (a), or x < s(t) (b).

For (a), (b) we can write

(2.16) v(x,t) = :F/O Uy (x,t;s(1),7)pu(1)dr
with p satisfying

1 t
(217) o) =50 ®F [ Tels().t5(). ) ulr)dr

where “—” corresponds to (a) and “+” to (b).
Note that when s or sy (or both) are constant, then the corresponding otherwise singular

kernel in eq. (2.15) or (2.17) vanishes identically.
For instance, the solution of the first i.b.v. problem in the quarter plane z > 0, ¢ > 0 with

data v(z,0) =0, v(0,t) = ¢(t) is given by

v (z,t) = /0 Ty (z,t;0,7) (1) dr

1.e.
2

(2.18) v(z,1) = -2 /0 T (.0, 7) o (7) dr = 2\1/7?35 /0 t (t“’_(:))g exp [—4@_7)] ar.
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Problem 3:
t
xr = s51(¢)
= So
u = fg(t)
Ugpe — Ut = (4
51(0) =0 u = h(x) s2(0) >0 x

Figure 2.5: Sketch of Problem 3.

With the same procedure used for Problem 1 we arrive at considering the following simplified
problem

x = s1(t)

Ve = x = s2(t)

v = P2

Vpge — Vg = 0

s1(0) =0 v=20 s2(0) > 0 x

Figure 2.6: Reduction of Problem 3 to homogeneous initial data and zero source.

with @9 defined as before and 11 = g1 — wy (s1 (¢) , t).
The representation formula (2.14) is modified replacing the double layer potential on x =
s1 (t) by a simple layer potential:

t t
(2.19) v(x,t) = _/0 [ (x,t;81 (1), 7)vy (7)dr + /0 Ty (x,t;82 (1), 7) po (1) dr.

The associated system of Volterra integral equations is:

1

lpl(t):21/1(t)—/0 Fx(sl(t),t;sl(T),T)I/l(T)dT—i-
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t
# [ (51 0 8552 (7)) (r)
0
1 t
pr() = 3ma(®) ~ [ T2 (t)tisr (1) 7w (r)dr +
0
t
(2.20) T / Dy (s2 ()t 52 (r) 1) iz (7) d.
0
Note that the kernel Ty, (s1(t),t; 2 (7),7) is not singular because of the condition that the

two boundaries stay at a positive distance from each other.
Moving the right boundary to +oo leads to the problem

t
x = s(t)

Ux:17/)

Ve — UV = 0

v=20 xT

Figure 2.7: Neumann Problem for x > s(t).

We call it problem («) and we also consider problem (), formulated on the left of z = s ().
The corresponding solutions are

(2.21) v(z,t) = :F/O I (z,t;8(r),7)v(r)dr
with .
(222) 0O =5 0F [ Ta(s0).t3 (). 7)w ()

where F corresponds to («), (3) resp.
When s = s, constant, we simply have v (t) = 24 (t) and (2.21) reduces to

(2.23) v(z,t) = :FQ/O I (x,t; 50, 7) % (1) dT.

2.4 The Green and Neumann functions for the quarter plane

We have already solved the Dirichlet and the Neumann problem in the quarter plane with no
source and zero initial data by means of (2.18), (2.23).
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We know that the respective data ¢ (t), 1 (t) are obtained from the original data f, g by
subtracting the value taken on z = 0 by the solution w (or w,) of a suitable Cauchy problem,
taking care of the source term ¢ (x,t) and of the initial data h (x), continued for = < 0.

If we take ¢ = 0, we may continue h (z) for x < 0 is such a way that w = 0 or w, = 0 on
x = 0, so that ¢, ¥ coincide with the original data.

For the Dirichlet problem the obvious continuation is h (x) = —h (—x), while we take h (x) =
h (—z) for the Neumann problem.

In the first case the solution of the associated Cauchy problem is

+oo
(2.24) wiet) = [ hOI @660 T (#6-¢ 0]
and in the second case
+oo
(2.25) wiat)= [ O (@ 6€0) +T (ot -60)de.
0
The functions
(226) G($’t;§a7—) :F(l‘,t,f,T)—r(l‘,t, _5)7-)
(227) N(l‘,t;f,T) :F($,t,€,7)+r($,t, _577—)

are the Green and Neumann function (respectively) for the quarter plane.
Thus we are able to write down the explicit solution of the problem in fig. 2.8

t

u

u=h

Figure 2.8: Dirichlet i.b.v. problem in the quarter plane.

+o00 t T
(2.28)  wu(x,t) _/0 h(§)G (x,t;&,0)dE + 2\1/%x/0 (tf_( ))g exp [_4(75—7')] dr

and of the problem in fig. 2.9

+oo t T z?
(2.29) u(x,t) = /0 h(§) N (z,t;£,0) d§ — \/1% ; j}%exp [—4(75_7)} dr.

We note that the functions G, N have some of the properties of I', namely:

(2.30) Gur — Gy =0, Ggg + G, =0,
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Uy = G

Uzpgy — Up = 0

u=nh

Figure 2.9: Neumann i.b.v. problem in the quarter plane.

(2.31) Ny =Ny =0,  Nge+ N, =0,
tlT 00

(2.32) im [ oG @687 dE =0 (a),
tiT +00

(2.33) i [ GO N (o, 1:6,7) d = 0 (2),

at points of continuity of ¢.
In addition

(2.34) G(0,t;€,7) =0,
(2.35) Nz (0,t:6,7) =0,

and

(2.36) Gy =—Ng,  Ge=—N,.

It is convenient to have the explicit expressions of the z-derivatives

Gy (2,1:8,7) =

L oo |- e |-
(2.37) —4ﬁ(t_7)g{ ( §)ep[ A(t—1) e+ g)exp A(t—r7) }

N, (z,t;€,7) =

b e |- e |-
(2.38) _4\/%@—7)3{ (z—=¢) p[ 4(75_7)] (z 4+ &) exp 4(t_7)}

2.5 A simplified version of Gronwall’s lemma

If a continuous function y (¢) satisfies the integral inequality

(2.39) 0<y(t) < c+/0 A1)y (1) dr,
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for some constant ¢ > 0 and a summable non-negative kernel A, then

(2.40) 0<y(t) <cexp (/OtA () d’l’) :

Proof.
Set A (t) = exp (— JyA(T) dT) and multiply (2.39) by AA = —A, obtaining

t
(2.41) yAA + A/ ydr < —cA
0
ie.
d t :
(2.42) - [A/ )\ydT] < —cA
dt 0
from which .
(2.43) / Aydr <c(A™1-1),
0

providing the estimate of the r.h.s. of (2.39) leading to (2.40) O.
A slightly more general version of Gronwall’s inequality is

(2.44) 0<y(t) <c+ /t vy 4
. ~ AN & & T’
Y 1 N
(the kernel is now of Abel type). Using the same technique employed for solving Abel’s integral
equation, one arrives at the following result [[15], Lemma 17.7.1]

(2.45) 0<y(t) <e(l42ey/7) T

2.6 Computing the temperature gradient at the boundary

In many applications it is important to calculate the heat flux at a boundary where temperature
is specified and to investigate its behaviour when ¢ | 0 (i.e. at a corner point of the parabolic
boundary). If the data match at that point and the boundary is not singular, then the flux will
be continuous. We want to show this in a particularly simple case.

We consider the following model problem in a wedge:
Problem A.
Upe — U =0, at <z, 0<t,

u(z,0) = —fz, 0<uz,
u(at,t) =0, 0<t,

where «, § are constant, with the aim of computing u,(«t,t). Dealing with more general data and
a more general boundary (provided they are sufficiently regular) requires some more complicated
calculations, but the procedure is the same. In particular we want to show that u, is continuous
at the corner:

(2.46) %E)% ug(at,t) = —f.

Instead of Problem A, we consider

Problem B.
Vg — 0 =0, at<z, 0<Ht,
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v(z,0) =0, 0<ux,
v(at,t) = aft, 0<t,
having in mind the decomposition
(2.47) u(z,t) = —fx + v(z,t).
Clearly (2.46) is equivalent to
(2.48) }E% vg(at,t) = 0.

We use the double layer potential (2.12) to represent the solution

(2.49) v(x,t)—/o w(T)Ty (2, t; ar, 7)dT

and the jump relation (2.13) to obtain the integral equation for u:

2
1 o [ oplr) T =7)
(2.50) aft = —§u(t) TIm ) Vi =€ 4 dr.

We use this same equation to compute

2 2

e s I O e L)
Ome T——aﬁ/o \/ﬁe T+

o2
*Z(t—ﬁ)

(2.51)

- e / / V] e dndt

2vmJoJo /(t—7)(m =)
We may interchange 7 and ¢ — 7 in the first integral on the r.h.s. and exchange the integration
order in the second integral, obtaining

2

/t 47) e—%(t—T)dT:
0

t—T1

(2.52) = 2 B/ e 4 Tdr - 04\2/7? ,u(n)eiz(t - n)dn.

Inserting (2.52) in (2.50), the latter becomes

O(2 t _— (+ —
253 ey =ro)+ % [ume 1 Va
with
(2.54) F(t) = —2a8t + 2L o*p / t_Te*ZTdT

which tends to zero (as expected) if a8 — 0, and is simply proportional to 3.

The last integral can be calculated by means of the transformation %\ﬁ = ¢ and the result is:

2

F(t) = 28Vi{ — avi + 2[;7? Ty
o o) L)
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This way of writing F'(t) emphasizes that a and 3 always multiply v/%.
We can easily compute

. e
(2.56) B(t) = —2081 - erf(E\/f)].
Now we differentiate (2.53), getting the simple expression

. a2
(2.57) a(t) = F(t) + ZF(t)

Since we know from (2.53) that p(0) = 0, we obtain the integral

2 gt
(2.58) ult) = (1) + % / F(r)dr.
0
Using (2.49) we compute
t t
(2.59) vg(z, 1) :/ w(T) g, t; ar, 7)dr = —/ w(T)Tr(x, t; o, 7)dT.
0 0

Noting that

d
L(x, t;ar, 1) = d—l“(:n,t; at,7) — ol'¢(x, t;ar, 7) =
T

d
(2.60) = d—F(:E, tyar, ) + ol (z, t; a7, T),
T

from (2.59) we get
Uw(.’IJ, t) = M(T)F<$v t;ar, 7—)’6 +

t t
(2.61) +/ a(m)I(z, t; o, 7)dT — a/ pu(T)To (2, t; ar, 7)dr.
0 0

The first term is zero for all = # at.

35

Now we take the limit x — at+. We know already that u(¢) has been constructed in such a way
that the last term tends to —a?3t. In order to compute the integral containing fi we use (2.57),

obtaining the final expression

2

t Y
ve(at,t) = —a?pt — ab ! 4 (t=7)

2V Jo ViE— -
() e (vl +
(2.62) + [m‘f(%ﬁ) — a\>/;€47—} }dq—,

evidently satisfying (2.48) for any o and 3. Again we point out that v, («t,t) is proportional to

G and vanishes as « tends to zero.
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The Stefan problem. Classical solutions

3.1 Self-similar solutions

a) Self-similar solutions for the heat equation
We look for a pair of functions f (&), 7 (¢) such that

u(a,t) = f(y(t))

satisfies uge = u;. Excluding the trivial case f = constant, we impose v2f" =7 zf' and we
separate the variables

f// B

N Y :
T A T
with A € R. From the first equation we obtain
(3.1) YO =ATRE— 1), >

The second equation leads to

r0-afor(25) ()

with A, & integration constants and

2 (7 _.e
= — _y 1 =
(3.2) erf(z) ﬁ/o e Y dy (Zgrinoo erf(z) :I:l) .
Noting that A( = Ayx = S , we realise that the constant A has no role and we can

V2 (t = to)
define the desired class of self-similar solutions:

(3.3) u(z,t) = A {erf (2\/:5_70 _erf (zo)}

depending on the three parameters A, tg, zo.

b) Self-similar solutions to the one-phase Stefan problem
We look for a pair (s,u) with u of the form (3.3), satisfying

(3.4) u(s(t),t) =0,

0
(3.5) au =-=5(t), (the limit is taken for = T s(¢)).
Ox z=s(t)

36
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The choice of the sign in (3.5) is compatible with the fact that the heat conducting phase is
liquid, while the solid is uniformly at the phase change temperature (namely zero).

We set {9 = 0 and we remark that all the level curves of (3.3) are parabolas in the (x,t) plane.

1 o2
Therefore we must seek s (t) in the form s = 2a+/t. Imposing (3.5), since — = A——e™ %,

856 Vvt

.«
$ = —, we find

Vit
2
—/Tae®

and we obtain a one parameter family of self-similar solutions:

(3.6) w (o) = rae {er Fa)—erf (f/{)} ~ 206 /a e dn,

2Vt
(3.7) s (t) = 20/t

The pair (3.6), (3.7) is sometimes referred to as Neumann’s solution. Let us compute the
limits for ¢ | 0 and for x — 0. Before doing that we remark that we can interpret (3.6), (3.7) in
one of the following ways (see fig. 3.1):

(i) a >0,z < 2oVt

Cauchy problem

(u>0)

(i) @ > 0,0 < x < 20/t
(u > 0) boundary value problem
(ii
(

i) a < 0, < 20/t
u < 0: supercooled liquid)

We also have the symmetric cases (the heat conducting phase is the solid)
(iv) a <0, z > 204/t

Cauchy problem

(u < 0)

v) a< 0,20/t <2 <0

u < 0): boundary value problem

(
(
(vi) @ >0, z > 2o/t

(u > 0: superheated solid)

We confine our attention to cases (i), (ii), (iii).

Case (i): a >0, z < 2av/t

(0%
(3.8) limu (z,t) = 206 / e_"2d7], Va < 0.

t10 o

Thus for any a > 0 (3.6), (3.7) solve the Cauchy problem with initial value u (x,0) = ug («)
defined by (3.8) for z < 0.

Note that u is discontinuous at the origin (requiring some care in the definition of solution)

44 is sineul ( a )
and § is singular ( § = — ).
° Vi
Case (ii): > 0,0 < x < 20/t
o
(3.9) limwu (0,t) = 206 / e dn = uy (o) > 0.
z|0 0

Note that u; (@) = ug (a) — /Toe® and again §(t) has a singular behaviour at the origin:
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~+

T

(i) a>0 z<2/i (i) : a>0,0<z< 2t
(u > 0), Cauchy Problem (u > 0), Boundary value problem
t T =20\t
/// |
u=0
T
T
(ii)) : @ <0, <204/t (iv): a<0, 2> 21
(u < 0), Supercooled liquid (u < 0), Cauchy problem
t T =20/t
T =2av/t / /
=0 // //
T
(v): a<0, 20Vt <z <0 (vi): a>0, 2> 2/t
(u < 0), Boundary value Problem (u > 0), Superheated solid

Figure 3.1: Self-similar solutions for melting (i), (ii); solidification of a supercooled liquid (iii); solidifi-
cation (), (v); melting of a superheated solid (vi).
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Case (iil): a < 0, z < 204/t

The limit of u for ¢t | 0, z < 0 is the same function ug () defined by (3.8), but this time
up (o) < 0.

Now we want to solve the inverse problems:

Problem (i):

Given Uy > 0, find « such that ug (o) = Up.

Problem (ii):

Given U; > 0, find « such that u; (o) = Uy.

Problem (iii):

Given Uy < 0, find « such that ug (a) = Up.

Let us anticipate the conclusion:

Theorem 3.1 Problems (i), (i) have one unique solution (o > 0) for any choice of Uy > 0,
Uy > 0. Problem (iii) has one and only one solution (o < 0) if Uy € (—1,0) and no solutions for
Up < —1.

Proof.
Recalling the definition (3.8) of ugy () we have to study the equation

(3.10) up () = 20’ / 67’72d7] = Uy.
We have N
(3.11) ug (o) = 2¢ (1+2a?) / e " dn + 2a,
(3.12) ug () = dae® (3 +2a?) / e dn+2(1 4 202) + 2

and we realize that all the derivatives of ug (a) are positive for a > 0. Clearly liIJIrl ug (@) = 400
a— 100

and therefore the equation ug (o) = Uy is uniquely solvable for any Uy > 0 (of course Uy = 0
corresponds to the trivial solution u = 0, s = 0).

The same analysis and the same conclusion hold for Problem (ii).

Solving (3.10) for Uy < 0 is not equally easy (Problem (iii)).

From (3.11) we see that u} (0) = /7, 1y (0) = 4, but the behaviour of u} (), ug () is not
immediately evident for o < 0 (clearly all possible solutions of (3.10) for Uy < 0 are negative,
since ug («) has the same sign as «).

However we can establish that ug («) has the graph described in fig. 3.2.

Let us first compute the limit

* e d 1
(3.13) lim wp (o) = lim 2M: lim 2——— = —1.

a——00 a——00 e ¢ a——o00 —92 — =

Next we rewrite (3.11) as
/ 1 2
(3.14) ugy () = uo (1+20%) + 2c

and (3.12) as

14 1 2 2 - ].
(3.15) ug (@) = uy~ (1420%) + uo% +2
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Uy(c)

Figure 3.2: Graph of the function ug(a) in (3.10).

) A
If u{, can vanish for some a< 0, then

u0<6\z>:— 20 (-1,0)
1+2«a
and consequently
n [N 4
Ug (a) = 2 >0
142«

Therefore wug (84) can only be a minimum, thus contradicting (3.13). We conclude that

ug () > 0 also for a < 0, which completes the proof of the theorem. O

The physical interpretation of Theorem 3.1 is easy. While melting of ice due to a given positive
initial temperature of the confining liquid (Problem (i)) or to a prescribed positive temperature
on the surface x = 0 (Problem (ii)) is always possible, the conversion of a supercooled liquid
at a given initial negative temperature into ice at zero temperature proceeds with a parabolic
interface only if the supercooled liquid is not “too cold”.

There is a large literature devoted to various types of supercooling.

We just quote [33] for a survey.

3.2 The one-dimensional one-phase Stefan problem

a) Statement of the problem
Problem 2.1: Find a pair (s, u) such that s € C'[0,7]NC*[0,T], u € C (@T), u e C*>(Qr),

0
8—u continuous up to x = s (t), t € [0,T], such that, for some T > 0,
T

(3.16) Usg —w =0, inQr={(z,t) eR*/0<z<s(t),0<t<T}
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(3.17) s(0) =b>0,

(3.18) u(z,0)=h(z), 0<z <D,
(3.19) u(0,t)=f(t), 0<t<T,
(3.20) u(s(t),t)=0,0<t<T,
(3.21) ugy (s(t),t)=—s(t), 0<t<T.

Condition (3.19) may be replaced e.g. by
(3.22) ug (0,) = g (t)

We will also consider the case s(0) = b = 0, thus dropping the initial condition (3.18).

There are two main classes of problems:

Problem 2.1A, with sign restrictions on the data (h >0, f >0 or g <0).

Problem 2.1B, with no sign restrictions.

In the framework of phase change we can say that if we do not impose the “correct” sign of
the data, we allow supercooling.

However Problem 2.1B makes sense in a variety of cases, since, as we shall see, free boundary
problems in areas quite far from thermodynamics can be given the form (3.16)-(3.21), even if we
cannot attach a physical meaning to the sign of the data.

We anticipate that there is a fundamental difference between Problem 2.1A and Problem
2.1B: the former is solvable globally in time, the latter can develop various kinds of singularities
in a finite time (or it can have a solution for all "> 0 , or it can have no solution at all).

A final remark concerns the condition u € C (@T), that implies matching conditions for the
data, but can be relaxed in many ways.

b) Global heat balance (a weaker version of Stefan’s condition).

Multiply equation (3.16) by x and for any ¢ € (0,7") integrate over the domain @;. Using the
identity zug, = (zu, — u),, we can say that

0= / T (Ugy — ug) daxdr = jé [(zuy — u) dT + zudz)
t 0Q¢

Hence

s(t) b t
(3.23) /0 au(z,t) do = /0 xzh (x) dz +/0 f(r)dr— % (s* (t) — b%) .

If condition (3.22) is prescribed instead of (3.19), we integrate directly (3.16) and obtain

s(t) b t
(3.24) /O w (z, ) dx:/o h(z) dm’—/og(T) dT—%(s(t)—b)

which is clearly readable in terms of heat balance: the heat stored in the phase at time ¢ is the
one at time ¢ = 0 plus the heat that entered the system through z = 0 in the time interval (0, ¢)
and minus the latent heat needed to produce phase change in the layer of thickness s (t) — b.

Equation (3.23) is also a kind of weighted average.

Both (3.23) and (3.24)are weaker form of the heat balance because they do not involve $ nor
ug (s(t),1).

However, if we know that s (¢) is Lipschitz continuous, then w, (s (t),t) is continuous and
from (3.23) or (3.24) we may compute the limit of the difference quotient of s (¢), proving that
§ = —uy (s(t),t) and therefore that s is C'. Thus (3.23), (3.24) are actually equivalent to the
Stefan condition, provided we add the requirement of Lipschitz continuity of s.
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Remark 2.1.
We have not used the condition b > 0.

c) Stefan Problem 2.1A (melting with no undercooling):existence
For the time being we refer to the case

(3.25) s(0)=b>0
and we assume that f (¢), h (z) are continuous and nonnegative, and
(3.26) 0<h(x)<H((b—-=x)

for some constant H > 0.
A minor assumption is f (0) = h (0).
A first a-priori result is

Proposition 3.1 For any solution of Problem 2.1A we have w > 0, § > 0. If h or f are not
identically zero in a neighborhood of t = 0, then u > 0 in Qr and $ > 0 fort > 0.

Proof.
A simple consequence of Theorems 2.2 and 2.3. O
Now we prove existence.

Theorem 3.2 Under the assumptions (3.25), (3.26) Problem 2.1A has at least one solution.

Proof.
For any given 7' > 0 we consider the set

(3:27)  T(4)= {sEC[O,THs(O):b, o< ) =5t

< ——— §A,0§t’<t”§T}.

If s is prescribed in ¥ (A) the problem (3.16), (3.18), (3.19), (3.20)

is uniquely solvable (Thm. 2.4) and wu, (s (t),t) exists continuous. Thus we can define the
mapping 7 : s € ¥ (A) — o by means of

(3.28) o= —ug (s(t),t), o(0)="0.

Note that if s is a fixed point of 7 (i.e. s = 7s), then (3.21) is satisfied and the pair (s, u) is
a solution of Problem 2.1A. Thus we look for the fixed points of 7. The plan is to show that for
a suitable choice of A

(i) 72 (A) Cc X (4),

(ii) 7 is completely continuous, i.e. it is continuous and 73 (A) is compact in the selected
topology.

Since ¥ (A) is compact, it will be enough to show continuity. Then the existence of at least
one fixed point in ¥ (A) will be guaranteed by Schauder’s theorem.

The first target is easy: we need an estimate for u, (s (t),t).

As in Proposition 2.1 we can immediately see that

(3.29) uw>0, ug(s(t),t) <0=0(t)>0.

In order to get a lower estimate for wu, (s (t),t) we use the so-called technique of barriers.
Take to arbitrarily in (0,77 and compare the solution u of (3.16), (3.18), (3.19), (3.20) with the
linear function

(3.30) v (z,to) = —A(z — s (to))
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which is also a solution of (3.16). We choose A in such way that v (z,tg) > u(z,t) in Qy, (by
construction v (s (tg) ,to) = u(s(to),to) and for this reason v is called a barrier for ).

Since s (t) < s (o) in (0,%0) we have v (s (t),t0) > 0=wu(s(t),?).

If we take A > H in (3.26), then v (z,t9) > H (b —z) > u(x,0).

Finally, if A > sup f(t) = F (t), then we have also v (0,t9) > u(0,%) in (0,tp). Therefore

te(0,T)

the inequality v (z,%0) > u (x,t) in Qy, is a trivial consequence of the maximum principle.

At this point we use the coincidence of v and w in (s (tg) ,tp) to infer that

(3.31) —A=wv; <uy(s(to),to).

Recalling that tg is arbitrary, we conclude that for all ¢ in (0, 7] we have

(3.32) A(s(t) —z) >u(x,t) >0, 0<z<s(t),

(3.33) —A<uz(s(t),t)=0d(t) <A,

with

(3.34) A = max (H, % sup f (t)) .
te(0,7)

Thus we have proved (i) with A given by (3.34).
In order to prove the continuity of the mapping 7, we start from the identity

(3.35) 7{ (s — u) dr + zuda] = 0
0Q¢
(already introduced in (b)), in connection with wu, (s (t),t) = —d (t).

For a pair of functions s, s2 taken in 3 (A) we consider the corresponding functions wu; (z,t),
uz (z,t) and for each of them we write (3.35), namely

(3.36) /Otsi(f)a‘i(T) dT—/OSi(t)ui(ac,t) dac—l—/obwh(ac) dm—/otf(T) dr=0, i=1,2

and by substraction we get

(3.37) /0 s1(7) (01 (1) — o2 (1)) dT + /0 (s1(7) —s2(7)) o2 (1) dT =

B(t)

o(t) .
— / t (uy (z,t) —ug (x,t)) de + (1)]+1/ uj (z,t) dz,
0 a(t)

where « (t) = min (s1 (7),s2(7)), B(t) = max(s;(7),s2(7)), and j = 1if f = 51, j = 2 if
ﬂ = S2.
Our aim is to arrive at an inequality of the type

(3.38) o1 — a2l < Cls1 — s2]

with ||-|| denoting the norm of C'[0,7] and C being a positive constant depending on A, T', and
on b > 0.

Clearly the most delicate term in (3.37) is the first one. We can approach our target with an
integration by parts replacing that term with

(3.39) 51.(t) [0 (1) — 02 ()] / 51 (1) o1 (7) — 0 ()] dr
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(recall that §; € L™ with [[$1]] ;0 < A).

Next we have to estimate the difference u; — ug in the domain 0 < z < a(t), 0 <t < T.
The difference of the data is zero for t = 0 and x = 0. For = « (t) we have u; (« (t),t) =0
if s; (t) = (t) and uj (a(t),t) < A(B(t) — a(t))for j # i, because of (3.32). The maximum

principle provides the desire inequality:
(3.40) fur () — uz (2,8)] < Alls1 — s,
where ||-||, denotes the sup in (0,?).

For u; in (o, B)we use again (3.32). Passing to the absolute values in (3.37), and recalling
(3.39), (3.40), we obtain the inequality

ﬁ@Wﬁ@—@@HSAAWMﬂ—mﬁ)W+

(3.41) A/O |51 (1) — 82 (7)| dT +  (t) ||s1 — 82|, + %A ’s% (t) — 53 (t)‘ .

Now we can use (in a crucial way) assumption (3.25) (b > 0) and we note that « (t) < b+ AT,
3 (s1(t) 4+ s2(t)) < b+ AT, obtaining

(3.42) maw«xMSfAhnm—@v>m+

1
5 [AT b+ AT + A(b+ AT)] |51 = s,

Gronwall’s inequality leads eventually to (3.38) and at the same time to the conclusion of
the existence proof. O
Exercise: Prove the analogous theorem with (3.22) replacing (3.19).

d) Stefan problem 2.1A: continuous, monotone dependence and uniqueness

Theorem 3.3 (monotone dependence on the data). Let (b1, hi, f1), (b2, he, f2) be a pair
of data satisfying the assumption of Theorem 3.2 and such that

(3.43) b1 < by

(3.44) hi (x) < hg () in (0,b1)

(3.45) fi(t) < fa(t).
Then

(3.46) s1(t) < sa(t),

(3.47) uy (z,t) < ug (z,t) in0<xz<s(t),t>0.
Moreover, if

(3.48) b1 < by

then

(3.49) S1 (t) < 89 (t) .
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Proof.

Let us first consider the stronger version of the theorem, i.e. (3.48). As a preliminary we
examine the trivial case hy = ho = f1 = fo = 0. If the initial and boundary data are zero, since
the value of w on the free boundary is also zero, the maximum principle forces u to be identically
zero with the obvious consequence that s is constant. Thus (b,0) is the only solution to the
trivial case and comparing trivial solutions is also trivial.

Now we may suppose that the set of larger data do not produce a trivial solution: this implies

that s > 0 and ug > 0 at inner points. We know that s1, $3 are both bounded in [0, A] and
by — by

therefore there is a time interval (0, ¢*) in wich s; (t) < sg (¢), with ¢* > (note that, since

at least hy or fo are not identically zero, A has to be positive).
Suppose that for some finite ¢* the two boundaries intersect each other for the first time and
compare u1, us in the smaller domain.

By assumption u1 —ug < 0 for t = 0 in (0,b1), u1 —uz < 0 for z = 0 in (0,t*) and
up —ug = —ug < 0onx=s(t)in (0,t).

The intersection point (s (t*),t*) is such that we may apply Theorem 2.3, concluding that
(u1g — ugg) (s (t*),t*) > 0, implying that $o (t*) > $1 (t*). Such inequality is not compatible
with the assumption that ¢t* is a point of absolute minimum for s3 — s1 in [0,¢*]. Thus (3.49) is
proved and (3.47)follows at once.

The above argument fails if by = bs, because the starting point of both boundaries could be
an accumulation point of intersections.

If by = b2 = b > 0, we construct a sequence of dominating solutions (sd,u(s) corresponding
to the data

(3.50) b —b45, h(z)= { ’52 ) " bef’(;]b] P =)

We know that for each § > 0 at least one solution (35, u5) of Problem 2.1A exists. From the
previous monotonicity result we conclude that

(3.51) 51 < 80, 59 < 80, up < ul, ug < ul.

Now we write equation (3.23) for the pairs (35, u‘g), (s2,u2) and take the difference, obtaining

% () =520 (2 () + 52(0) =

1 s2(t) s
:25(2b+5)—/ x<u5(aj,t)—u2(x,t)> dac—/ zul (z,t) de <
0 82

(3.52) < %5 (2b+0).
Since 80 (t) + so (t) > 2b + § we conclude that
(3.53) s1(t) < s°(t) <s9(t)+0

and letting § tend to zero we complete the proof. O

Corollary 3.1 Uniqueness. The same assumptions of the existence theorem (Theorem 3.2)
guarantee uniqueness.



46 CHAPTER 3. THE STEFAN PROBLEM. CLASSICAL SOLUTIONS

Exercise: Study Problem 2.1A with Neumann data for z = 0.

Remark 2.2.

Theorem 3.3 extends to the case by = 0 (and possibly bs = 0) and in such a case we must
consider it (at the stage of our knowledge) an a-priori result. As a matter of fact, in the proof
we have used (3.23) (valid also for b = 0) and we have applied the existence theorem only for
the dominating solutions (35, u5), having in any case s° (0) > > 0. O

Theorem 3.4 (Continuous dependence). Let (s1,u1), (s2,uz2) be the solutions of Problem
2.1A corresponding to the respective sets of data (b, hi, f1), (ba, ha, f2) both satisfying the as-
sumption of Theorem 3.2. Let b = min(by,b2), A = max(A;, Ag), with A1, As defined as in
(3.34). Then there exists a constant C = C(b,T, A) such that

ls1 — sal| < C(|[h1 — h2|| + [b1 — ba| + || f1 — f2l]),
lur —uz|| < C(||h1 — hall + b1 — ba2| + [|f1 — fal])-

when computing |h1— hz|| the functions hy, ha are given zero extension beyond by, by if necessary.

The result is valid also when Dirichlet data are replaced by Neumann data.

Proof.
We sketch the proof for the Dirichlet data. We have to start from (3.23), from which we imme-
diately deduce the inequality
a(t) B(t)
bl[s1 — sallt < Cllbr = ba| + [[h1 = hall + (|1 = fall] +/ wlui (2, t) — ug(x,t)|de + /( | rujdz,
0 alt

where «, 3, j have the same meaning as in the proof of Theorem 3.3 and from now on C' denotes
a constant depending on b, T, A.
Let us estimate the last two terms, exploiting the information

ur(a(t),£) — uz(a(t), )] < A(S — ).
Setting v(z,t) = ui(x,t) — ua(x,t) we use the inequality
[v| < w1+ e,
where v solves the heat equation with data
v1(0,8) = |f1(t) = f2(O)],  v1(x,0) = [ha(z) — ho(z)[for z € (0,b),

vi(a(t),t) =0,

and vy is the solution of the heat equation with data on ¢ = 0 and on = = 0, and such that
va(a(t),t) = A(B — «).

The function vy is easily estimated by means of the maximum principle.

In turn v is dominated by the solution vz of the initial boundary-value problem in the unbounded
domain —oco < z < «(t), t € (0,7T) with the data A||S— «||; on x = «a(t) and vanishing for ¢t = 0.
We recall that «(t) is Lipschitz (with a Lipschitz constant not greater than A), thus we may use
the representation

vg(x,t):/o w(T)Ty(z, t; 7)), 7)dT,

with p solving the integral equation

Allp — o = %,u(t) + /0 w(T)Ta(a(t), t;a(r), 7)dr.
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This inequality is of the type (2.44) and therefore we deduce

lull < CJIB = all:

a(t)
[ <c/ 16— al-
o t—T

Thus the term foa(t) x|u; — ug|dz has the estimate

and consequently

"8 -l
Jir dT]

Similarly we can say that u;(x,t) for « € (o, 3) is majorized by ||h1 — ha|| + v4, where vy solves
the heat equation for x > «a(t), ¢ > 0 with data A||8 — «a|: on z = «a(t) and vanishing for ¢ = 0.
Hence we get for vy precisely the same estimate as vs.

Putting all these elements together we arrive at the inequality

a(t)
| el = walds < €1 = bl + s el + 1 = £ +
0 0

s1 — 82|+

H
o1 = sall < €[l = bl + 1 =l + 15— o+ [ 122222

again of the type (2.44) and yielding the desired continuous dependence result. The similar
inequality for ||u; — ugl| is now trivial. O

drl,

e) Stefan problem 2.1A: appearance of a phase (b =0)

When the thickness of the conducting phase is initially zero of course we drop the initial
condition (3.18).
The assumptions we make on f, besides f > 0 are

(3.54) fe€C0,T], f not identically zero in a neighbourhood of ¢ = 0.

Remark 2.3.
Differentiating (3.20) and using (3.21)we deduce that at regular points of the free boundary

(3.55) ug (s (t),t) = =52 (t).

Thus we expect that §(0) will exist if f € C1[0,7] and f(0) = 0. Since (3.54) is more
general, the free boundary is likely to be singular at the origin. We may have singularities for
t = 0 also when b > 0 but condition (3.26) is violated, a case we have not treated. O

Remark 2.4.

Uniqueness is guaranteed a-priori by the monotone dependence on f, which applies also in
this case (Remark 2.2). O

Now we want to prove existence.

First of all we deduce an a-priori lower bound for s (t).

Lemma 3.1 Let (s,u) be a solution of Problem 2.1A with b >0 and h(z) =0 if b > 0. Then

(8:56) 2(6) > 2l0)= {1+wm/f dﬁl'
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x = p(t)

Figure 3.3: Lower bound for the free boundary.

Proof.

We start from (3.23), now reduced to

1 1 t s(t)
(3.57) —s2(t) = =b? +/ f(r)dr— / zu(x,t) dr,
2 2 0 0
and we use the obvious estimate (recall (3.54)and the maximum principle)
0<u(zt) <|fl,, 0<z<s(t), t>0
to obtain
1 t
(359) A+l > [ fan o

In order to prove existence it will be enough to show existence for a sufficiently small time
interval, because, once we have reached a time 79 > 0, it will be clear that u (x, 79) satisfies (3.26)
in (0, s(7p)) and we are back to the previous case.

We split the existence proof in two parts.

Theorem 3.5 (First case of existence). Suppose (3.54) and

£,
p(t)

Then Problem 2.1A with b = 0 has a solution and moreover

. 1/1l;
3.60 0<s(t) < sup
( ) Q te(0,T) p(t)

(3.59)

bounded in (0,T).
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t x = 5,(t)

Up — f Up,, — Un,

0 uy, = 0 bn

Figure 3.4: Construction of a comparison function.

Proof.

Take a sequence {b,} strictly decreasing to zero. For each b, we can find the solution of the

problem in fig. 3.4

We know that the pairs (s, u,) depend monotonically on n, and we also know from Lemma
2.1 that the sequence {s,} is bounded from below by p (t) > 0. In order to get some information
on the limit, for any ¢* € (0,7") and each n we look for a linear barrier of the form

(3.61) U (2,t7) = K (s, (t%) — ) .
The condition guaranteeing that v, (x,t*) is a barrier for u, is
(3.62) Un (0,8%) = ksp (£°) > || fl 4= -

Thanks to Lemma 2.1 we can say that (3.62) holds, provided that

(3.63) K= sup 171,
te(o.1) P (1)

which leads to the uniform estimate
(3.64) 0<s$,(t) <k in (0,7).

Hence {s,} decreases to a Lipschitz continuous function s (¢), such that s (0)
If u (z,t) denotes the solution of the problem in fig. 3.5

it is easy to see that {u,} — v uniformly in 0 <z < s(t),0<t <T.
Now we write (3.57) for each pair (sy, un):

n(t)
(3.65) ;i fb2 /f dr—/ zuy, (z,t) de

and we pass to the limit, obtaining

t s(t)
(3.66) %SQ (t) :/0 f(r)dr —/0 zu(z,t) dr.

=0,5(t)> p(t).
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t x = s(t)

Figure 3.5: Performing the limit.

We know that (3.66) together with the Lipschitz continuity of s (¢) is equivalent to the Stefan
condition u, = —§ and therefore (s,u) is the solution of Problem 2.1A. O

Remark 2.5.

If f (t) behaves like ct® near ¢ = 0, assumption (3.59) is verified for & > 1 (in agreement with
Remark 2.3). O

We are left with the case opposite to (3.59), i.e.

(3.67) I 71l is not bounded near ¢t = 0.
p(t)

This time we need a finer comparison theorem for the increments of s ().

Lemma 3.2 Consider the following pair of problems (see fig. 3.6)
differing only for s(0) =b <b=3 (0). For any t > 0 we have

_2
(3.68) s2(t)—b2 >3 (t)— b
Proof.
We write (3.57) for the pairs (s,u), (5, %) and by substraction we get
1., 9 11_2 —21
(3.69) 5 ls (t)—b]—§[s (t)—b}_

s(t) s (1)
:—/ z [u(z,t)—u (z,1)] d:L‘+/ xu (x,t) dr,
0 s(t)

where we have used 5 (t) > s(t). We also know that 0 < u <% (x,t) and therefore the r.h.s. of
(3.69) is strictly positive. O

Now we prove:

Theorem 3.6 (complementary to Theorem 3.5). If in Theorem 3.5 we replace (3.59) with the
opposite condition (3.67) we still have existence.
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x = s(t) x = 5(t)

N
Il
N
[

~

Figure 3.6: Approzimating sequence.

Proof.

Again we work with the sequence {(s,,u,)}. Of course we cannot obtain a uniform estimate
for §, in (0,7"), as in (3.64). Instead we look for bounds in intervals separated from ¢t = 0. With
this aim in mind we fix 7 € (0,7) and define the domains

Q1+ = {(z,t) ER?/0 <z < 5,(t), T<t<t'}

for any ¢* € (7,T). We want to construct a linear barrier in Q7 ;. of the type

(3.70) Un (2, 7,t7) = K (1,17 (sn () — ).
Not only we need

(3.71) n (0,7,87) = [| fll;-

but also

(3.72) Up (T, 7, %) > up (,7), 0<x<s,(7).

The difficulty comes from the absence of uniform bounds on wu, (x,7) more precise than
0 < wup (x,7) < | f|l,. Therefore the only thing we can do in order to ensure (3.72) is to impose
that

(3.73) n (8n (1), 75 8%) = [ £l 5
which also implies (3.71). Thus x (7,¢*) must be defined so that

(3.74) K (7', t*) (Sn (t*) — Sn (T)) > Hf”t* )

which leads us to the necessity of a uniform lower bound of the increment s, (t*) — s, (7). Here
Lemma 3.2 comes into play.

First we construct the solution (s],u’) of the Stefan problem for ¢ > 7 with data u, (0,t) =
f@),u (x,7)=0for 0 <z < s, (7), s, (T) = sn (7).

Since u], < uy, and in particular u], (z,t) < uy, (z,7) for 0 < = < s, (1), we have s], (t) < sy, (t)
(Theorem 3.3). Next, we construct a supersolution for the latter problem. We have learned how

to obtain the self-similar solution of the problem in fig. 3.7
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s=0b; +aVt

U= ||f||t*

Upe — Uy =0

by

Figure 3.7: The target problem.

i.e. how to find « in terms of || f||,.. Here by is the first element in the sequence {b,}. From
Theorem 3.3 we have obviously

sn (t) < by +avt, Vn.

Therefore we can say that the solution (¢7,w”) of the Stefan problem for ¢ > 7 with data
w™ (0,t) = f(t), w" (z,0) = 0 for 0 < & < by + av/t, and 0" (1) = by + a/t, dominates the

solutions (s, ur) .

b, by by + ar/T T

Figure 3.8: The increment s* — b decreases with b.

At this point we apply Lemma 3.2 to the pairs (s],u}), (¢67,w"), concluding that

(3.75) sn (1) = sp (1) > (53, ()" = 57, (8) > (07 (8))" = (07 (1)),
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and consequently

T 2_ O_T T 2
(3.76) S (1) — 89 (7) > (o SS)&) - gn <£))) > o (t) — o7 (7).

Now we come back to (3.74) and we realize that it is satisfied for all n if we take

[/ 1l-

(3.77) K (T> t*) = oT (t*) —oT (7_) :

With the help of the linear barrier (3.70) we can say that x (7,t*) is a uniform bound for
sn (1) in the interval (7,t*), implying the uniform convergence of {s,} in (7,T) to a Lipschitz
continuous function s (¢) > p(¢) (Lemma 3.1). Of course the Lipschitz constant goes to infinity
as 7 — 0. However we can say that the convergence of s,, is anyway uniform in (0,7"). Indeed,
chosen € > 0, we select 7 (¢), 1o (€), so that 0 < s, (t) — s(t) < s, (t) < bp + /70 < € for
n >mng and t € (0,79) (e is the same as in the self-similar solution used above, but with || f||,
replaced by || f]|;), and we already know that the convergence is uniform in (79, 7).

From now on the proof is identical to the one of Theorem 3.5. O

3.3 Stefan problem 2.1B (no sign specification)

When we say that in a one-phase melting problem the conducting phase is not necessarily at a
non-negative temperature the main information we lose is the monotonicity of the free boundary.
The possibility of using the technique of linear barriers in the existence proof of Problem2.1A
was strictly linked to the fact that in that case the conducting phase is expanding. This is a deep
difference between the two classes of problems which is not reflected just in the technical details
of the existence proof, but has also more substantial consequences: for instance the solutions of
Problem 2.1B (if they exist) may blow up in finite time.

As a matter of fact, the general existence theorem we are going to prove refers only to a
sufficiently small time interval.

A remarkable feature of this class of problems is that, since monotonicity of the free boundary
is ignored, there is no basic difference between one-phase and two-phase problems.

We confine our analysis to the case (3.25) (b > 0) and we keep the continuity assumption
on the data h, f and the matching conditions at the corners (0,0), (b,0). Condition (2.10) is
naturally replaced by
(3.78) lh(z)] <Hb-2z), 0<z<b

Theorem 3.7 (Existence.) Under the assumptions cited above Problem 2.1B has at least one
solution in a sufficiently small time interval (0,T) .

Proof.

We argue as in the proof of Theorem 3.2, studying exactly the same mapping 7 : ¢ — 0.
However, we have a remarkable difference right from the starting point: instead of the set (3.27)
we take now

(3.79) S(A,T) = {seC[O,T]/s(O):b,WSA,

0<t' <t"<T, s(t) >c>0 for some ¢ < b}

where we have eliminated monotonicity of s and 7" can no longer be arbitrary. For s in ¥ (A4,7)
we solve (3.16), (3.18), (3.19), (3.20) and we consider the mapping (3.28).
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Clearly we must look for a bound on |uy (s(t),t)]. A very natural comparison function
(actually a barrier for each point of the boundary = = s(t)) is the solution of the problem

(3.80) Upe — =0, 0<z<s(t), 0<t<T,
(3.81) v(s(t),t)=0, 0<t<T,

(3.82) v(z,0)=r(b—1z), 0<z<b,
(3.83) v(0,t) =rb, 0<t<T,

where 1

(3.84) K= max (Hb, | fll7)-

The inequality
(3.85) |u(z,t)| < wv(x,t)

follows immediately from the maximum principle, implying
(3.86) g (5 (8) D] < [v (5 (1), )]

In order to estimate the latter quantity we use a representation formula for v (x,t). For fixed
t we consider the variables (£, 7) in the domain 0 < £ < s(7), 0 < 7 < t, and we introduce the
operator

2
-9 9
o0& or
and its adjoint
., 02 0

We recall from Section 4.I1 that £*G (z,¢;£,7) = 0, G being the Green function for the
quarter plane.
From the identity

0=vL'G -G L= (vGe — Gug), + (vG),,
integrating over the domain Q;—. = {(£,7) € R?* /0 <& <s(7), 0<T <t—¢}, >0, we get

0= j{ [(vGe — Gug) dr + vG dE]
0Qt—¢

s(t—e) b
:/ v(t—e)G(z, 156t —¢) dﬁ—/ k(b —8) G (2,4€,0) dE
0 0

t—e t—e
—/ kbGe¢ (2,t;0,7) dT — G (z,t;8(7),7) ve (s(7),7) dr,
0 0

where we have used G|._, = 0.
Letting € | 0, we use the fundamental property (2.3) (obviously valid for G as well as for T’
(see (2.32)) to obtain

b t
v(:r,t):/o k(b—&) G (x,t;¢0) d&—l—/{b/o Ge (z,t;0,7) dr

(3.87) —i—/o G (z,t;s(1),7) ve (s(7),7) dr.



3.3. STEFAN PROBLEM 2.1B (NO SIGN SPECIFICATION) 55
Then we compute v, (x,t) :
b
v t) == [ (b &) Ne(,6:£,0) dg
0
t t
(3.88) —|—/€b/ N: (z,t;0,7) dr —I—/ Ga (z,t;s(1),7) ve (s(1),7T) dT
0 0

b t
- —n/ N (2, :€,0) df+/ Ga (235 (r) ,7) ve (s (), 7) dr
0 0
(recalling (2.34), G¢p = —Nge = N7).

We pass to the limit  — s (¢), using the jump relation of the double layer potential (2.36),
obtaining for v, (s (t),t) the following Volterra equation with weakly singular kernel

b t
(359); s (s(t),t)|——m/0 N (s (1), :£,0) d§+/0 Ga (5 () 55 (7)) v (5 (7) , 7) dr.

The kernel is

(3.90) G (s (1), t:5(7),7) = —mexp {—W}
+:¢(2 - (:)g exp {_ o) +5 o) }
and since s € £ (A, T) we have the estimate
R e R e Ll
o A (2

o (B (4 8) a0 2) )

1
where we just used ye™¥ < —.

e
Let us estimate the two terms in the first integral of (3.89).

s(t)

b S 2
(3.92) 2\}%/0 exp{—[(tltg]} dé = f/@ e T dn <1,

[s (t) + €] o 1
Q\ﬁ exp{ th}dg_f/(t) 77d17<§.

Thus we deduce the inequality

(3.94) rvx<s<t>,t>|sgﬁ+;/%{z4(1 > }/ [va (s t_;

which is of type (2.44), yielding the estimate

(3.93)

(3.95) vz (s (t),t)] <3k F(T,A,c),
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with
(3.96) AF(T}Ajc)::(14—26&(TﬂAﬁcyT%>exp(ﬂCf(TﬂAﬁc)Tj,

1 2T 2b
T Ac)=——<A1+ — — 5.
Ci (T, A ) 2\/77{ ( +662>+682}

T

F
ForT =0, F=1. ForT>0wehavea—>0,Vn.
A"

T

3rF (A, T,c) T e (0,10)

0 Al (T) Ac A2 (T) A

Figure 3.9: Investigating the inequality (3.98).

Thus A., T, are uniquely defined, such that
(3.97) 3k F (T, Ac,c) = A..

For all T € (0,7,) we have
(3.98) 3kF(T,A,c) < A

for A in an interval (A; (T), A2 (T)).

From (3.95), (3.98), (3.86) and the definition of o we conclude that for T € (0,7¢) and
(A1 (T), A2 (T))
(3.99) o < A

However (3.99) alone is not enough to say that o € > (A, T), because the condition o > ¢
must also be satisfied. On the basis of (3.99) we must possibly reduce 7" in such a way that

(3.100) b— AT > c.

It is immediately realized that (3.98) and (3.100) are compatible. Just remark that A, is
always an admissible choice for A, since it belongs to (A1 (T'), A2 (T)) for all T' € (0,7,). Then
an appropriate choice for T" fulfilling both (3.98) and (3.100) is

b—c
101 T =min (T, =) .
(3.101) . mln( Ac)

Thus the set > (A., T7) is mapped into itself by the operator 7 : s — o. In view of (3.101)

Cy +c
we can optimize the choice of ¢ so to maximize 7.
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As for the case of Problem 2.1A, also in the present situation the existence proof is now
reduced to showing the continuity of 7, i.e. the existence of a constant C' such that

(3'102) H,Zﬁ - TSQH <C ||31 - SQH

for any choice of s1, s2 € > (A, T). It is easily seen that (3.102) can be obtained through the
same procedure as in the previous proof, using the inequality

(3.103) u(z, )] < vz, t) <[loal| (s(t) —2).

All we have to do is to provide an estimate of ||v, || independent of the choice of s in > (A¢, TF).
The function v, satisfies the heat equation and on the parabolic boundary it satisfies the
following conditions

(3.104) Vg (2,0) = K, vy (0,8) =0, |vg(s(t),t)] < Ae.
From Theorems 2.1, 2.3 we deduce
(3.105) |vz]| < A,

which is the last step of the proof. O
We have already stressed that the solution may not exist in the large.

Theorem 3.8 The solution found in Theorem 3.7 ceases to exist in a finite time 6 if (at least)
one of the following facts occurs

3.106 lims (t) = 0

(3.106) i s (1)

or

3.107 lim 5 () = oo.

( ) 3%‘8() o0
Proof.

It is possible to continue the solution beyond T, since the pair (s (7)), u (x,T))) satisfies
the assumptions of Theorem 3.7, owing to (3.103).

Looking at (3.96) we realize that ¢ > 0 is an essential condition in the deduction of (3.97),
therefore if (after repeated continuations) s (t) approaches zero in a finite time, the continuation
procedure comes to a stop.

Also we have to notice that A. > 3k (see fig. 3.9), so going through a chain of continuations
it may happen that s blows up in a finite time (Exercise 1). O

Examples of (3.106) and (3.107) can be provided.

The analysis of blowing up solutions and of possible further continuation is extremely delicate,
and here we will not deal with it.

We still have to prove uniqueness. This time we cannot rely on a monotone dependence result
and therefore we study the continuous dependence on the data. The following theorem extends
Theorem 3.5.

Theorem 3.9 (Continuous dependence.) Consider a pair of data (bi,h1, f1), (ba, ha, f2)
satisfying the assumptions of Theorem 3.1 and let (s1,u1), (s2,u2) be corresponding solutions of
Problem 2.1B. If e.g. by > b1 we continue hy for b > by as hy = 0.

Suppose (0,T) is a time interval in which for both solutions the bound ‘SZ‘ <A i=12,is

available as well as s; > ¢ > 0,1 =1,2. Then, in the same time interval

(3.108) [[s1 — 2|l <
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max(by,b2) T
<C<\bl—b2|+/0 z [hy () — ha (2)| d$+/0 |f1(7) = f2(7)] dT)

where C' depends on T, A and on c¢. A similar bound for ||u; — uz|| in the common domain of
definition is easily obtained.

Proof.

As a preliminary we remark that T, A can indeed be found in terms of the data, following
the proof of Theorem 3.7.

We start from

1 ) ) 1 ) ) max(b1,b2)
(3.109) §|31—32‘ Si‘bl_bQ}‘i‘ ; z |hy () — he (z)] dx

t a(t) a(t)
s L1 - @ldr+ [ sl @) - w0l dot [l )] d
0 0 B(t)
where, as in the proof of Theorem 3.3, we define

a(t) =min (s1(t),s2(t)), [ (t) =max(s1(t),s2(t))

and j =11if 51 > s9, j =2 if 51 < s0.
We must estimate the last two integrals.
() Estimate of [ & |uy (x,) — ug (x,t)| da.
Observing that
(3.110) uj (a(t),8)] < Alsi(t) —s2 (H)],

we can use the maximum principle to say that
(3.111) lug —ug| < W+ 2

with W, Z solving the following initial-boundary value problems for the heat equation:

(3.112) W(0,t) = f1(t) = f2(t)],
| (z) = ho(x)], 0<az<max(bi,bg)
W (x,0) = { 0, x > max (b1, ba)
(problem in the quarter plane),
(3.113) Z(0,t) =0,

Z(l‘,O):O, 0<$<min(b1,b2)
Z(a(t),t) = Als1 (t) — sz ()]
Recalling (2.28) we have

max(b1,b2)
(3.114) W (x,t) :/0 |h1 (z) — he (z)| G (x,t;€,0) dx

x Lof(n) z?
+ / exp {—] dr
2VT Jo (t—7)2 A(t—7)
and it is not difficult to check that both =W (z,t) and x W, (z,t) tend to zero as z — o0
uniformly for ¢ in compact sets.
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If we take a rectangle R = (0,X) x (0,¢) in the (x,7)-plane and we integrate over R the
equation W, — Wy = 0, we find, for X large enough,

X max(by,b2) t
(3.115) /0 x W (z,t) dz :/0 z |hy (x) — ho ()] da?+/0 |f1(7) = fa(T)] dT

t
+/ (x Wy —W)|,_x dT.
0
Letting X — +o00 we get the final expression
1) max(b1,b2) t
(3.116) / oW (2,1) do / 2 hy (&) — h (2)] do + / 1 () = fo(7)] dr-
0 0 0
The function Z (z,t) can be represented as a double layer potential:
¢
(3.117) Z (z,t) = / w(r) Ny (x,t;a (), 7) dr
0
(remember that N, (0,¢;&,7) = 0: see (2.36)) with u solving the Volterra equation
1 t
(3.118) Alsy (t) —s2(t)| = i,u(t) —i—/ w(T) Ny (a(t),t;a(r), 1) dr
0
from which, by means of Gronwall’s lemma, we have an estimate of the type

(3.119) [ ()] < C() lls1 — sall;

with C (¢) depending on A, ¢ and being an increasing function of ¢.
We need an estimate of

a(t) t ra(t)
(3.120) / xZ (x,t) de = / / zu(r) Ny (z,t;a (1), 7) dedr
0 0o Jo

First we compute

a(t)
/0 Ny (z,t;a (1), 7) de = a(t) N(a(t),t;a(r),T)

a(t)
—/ N (z,t:0(r),7) da.
0

A rough estimate of the latter integral is 1. Moreover ¢ < a/(t) < AT + min (b1, be) and

1
0< N (a(t),t;a(r),r)< VATt Thus using (3.119),
(3.121) O</a(t)xZ(x t)dw<0/t||81_82”7d +c/tus sl d

. ————— aT - T
A ) < (i Y — 2 ; 1— 82|,
t —
503/ ”Slt\/ii”wr, Cs = Cy + /7Cs.
0 -

Collecting (3.116), (3.121) we have the desired estimate

a(t)
(3.122) / z |uy (z,t) — ug (z,t)] do
0
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S

/m(w )~ b @) o [ 1710~ o] dr 0y [ 112y
< x x) — ha (x x+/ T) = J2(T)] aT + /TT'
; 1 2 . 2 o Vi-rt

(IT) Estimate of f;ét))x luj| da.

Of course we are assuming « (t) < 3 (t). We distinguish two cases

(i) in [0,t) a () < B (t) (no intersections)

(ii) there is at least one intersection in [0, ).

Case (i). |u;| < Y1 +Ys with Y7, Y5 solving the following IBV problems for the heat equation

(3.123) Yiee = Y1:=0, z>a(t), t>0,
Yi(z,0)=0, z>a(0),
Yi(a(t),t) = Alsy (t) = s2 (4],
(3.124) Your — Y2t =0, a(t)<z<p(t), t>0,
Y2 (2,0) = [h; ()], a(0) <z <B(0),
Yo (a(t),t) =Y2(B(t),t) =0.
We know that

t
(3.125) Y (z,t) = / (1) Ty (z,t;a (1), 7) dT
0
with .
1
(3.126) Alsy (t) —s2 ()| = _i'ul + / w1 (1) Ty (a(t) ;0 (T),7) dT
0
and again
(3.127) @) < C (@) [Is1 — szl -
Thus
B(t) +o0
(3.128) / Y1 (z,t) de < / xY: (z,t) dx
alt) B(t)

—+00

:/ w1 (7) {—a(t) D(a(t),t;a(r),) —/ Iz, t;a(7),7) dm} dr.
0 a(t)

The integral of I" is less than 1, and therefore

(3.129) o</6(t) Yi (z,1) d <C/tHSl_82”Td
. S x x, T > Uy - ar,
o(t) ! o Vi—T

thanks to (3.127).
Passing to Y», integrating the identity (zYa, — Y2), — (2Y2), = 0 we find immediately

A(t) 5(0)
(3.130) /a(t: xYs (x,t) do = /a((]) z |hj (z)| dz + /Otﬂ(T) You (B (7),7T) dr

—/ a(1) Yor (a(7),7) dT.
0

Observing that Y2 is minimum on the lateral boundaries we see that Ya, (3(7),7) < 0,
Yoz (a(7),7) > 0, so that

B(t) 5(0)
(3.131) og/() oY (2,1) dxg/(o) z |y ()] da.
a(t «
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Hence

s [Celporaeson 1 gr [, 4
. x|u; (x,t)| de < 4/TT—|-/ x|h; ()| dx.
a(t) ! 0 t—7 (0) !

Case (ii). Let t* be such that a (t*) = 8 (t*) and «a (1) < B(7) for T € (t*,1).
Now |u; (z,t)| is less than the solution of

(3.133) Yoo —Yi=0, z>a(t), t>1,
Y (z,t") =0, z>a(t,
V() ) = Alsy (1) =52 (8], £> 1",

and all we have to do is to remark that Y (z,t) < Y7 (z,1).

Therefore (3.129) is valid also for Y.

The conclusion of this discussion is that the desired estimate for | g(%) x |uj (z,t)| do is again
(3.132).

We can now revert to inequality (3.109), using (3.122), (3.132), and s; (t) + s2 (t) > 2¢ > 0:

max(by,b2)
(3.134) 151 () — 82 (£)] < C {]bl — by +/0 2 |l (x) — ho (2)] do
t t S1 — S
[ - @l [l

t t
t—
We observe that the integral / @ (7) dr = / MdT is non-decreasing if ¢ is non-
0 0

Vi7 T
negative and non-decreasing.

Thus the r.h.s of (3.134) is non-decreasing and for this reason we may replace |s1 () — s2 ()|
by [|s1 — s2|, on the r.h.s.

In this way we have constructed an integral inequality for ||s; — s2|| of the type studied in
Section 5, II, which leads precisely to (3.108). O

Bibliographical remarks.
After the early papers [64], [79] the first analytical investigation of the classical one-dimensional
Stefan problem was due to L.I. Rubinstein (see the references in [74]). Important contributions
came next from A. Friedman (see the references in [51], [53]), J.R. Cannon and C.D. Hill (see
the references in [15] and others. A systematic analysis of one-dimensional problems (including
some singular case) was performed by A. Fasano, M. Primicerio in [42], [43], [44], later extended
to the case of nonlinear parabolic equations and nonlinear free boundary conditions [45].
We cannot deal with the more recent and quite fundamental contributions by a number of
important mathematicians who have developed an extremely rich theory (particularly for the
multidimensional Stefan problem and other free boundary problems). As we said this is far
beyond our scopes and we refer once more to the books and surveys already quoted.

EXERCISES

1. Show that repeated continuations of the solutions of Problem 2.1B by means of the
technique of Theorem 3.1 may lead to blow-up in finite time. Hint: in the second step we may
expect that 3A. replaces 3k. Varying k the curves of the family 3k F (A, T,c) change by a
multiplicating factor and by rescaling we conclude that A. at the n-th iteration is larger than
3"k (going to infinity) while summing the extension times we get a convergent sequence.

2. Study the behaviour for large ¢ of the solution of Problem 2.1A.

3. Extend the results of Section 3 to the two-phase problem.

4. Show that blow-up cannot occur for two-phase problems with no superheating or super-
cooling.




Chapter 4

The Stefan problem. Weak solutions.

4.1 General concepts and weak formulation

The weak formulation allows to deal with multidimensional problems and at the same time gives
a better insight of the mathematical structure of the problem. Another significant advantage
concerns the formulation of numerical methods.

It applies rigorously to the case of constant melting temperature and absence of supercooling
or superheating. In the following use the symbols of Section 4(II), and we keep the assumption
of constant pressure.

For simplicity we suppose we may neglect convection (other than the one generated by p (7)),
which is not always permitted, although there is no difficulty in dealing with the general case
(as long as the velocity field is prescribed).

In order to derive the weak formulation of the multidimensional two-phase Stefan problem
we suppose we know a classical solution consisting of:

(i) the interface «y (), supposed to be a regular surface in R"

(ii) the thermal fields in the liquid and in the solid and we try to write the whole problem in
the form

(4.1) oh

e
interpreting the derivatives in the distributional sense. In such a way we have no separate
equation for the evolution of the interface, which is incorporated in (4.1).

Before we proceed, let us briefly consider the relationship between h and T

In Chapter 1 h was defined as a discontinuous function of T' by (2.24), (2.25), the jump being
the latent heat of the material. In the picture 4.1 we use a schematic representation with cs, ¢

— div (kVT) 4+ pVh-7=0

constant.

So far we have said nothing about h at T' = T,,,, because we have only considered situations
in which the system can be either solid or liquid.

But, even in this simple case, the fact that in regions of nonzero measure where T' = T, we
have to specify the phase is a clear clue that the state of the system is not completely described by
temperature. The variable that does the job is the specific enthalpy. Indeed not only it specifies
the phase but it determines T uniquely, since the inverse function is Lipschitz continuous.

Considering the inverse function 7' (h) emphasizes the role of the values of h in [0, \], all
corresponding to T' = T,,,. What is the underlying physics?

Take a thermally insulated sample of copper and raise its temperature to T}, by Joule heating.
If you keep supplying electric current phase change will not take place instantaneously because it
needs a finite amount of heat, which only can be supplied in a finite time. Therefore temperature
stays constant at T,, while h enters the interval (0, A) and melting will be completed when the

62
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h

Figure 4.1: .

value A is reached. The intermediate states in which h € (0, ) can be considered as a phase
mixture and regions with such values of h are called mushy regions.

It is legitimate to expect the presence of mushy regions when solving (4.1) in the distributional
sense. Also, the discussion above points out that at ¢ = 0 enthalpy (and not temperature) must
be prescribed.

In view of the fact that h is the real unknown of the problem, we remark that the function

) g )dr’, 11,
fT ks (T dT', T <Tp

can be regarded as a Lipschitz continuous function of h through 7'= T (h).

Also p is more correctly described as a function of h: in the mushy region it is a linear
interpolation between the values in the pure phases at T' = T,,.

After this digression, let us resume our project of deriving the weak formulation from the
classical statement including (i), (ii):

field equation:

(4.3) p(h)gt—i—p(h) Vh-7—A0=0 inQ,UQ,

o<t<T
where s, @; are subsets of Qp = <U< Q(t), Q(t) being a bounded regular domain in R™. More

precisely
Qs =Qrn{h <0}, Q=Qrn{h>A}.

To be specific we refer to the following picture in which the external boundaries of the solid
and of the liquid phase have no intersection.
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¢
R'H
Q
Figure 4.2: Evolution of the interface in R*+1.
Remark.
Figure 4.2 refers to the case p; = ps = const. For p;, ps variable and/or different we can

take I'y fixed and let I'; move so to accommodate the total volume of the system at each time:
a condition involving all the unknowns.

QT =0 x (0, T)

Qi =QrnN{h> A}

Qs =QrN {h < 0}

O (t) = Qi N {t = const.}
Qs (t) = Qs N {t = const.}
I'; external boundary of Q)
I's external boundary of Q)
Iy interface in R**!

v (t) =ToN{t = const.}

7i = normal to v (¢) pointing towards € (t)
vs = s N {t = const.}

vy =T1N{t =const.}
initial data

(4.4) 7(0) =0, h (& 0) = ho (%) prescribed in € U Q2

boundary data

(4.5) Tlp = fi(t) > Ty Tl = fo () < T (= h is known)

(4.6) Aoy (F—6) =~

interface condition (we use (1.51))
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Now we introduce the set ® of test functions
(4.7) d={peW> (Qr)|¢=00onT UL, UQ X {T}}.

We multiply (4.3) by ¢ € ® and integrate separately over Qs and Q.
h
In order to compute / E@ dZdt we note that

Q
d / oh Oy
4.8 — ph df:/ p— df+/ ph—dzr
( ) dt Qs(t) SD Qs (t) 8t SO Qs (t) at
—/ hdiv(pﬁ)gpd:ﬁ'+/ Vauphedo,
Qs (1) ()~

where we have used the properties of ¢ and the continuity equation. The last integral, in which
V,, is the normal velocity of v (¢), vanishes because h = 0 on v (¢), i.e. on the side of the solid.
Thus

T Oh T dp
4.9 / / — pdrdt = —/ / h —— dxdt
(4.9) o Ja. Por 0 Jo.u P ot

T
+/ / h div (p?v) ¢ dZdt — [) p (ho) hoyp (Z,t) dZ.
0 Qs(t) Qs
Next we calculate
(4.10) / pVh-vpdid= / div (phet) d¥
Qs(t) Qs(t)

—/ [phU-Vo+ hodiv(pt)] dZ
Qs (t)

that, using again ¢[p =0, and h|7, =0, gives

T T

(4.11) / / pVh-ngdi?’:—/ / [ph V-V + hediv(pt)] dz.

0o Ja.u 0o Ja.)
Finally, using the identity

(4.12) —pAl = —0Ap + div (Ve — V)

we have

(4.13) —/ @Aedf:—/ 9A<pda:~’+/ e(fs)a@da—/ 90805 do
Qs(t) Qs(t) T ans ()~ on

where we remark that the trace of V¢ is defined on ~s, v, v for a.e.t. as a fucntion in L?, as
well as on 'y, Iy, T'g.
Thus we may write

T T
(4.14) _ / / A didt = — / 0@ dTdi+
0 Qs (t) Qs (t)

0
iy /T / 90,
+ 0 (fs dodt — dodt.
Ts (f ) On 0 Jy@)~ v on

Summing (4.9), (4.11), (4.14),

(4.15) / {pah — NG+ pVh - U} o dTdt =
0. Vot
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—/ {pha —i—HAgp—ph'ffV(p} dfdt—/ p (ho) hop (Z,0) dZ
Q. U ot 2,(0)

g [

We proceed in a similar way in (), obtaining

(4.16) / { ‘Zg Af + pVh - U}gpd:ﬁdt:

—/ {phaso-f—QAgo—ph@-ch} dfdt—/ p (ho) hop (Z,0) dzZ
Q U ot 2 (0)

/ (75 ¢ o dordr / / [+Vnpl)\ pmn] dodt.
Iy SOM

Summing (4.15), (4.16) we see that the terms on the interface cancel out owing to (4.6) and
we arrive at the equation

(4.17) / {ph%‘f 1 0Ap — phT- w} didt =
T

0005 g"ddt+ em>¢wﬁ—/ p (ho) hop (Z,0) d.
Q(0)

Definition 4.1 A weak solution of the Stefan problem (4.3) — (4.6) is a function h € L™ (Qr)
satisfying (4.17) for all p € ®. O

Note that since h is only required to be bounded and measurable, the data are not prescribed
directly but appear in the equations as free terms.

It is important to underline that the velocity field ¥ is generally unknown and, except the
system has a particular symmetry, it cannot be deduced just from kinematic considerations.
Therefore (4.17) should be coupled with the fluid dynamics of the melt, specifying the stress
at the boundary. As we have observed, also the motion of the outer boundary is coupled in a
nonlocal way to the evolution of the thermal field and of the interface.

For these reasons we leave aside the project of considering the full problem and from now on
we take the basic approximation

(4.18) p1(T) = ps (T) = const. = p

In the next section we shall study procedure for constructing an approximated sequence of
classical problems whose limit is a weak solution of the Stefan problem.

4.2 Existence theorem

We refer to the following simplified version of (4.17): find h € L™ (Qr) such that

(4.19) / {ph&p + 9A<p} dzdt =
o

‘/ m>¢dﬁ+/9ﬁ ¢Mﬁ—/ oo (7.0) d7,
Q(0)
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with p = const. in Qp, Vp € O.

The domain Q7 is cylindrical in R®*! and for simplicity we suppose that the boundary of
(0) (and consequently I's, I';) are smooth and that fs, f; are continuously differentiable and
bounded away from zero in 'y, I'; respectively. For ¢t = 0 we suppose they match the initial data
and that hy € C* (W) These assumptions are redundant, but they simplify the existence proof
to a large extent. With the same spirit we suppose that ¢;, cs, K, ks are twice continuously
differentiable.

Theorem 4.1 Under the assumptions listed above, problem (2.1) has at least one solution.

Proof.

In the previous section we have analyzed the relationship between h and T. Now we have
to be more precise, saying that h (T') is not just a discontinuous function, but a graph, setting
h(T,) = [0, A].

It is more convenient to consider the graph h (6) (we keep the same symbol), what is clearly
possible since 6 (T) is invertible (see (1.2)). With h function of 6 we have h (0) = [0, A] and for
6 # 0, h(#) has two continuous and bounded derivatives. Moreover h’ (6) is strictly positive for
0#0: h>w>D0.

S =
5=}

Figure 4.3: Smooth approximation of the entalphy.

We approximate h (6) by the following sequence of functions

h(0) for |0 >2
(4.20) ho (0) = { A n=1,2
hn (6) for [6] = %

g eee

A 1 "
where h,, is smooth, matches h as smoothly as possible for |§| = —, and h,,> w.
n

1
Of course functions hy, () are invertible: § = ©,, (h), and 0 < O/, < "
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1
We restrict our attention to the values of n which are large enough to satisfy 6 (fs) < ——
n

)

1
6 (fi) > — and we consider the family of problems
n

ot
(4.22) Onlp, =0 (fs), Onlr, =0(f1),
(4.23) On (Z,0) = Oy, (ho (7))

oh
Clearly, we look at (4.21) as an approximation to p— — Af = 0 and in such a way we have

a clear view of the nonlinearity and of the singularity of the problem: A/, is nonlinear and not
uniformly bounded.

Existence and uniqueness of the solution of (4.21) — (4.23) for each n are known from the
classical literature. Also, in our simplifying assumptions we can find uniform bounds of the
a0, 00,
ong|p.” Ong|py

At this point we want to investigate the compactness properties of the sequence {6,}. An
easy result is that they are equibounded (maximum principle).

normal derivatives

Next we prove the following

Lemma 4.1 There exists a constant C, independent of n and determined by the data, such that

2
(4.24) ,ow/ (‘99”) da?d7+/ lyven\zdfga vt e (0,T).
Q¢ ot Qx{t} 2
Proof.
We multiply (4.21) by 6@9; and integrate over Q;. We remark that
2 2
(4.25) hl, (6) <89n> dzdr Zw/ (%) dzdr
O ot L\ Ot
and that e 96
(4.26) —NAb,, dzdr :/ div (”V9n> dzdr
Q. Ot . ot
1
—/ L9 g, 2 dzdr =
0, 20t
B Ofs 00, af; 00,
= /FS’t ot on, dodr + - Bt ong dodt

1 1
—/ |ven|2d:z+/ V0, (Z,0)|* di.
2 Jax(n 2 Ja,

Recalling that V6, (Z,0) = O/, (ho) Vho, using all our assumptions, from (4.25), (4.26) we
deduce (4.24). O

An immediate consequence of (4.24) is that

(e) the sequence {f,} is weakly compact in H! (Q7).

By Rellich’s theorem we have

(ee) there exists a subsequence {f,/} strongly convergent in L?(Qr) to a function 6 €
H (Qr).

=
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(e @ @) there exists a subsequence {6,/ } converging a.e. to 6 in Q7.

=

(e @ @e) there exists a subsequence {6, } converging almost uniformly to 6 in Q7.

Let us turn our attention to the sequence {h,» (6,)}. We can select a subsequence which
is weakly convergent in L? (Qr) to a function h (x,t) € L*> (just use the fact that the elements
are uniformly bounded). The key point in the existence proof is that we may interpret % (z,1)
as h (6 (x,t)) a.e. in Q.

For fixed ¢ > 0 consider the sets Qf, Q7 of the points of Q7 in which 6 < —e, 0 > ¢
respectively. Owing to the definition of h,, and to the almost uniform convergence of the selected
sequence we can say that for n sufficiently large in the sequence hy, (6,) = h(0,) in QF U Q5
(except from sets of arbitrarily small measure). Thus we can easily conclude that

(4.27) h(z.t) = h (0 (2,1))

a.e. in the negativity set of 8, Qs and in the positivity set of 0, ;.

It remains to study z (x,t) in the complement Qo = Q7 \ {Qs U Q;} if its measure is positive.
Here we just want to show that h (x,t) € [0, A] a.e. in Qo.

Let us suppose for instance that exists a set U C Qg of positive measure in which }Z< 0,
implying that f;; h dFdt < 0.

We are considering a sequence weakly convergent to E in L? (Qr) and therefore for all the
elements h, in the sequence with a sufficiently large index we have fU hy dZdt < —o for some
o > 0.

Then for each of such it must exist a subset U, C U in which h, < —o¢’ for some ¢’ > 0

and meas (Uy) does not tend to zero. This fact is however not compatible with the fact that
0. — 0 in U almost uniformly.

The same argument proves that z cannot exceed A in a subset of ()g with positive measure.
Now we are ready to perform the last step.
Take the weak version of problem (4.21), (4.22), (4.23), namely

(4.28) / {phn (0) % + HnAgo} dzdt =
. ot

G(fs) Op dc;'clt+/F (fl) O dadt /Q(O) phop () dZ, Ve € ®.
l

2~ ~
We can exploit the limits 6,, 5 0, hy, (6,) L% and the illustrated properties of j to conclude
that we have found a solution of (4.19). O

Remark 2.1.

The solution we have just found satisfies the inequality (4.24). Therefore we can say that the
weak formulation (4.19) is equivalent (once we know uniqueness) to the less weak formulation in
which the boundary data are prescribed as traces and @ is allowed to belong to H' (accordingly,
the space of test functions can be enlarged). It is also not difficult to see that in open sets with
positive distance from Qg (i.e. at inner points of Q;, Qs) the differential equation.

8h
— — Al =
P ot 0

is satisfied in the classical sense.
Remark 2.2.
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The procedure used in proving existence is actually constructive (and can be used for numer-
ical procedures), provided we show that the solution is unique. In fact uniqueness implies that
the whole sequence of approximating solution is convergent.

Remark 2.3.

It has been proved that in the absence of mushy regions at ¢ = 0, only pure phases will be
present during the whole process, if there are no heat sources or sinks. However, mushy regions
can be prescribed in the initial conditions. In such a case they are bound to disappear in a finite
time. Mushy regions can be treated in the framework of a classical formulation. Much work has
been done in this direction.

4.3 Uniqueness

Theorem 4.1 Problem (2.1) has at most one solution. O

As it often the case, the proof of uniqueness of the weak solution is based on an argument
whose key point is a clever choice of the test function (remember that (4.19) has to hold for any
p e ).

A basic step is a particular estimate for the Laplacian of the solutions of b.v.p. for degenerate
parabolics equations.

Lemma 4.1 Let u € W21 (Q7) be a solution of

(4.29) ;L—a(f,t)mzw(f,t), in Qr = Q x (0,7)

(4.30) uly 0, =0

with o (Z,t) > 0 bounded in (0, A) and ¢ € C3° (Qr). Then there exists C (T') > 0, independent
of a and v, such that

(4.31) / a (Au)? dZdt < C(T)|VY|3: .
T (@r)
Proof.
Multiplying (4.29) by Awu and integrating over Qy, Vt € (0,T), we obtain (using (4.30))
1
(4.32) OU N ditdr = / div (‘%vu> dgiir— L [ 2 |Vul? dZdr
Q. Ot , ot 2 Jg, Ot

1
= —/ \Vul? dZ
2 Jaxy

and (using ¢ € C§°)

(4.33) / YAudzdr = / div (¢Vu) dZdr —/ Vi - Vudzdr =
t t t

— | V- Vaudidr,
Qt

from which

1
(4.34) / o (Au)2 dZdt + = / ’VU|2 dx = V- Vudzdr
T 2 Qx{t} Qt
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Lo 1 )
< ||V —I—/ Vul|® dzdr.
S IVely, 45 [ v

Setting .
Ft) = / 5 IVuf? dz,
Qx{t}

from (4.34) we deduce the Gronwall’s inequality

1 t
(4.35) 0<F(t) <= |VY|3s +/ F (7) dr,
(Qr) 0
implying
(4.36) F(t) <0Vl
T

Going back to (4.34) we obtain the desired result. O

Proof of Thm. 4.1.
Let hy, ha be solutions of (4.19), so that

0
(4.37) / {p (h1 — ha) a—f +[© (h1) — © (ha)] A«p} dzdt = 0.
T
We recall that © (h) is the Lipschitz continuous function obtained by inverting the graph
h (6). Therefore, if we write

(4.38) © (h1) = © (h) = B (z,t) (h1 — h2)

the function (&, t) is well defined in the set {h1 # ha} (the sign # is meant in the sense of L),
where it satisfies a.e.

1
(4.39) 0<p<—.

In the complement of the set {h; # ha} we may still define 3 arbitrarily as an L* function
satisfying (4.39).
Therefore (4.37) can be given in the form

(4.40) / (h1 — ho) {pg‘f + (7, 1) A(p} dzdt = 0.

The basic idea is now the following: if for any ¢ € C§° we may select ¢ € ® such that

d¢

n
However, finding such a ¢ is difficult for two reasons:

(i) the coefficient 3 is just in L and therefore it has not enough regularity,

+ BAp = 1), then (4.40) would immediately imply uniqueness (i.e. h; = hg a.e.).

0
(ii) B can approach zero, i.e. the (backward) parabolic operator Por + BA is degenerate.

To overcome such difficulties, we take a sequence {3,} converging to 3 in L' (Qr) with the
properties

1 2
(4.41) Bn € C(QT), — <Bp<—
n w
and we solve the problems
Do,
(4.42) d + (Bn +€) Apn =1,

P o
(4.43) on=0 onT,UT,UQ x {T}

(note that giving the ”initial” condition for ¢ = T agrees with the fact that the equation is
backward parabolic), with ¢ > 0. Note that ¢, € .
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To ¢, we may apply Lemma 3.1:

1
4.44 H n + €)% Apy, <
(1.44) B+t B, <CIVUILe
(@r)

with C independent of n and e.

Taking ¢, as test function in (4.40), we obtain
(1.45) | = n) 0+ (5= 5 — ) A} st = .

T

We know that hi, he are a-priori bounded in L* and therefore

(4.46) ‘ / = a) (3= 6 <) A da?dt‘

< c/ 18— B — &| | Apn| didt.
Qr

Now we write |3 — 3, —¢| = |8 — Bn —5|%

2
Gic 1‘ |Bn + 5\% and we divide Q7 into the
€

< 1 and its complement Q.. By choosing a suitable subsequence,

subsets @/ in which
QT n + &

we can say that {3,} converges to [ almost uniformly, so we can make the measure of Q. as
small as we wish by taking n sufficiently large. We remark that in Q7. we have at least the rough

1
o < —, € being fixed so far.
h e T we

The integral on the r.h.s. of (4.46) can be estimated as follows

estimate

1 1 5
(4.47) /Q 16— B — | || dfdtg/@/ 18— Bo— eI} Ba +elF |Agy| didt
T T

1 1 1 o

+ <>/ |8 — Bn — |2 |Bn + ]2 |Ap,| didt.
we qu/ﬂ

Thanks to (4.44), we can say that as meas (Q7.) — 0 also fQ,T, — 0, and that fQ’T is less than

1 1 . 1

@18) [ 18- Bl 19,4 <fF | D] dade < CIVul (18- 6 <l

Qr (@) (

Qr

(use Cauchy-Schwartz inequality).
For n — oo we have |8 — B, — |10 < |18 — Bullpr + € meas (Qr) — e meas (Qr) .
From (4.46), (4.47), (4.48), we conclude that

‘/ (h1 = h2) (B = Bn — €) Ay, dZdt

T

can be made as small as desired. This means (see (4.45)) that

(4.49) / (hi — ha) dFdt =0, W € G (Qr),
T

hence uniqueness. O
Bibliographical remarks.
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The existence of classical solutions to the multidimensional problem has been studied in
several papers (the earliest contributions were [67], [56]). For the 1-D case it has been proved
that all weak solutions are classical [48].

The first papers on weak solutions were by O.A. Oleinik [70], S.L. Kamenomostskaja [59], A.
Friedman [52].

The uniqueness proof written above is from [59].

The variational formulation was given independently by M. Frémond [50] and by G. Duvaut
[25], introducing the so-called freezing index.



Chapter 5

Other free boundary problems for the
heat equation

5.1 Reaction-diffusion processes with dead cores

A
Let ¢ be the concentration of a substance diffusing in a medium with which it reacts chemically,
according to some kinetics.

The process is governed by the equations (7" = absolute temperature)

A
dc A AT E
(51) E — dA CcC= —A C exp <_M>
- oT AT E
(5.2) Py~ KAT = QA c exp (_RT) .

The symbols needing explanation are:

A > 0, constant, the so-called pre-exponential factor,

m > 0, the order of the reaction,

E >0, activation energy,

R =universal gas constant,

exp (—R—ET)is called the Arrhenius factor

@ : specific amount of heat produced (absorbed) in the reaction.

In the simplified case of isothermal reactions we only have to consider

A
0c AT

(5.3) E—dAé:—)\c . A>0,

with appropriate initial and boundary conditions.
Of course (5.3) has to be solved in the set {/c\> 0}. Indeed, the presence of the sink term

A /c\mmay produce regions in which the substance has been totally depleted. Such regions are
called dead cores and their boundary is unknown. The free boundary conditions are of Cauchy
type:
o e _

(5.4) o= 0, T 0, m unit normal vector.

A large literature has been devoted to such problems.
We just quote the Lecture Notes [57], [76].

In order to investigate the possible occurrence of a dead core, let us examine the stationary

problem in one space dimension.

74
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The physical domain is a slab 0 < < @ and we prescribe symmetric boundary data:

AN AN A
c

(5.5) (0) =c (a) =cyp .

A

c
Defining u = -— and using nondimensional variables, we reformulate the problem as follows:
€o

find u € C1[0,1] such that

d?u

(5.6) @:)\um in {0<z<1}n{u>0}
(5.7) u(0)=u(l) =1,

with conditions

(5.8) u=1u =0

at interfaces with a possible dead core.

d
Due to the symmetry of the problem, we may replace u (1) = 1 with ot | _1=0.

r=

N|=

First of all we want to know for what values of A\, m we have a dead core.

Theorem 5.1 Problem (5.6) — (5.8) has a dead core if and only if the following conditions are
satisfied:

(5.9) 0<m<1,
1
m-+1\2 1
1 oMY sl (1 —m).
(5.10) (") <5a-m
Proof.

Due to symmetry, if the dead core is present, the two “active” regions do not exchange
information. Thus we may consider the reaction-diffusion problem e.g. in 0 < x < 400 (see fig.
5.1).

Thus we integrate (5.6) imposing v (0) =1 and lim wu(x) = 0.

T——+00

d
From (5.6) we deduce that d—u is monotone and therefore it has a limit as z — 400, which
x

d
is necessarily zero. Multiplying (5.6) by d—u and integrating we obtain
x

(5.11) ;[(?;)2_72

where v = u/ (0). Taking the limit 2 — +o00, we find

(5.12) u' (0) = — <2A>% ;

m—+1

A
Com+1

(@)™ -1],

and the constant terms in (5.11) cancel out, yielding

du 2 2 m1
1 — =—| — .
(5.13) dz (m+ 1) v

N =

As long as u > 0 we may separate the variables, obtaining

(5.14) logu = —)\%x, form =1,
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U
1
m>1
0<mx«l1
0 T
Figure 5.1: The semi-infinite dead core problem.
2 oA \2
m 2

Now a dead core appears if and only if u vanishes at some finite xg.This happens only if
m < 1 and we have

1
1 m-+1Y\2
5.16 = 2 .
( ) 0 1—m< A )

Thus the necessary and sufficient conditions for the existence of a dead core is m < 1 and

1
0 < 3, i.e. (5.9) and (5.10).

Exercise: Solve (5.6), (5.7) in the absence of a dead core.
Consider the family of Cauchy problems

(5.17) = " {z > 0N {u>0}n{v <0},
(5.18) u(0) =1,
(5.19) u' (0) =~ <0,

depending on the parameter ~.
Multiplying (5.17) by v’ and integrating we obtain

1
2 gy o 2\ o mn
m—l—l(l U )} , as long as {’y m+1(1 U ) >0

and a further integration yields

(5.20) u' = — {72

1 22 :
(5.21) / {fyz - (1 — §m+1)} d€ = x,up to the possible minimum ofu.
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We want to show that both u (z) and u’(x) are increasing functions of . Differentiating

0
(5.21) with respect to v and setting a—: = Uy, we get
2 2\ m+1 _% ! 2 2\ m—+1 _%d
0=— — 22 (1- - -2 -
w{t - e} [t B e e
i.e.

(5.22) % = 7/1 {’72 . (1- f"‘“)} dg.

(NI

m+1

Since yu' > 0, (5.22) implies u, > 0.
Now, integrating (5.17)

U’=7+A/O u™ (€) de

/
and differentiating w.r.t. v we find an expression for — = u/:

oy v

x
u’v =1+ m)\/o umfluﬁ,df’,

1
2X )2
which implies that u/ > 1. Defining v* = — <1+> , we see that for v € (v*,0) the function
m
~y 2| m+1
u reaches the positive minimum w,, = [1 - <*> ] at a point z,, deducible from (5.21).
&

For v < ~*, u/ is still negative when u vanishes.
For v = v* (as we already know) we have two cases:
()m>1=wu>0and v <0,V >0, lim u=0,

r——+00
2
(ee) 0 < m < 1 = there exits a dead core (ac > x0 = T |’y*|;>
—-m
Thus the solution of (5.6), (5.7) with no dead core must in any case correspond to a value of

7 in (77,0).

From the pieces of information we have collected so far we can draw the pictures represented
in fig. 5.2, concluding that x,, (7) is a monotone function of v in (y%,0) ranging from 0 to +oo
for m > 1 and from 0 to g for 0 < m < 1.

Problem (5.6), (5.7) has no dead core if m > 1 or if 0 < m < 1 and 2o > 4. In both cases

1
there exists one and only one v € (7*,0) such that z,, = 7
Thus we have found the unique solution.
An alternative approach is the following. Solve the Cauchy problem

1
=" 0<x < 3

u(i) =ac(0,1)

“(2)-

and find « such that u (0) = 1.
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a) m>1 v e (v 0)

b) 0<m<1 v e (v, 0)

Figure 5.2: Dependence of u on ~.

From the first integral

1 A
7u/2:7(
2 m+1

/a du _ 2\ 1
u(z) \/Uerl—Oéerl_ m—+1\2 v

thus determining the equation for a:

um+1 _ Ozm+1)

we find

A
/ \ /um+1 —omtl (m+1)

For instance, for m = 0 we obtain a =1 — 8 which requires A < 8, in agreement with (5.9),
(5.10).
For m =1 we find

Vita+V1-a \9:
=e
Vita—V1-«o

[\/1+a+\/1—a}2 VX
=€ 2 =
2c
1 oy
o= o),
«

which does not imply any limitation on A for a to be in (0, 1).
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5.2 The oxygen diffusion-consumption problem

The dead core problem with m = 0 is known as the oxygen diffusion-consumption problem

(constant absorption rate).
2

1 L
Rescaling lengths by some L (e.g. 3 the thickness of the sample), time by ¢ty = E and

E
concentration by ¢yg = Aexp “RT to, the dead core problem in one space dimension is stated
as follows: (we shall come back later on to the question of selecting the initial data)
ou  O%u
5.23 — - —=-1, 0 t 0<t<T
( ) 8t axz ) < x < S( ) Y < < Y
(5.24) s(0) =1,
(5.25) u(w,0)=ug(z), 0<z<1l, wug(l)=0, wuy(l)=0,
(5.26) ug (0,¢) =0, 0<t<T,
(5.27) u(s(t),t)=0, 0<t<T,
(5.28) ugy (s(t),t)=0, 0<t<T.

For up we may select the stationary solution of (5.23), (5.27), (5.28)

(1-a)?

N | =

ug (z) =

with dead core at x = 1. Note that the steady state requires a constant supply at x = 0 with
the rate uy = —1. Thus problem (5.23) — (5.28) arises when (at ¢ = 0) we switch off the oxygen
supply.

We must remark that the statement of the above problem is not precise, unless we exclude a
priori that a new dead core is formed in the interval (0, s (¢)) for all ¢ € (0,T): equation (5.23)
applies only in the set {u > 0}.

Lemma 5.1 As long as s(t) > 0 the function u (z,t) does not vanish in (0, s (t)).

Proof.
Let us consider the initial-boundary value problem satisfied by v = u (x):
(5.29) Vg — Vgg = 0,
(5.30) 0 (2,0) = uh (&) = — (1 - 2),
(5.31) v(s(t),t) =0,
(5.32) v(0,t) =0

(discontinuous at the origin). The strong maximum principle implies v < 0 at all inner points.
Thus u (z,t) is decreasing in x for all ¢ and consequently positive in (0, s (t)).

Remark.

The proof above is valid for any wug (z) with u{; < 0. Releasing this assumption may pro-
duce the onset of a negativity set of u. This is nonphysical in the framework of the diffusion
consumption model and just says that one more dead core appears inside.

As we shall see, Problem (5.23) — (5.28) can be studied in the general framework of 1-D
problems with Cauchy data on the free boundary. However, still at the present level we can
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obtain some more a priori results. For instance, integrating (5.23) over 0 <z < s(7), 0 <7 <t
leads to the mass balance equation

/01u0(x)d;c_/05(t)u(ﬂf,t)d:c:/OtS(T)dT

(showing that f(f s (1) dr represents the total mass loss up to time t), from which we see that
either the solution is terminated in a finite time, or s (¢) must be summable over (0, co).

We can go deeper into this question if we look at the problem satisfied by w = u; = ugz, — 1
(supposing we have enough regularity):

(5.33) w—wee =0, 0<z<s(t), 0<t<T,
(5.34) w(z,0)=wy(z), 0<z<l, s(0)=1,
(5.35) we (0,6) =0, 0<t<T,

(5.36) w(st),t)=0, 0<t<T,
(5.37)

5.37 wo(s(t),t)=—$(t), 0<t<T,

where the last condition is obtained by differentiating (5.28). Now the conditions on the free

boundary are precisely the Stefan conditions. Let us discuss the initial condition (5.34). If ug is
1

twice differentiable, then wy () = uj () — 1. This seems to imply wq (z) = 0 if uy = 5 (1—2)?

(the stationary solution). Indeed, if we had assumed u; (0,t) = —1 instead of w, (0,t) = 0,

we would have obtained precisely (5.33) — (5.37) with wg = 0 (i.e. the equilibrium solution).

However, as we have noted, (5.26) implies a discontinuity for u, and a singularity for u,. By
reflection around x = 0 we see that the initial concentration for the reflected problem is

uo(w) = 51— fal?

so that uj (z) = 1 — 2§ (z), § being the Dirac distribution. Hence in (5.34) we have wy (z) =
—24 (x), for the extended problem, which makes the solution nontrivial.

Now we realize that if wo(z) < 0 (as in the latter case), (5.33) — (5.37) is nothing but a
supercooled Stefan problem with § < 0.

We can also perform the usual global balance, obtaining

1 s(t)
(5.38) s(t)—l—i—/o wo () d:r—/o w (2, 1) da.

It is worth noting that in all cases related to the oxygen diffusion-consumption problem we
have

(5.39) 1+ /1 wo (z) dx = 0.
0

Indeed, either ug (0) = 0, in which case fol ugdr = 0, or uy (0) # 0, and then wg (x) =
ug () — 1+ 2ug (0) 0 (x), so that (5.39) is satisfied.
Thus (5.38) is in fact

s(t)
(5.40) s(t) = —/0 w(z,t)dx,

which allows us to deduce the following:
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Theorem 5.2 There exists some finite time T > 0 such that for Problem (5.23) — (5.28)

5.41 li t)=0.
(5.41) lim s (¢)
Proof.
1 22
We know that I' (z,t) = e~ 4t satisfies the heat equation and tends to zero as t | O,
V2mt
s(®) G v
Va # 0. In addition T'y, (0,¢) =0, —I' (s (¢),t) < 0, and / [ (x,t)dx = / e dn — =
0 VT Jo 2
ast | 0.
Therefore we may conclude that w (z,t) > —2I" (z,t), and from (5.40)
s(t) 9 s(t)
(5.42) s(t) < 2/ [(x,t)de = — /Qﬂ e_’72d17.
0 VT Jo
Clearly s (t) cannot have a positive limit for ¢ — oo (the r.h.s. tends to 0).
In addition, from (5.42) we deduce 1 < ——, which prevents ¢ from going to oo and provides

Vit

1
the estimate T' < — for the extinction time.
T

Bibliographical remarks. The general question of existence or non-existence of free boundary
problems for the heat equations with a shrinking phase (e.g. oxygen diffusion-consumption,
supercooled Stefan problem) has been treated for the one-dimensional case in the papers quoted
at the end of this chapter. In particular the conditions leading to blow-up have been identified
and the possibility of continuing the solution beyond the blow-up point has been discussed.

The question of the occurrence of singularities in free boundary problem in more than one
dimension has been treated extensively in several papers. We just quote [1].

5.3 Bingham flows
It is well known that in Newtonian fluids the stress tensor is defined as
(5.43) Tij = —pdij + 035

with p pressure, d;; Kronecker symbol, and, for incompressible fluids

- 61)@- avj
(5.44) o =1 <8xj + ax) ,

where ¥ is the velocity field and 1 > 0 is the fluid viscosity.
The corresponding momentum balance equation p ( f — EL’) + divT = 0 ( f = body force

dv
density, @ = a), is the Navier-Stokes equation
oY

(5.45) o

+ curl v x ¥ =—=VB + vA7,
where B (after Bernoulli) plays the role of the total energy density

1
(5.46) B = 5712 +u+ g
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1 .
(702 kinetic energy, f = —Vu, b potential energy due to pressure), and v = 1 is the kinematic

viscosity. We have assumed n = const., which is true in several applications, but not always (e.g.
7 depends on temperature).
For a one-dimensional flow ¥ = wve, if we take z1 in the direction of the unit vector €,

ov
we have necessarily v = v (x2,x3), because of incompressibility (divy = D = 0). Hence
T
0 v v
Ors  Oxs
g=mn % 0 0 and the stress on the planes with normal vector 7 orthogonal to the
Je)
de; 0 0
DL ov . ov . .
flowis ¢ - 11 = M5, Usually one sets 7 = n (strain rate) and calling 7 the stress we have
n n
(5.47) T =1y

expressing proportionality of the stress modulus to the strain rate intensity usually denoted by
A.

This explains why (5.47) is referred to as the constitutive relationship for Newtonian fluids
in condition of laminar flow.

A Bingham (or viscoplastic) fluid in the same situation is described by the nonlinear law

(5.48) (T—10)y =7 v,

exhibiting the presence of a threshold 7y (called the yield stress), below which ¥ = 0, i.e. there
is no deformation.

To

Figure 5.3: Constitutive law for Bingham fluids.

As a consequence the regions in which 7 < 7y move like a rigid body.

For general flows the relationship defining o;; in terms of the velocity gradient is much more
complicated, but here we are interested only in Bingham flows of simple type, like for instance
the flow in a horizontal cylinder of circular cross section.
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Figure 5.4: Bingham flow in a cylinder exhibiting the undeformed core.

Such a flow is characterized by the presence of a core moving with uniform velocity and
coinciding with the region 0 < 7 < 7p (on the axis 7 = 0 by symmetry).
In this geometry we can easily see that ¢/, parallel to the axis, can depend only on time and
U
on the radial coordinate r, because of incompressibility, and moreover @ = a so that for the

pair of scalar unknowns p,v we get the system

o 100
or2  ror’

(5.49) v _ —2 <u + ];) +vAv, A=

R > ,
ot 9z T

(5.50) 0=-V; (u + p) ,

p
where z is the coordinate along the flow and V; is the component of the gradient transversal
to the flow. From (5.50) we deduce that u + p may depend on z, t only, and separating the

0
variables in (5.49) we see that ~%, (u + p) = G (t), representing the driving force, i.e. the
2 P

longitudinal pressure gradient (that has to be prescribed), divided by p.
Thus (5.49) writes

ov 0%v 10w
(551) at_y<87“2+7”87“> :G(t)v

to be solved in s(t) < r < R, t > 0, with initial conditions (actually just one condition: see
Remark 3.1 below)
(5.52) s(0) =s0€(0,R),

(5.53) v(r,0) =wvo(r), so<r<R,
and the no-slip condition at the pipe wall:

The boundary r = s (¢) of the rigid core is the free boundary of the problem and in order to
complete the model we have to find out the free boundary conditions.
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The first condition expresses the fact that » = s (¢) bounds the no-deformation zone:

ov

= =0.
or r=s(t)

(5.55)

The second condition is obtained by writing down the equation of motion of the unit length
of the core.

The acceleration of this body is due to the combined action of the pushing force 7s2Gp and
of the drag force 27s1y. The mass of the body is pms?.

Note: in order to evaluate the rate of change of momentum it must be observed that (if
$ < 0) the velocity gradient arising in the “skin” of the element in an infinitesimal time interval
dt has no influence on the momentum balance (if § > 0 there is a slight change of the stress,
equally immaterial). Thus we have the second free boundary condition

I _1 <pG’ _ 270) )
r=s(t) 1% S

ot
Note that (5.55), (5.56) are neither of Stefan, nor of Cauchy type.
A natural choice for the initial conditions (5.52), (5.53) is the steady state solution corre-
sponding to G (0) = Gg. The steady state solution has a core of radius

(5.56)

279
5.57 S0 = ——,
(557) o= 2
requiring the condition
(5.58) Go > 200
. pL0 R’

while the velocity field is obtained by integrating

d d’UO . G()
(5.59) cl7"<rdr>__l/r’ so<r<R

and imposing vy (R) = 0, v(, (so) = 0. The result is

R2—7’2_ 27’0 210 E
2 pGo &5

_Go

(5.60) vo (r) = 5

Note that for 79 — 0 we obtain the velocity profile for the flow of a Newtonian fluid in a pipe
(Hagen-Poiseuille).

Exercise: Compute the discharge @) corresponding to (5.60).

Hint: Q = 27 fOR rvo (1) dr + mwsdvo (s0)-

Remark 3.1. In the evolution problem the initial value of s is deducible (if the data are
prescribed correctly) imposing compatibility of (5.51), (5.53), (5.55), (5.56) for t = 0, r = s,

2
,,TO . Check that (5.57), (5.60) satisfy this condition.
nvg (o)

obtaining sg = —

Rescaling.
A typical procedure for rescaling the Navier-Stokes equation is to select a characteristic length
L and a characteristic velocity vy (e.g. the dischange over the cross section area) to rescale space
L
coordinates and ¥/, respectively. Time is rescaled by tg = —. Setting
Vo
v t r_ U / p

Vo to U% ’
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and defining the operators curl’, V', A’ corresponding to the non-dimensional space coordinates,

we can write ~
/

(5.61) % + curl'v' x v/ = =V <;v'2 +u +p’> + RLAIQ;;,
e
where I I
(5.62) Re = =20 = =P%
v n

is the Reynolds number.
If Re <« 1 we can neglect the inertia terms. If we also neglect body forces we arrive at the
simplified quasi-steady (Stokes) equation:

1

A/‘}: / /‘
Re V=V

(5.63)

When the same approximation is applicable to the Bingham flow problem, equations (5.57),
(5.60), with G (slowly) varying with ¢, provide the quasi-steady solution.

Reducing the Bingham flow problem to a problem with Cauchy data.
If we set v, = &, assuming enough regularity we can reformulate the problem as follows

(5.64) gt—u(aw+ifr>+;£=0, s(t)<r<R, t>0
(5.65) £(r,0) = v (1),

(5.66) <§r + ;5) T —g,

(5.67) §(s(t),t) =0,

(5.68) & (s(t) ) = _niT(Ot)‘

Condition (5.66) comes from v; (R,t) = 0 and (5.51).

We use again (5.51) to derive (5.68) from (5.56).

The system (5.64) — (5.68) is a free boundary problem with Cauchy data prescribed on the
free boundary.

Reducing the Bingham flow problem to a Stefan problem.
We assume some more regularity and we take the acceleration as a new unknown:

(5.69) w = vy

The system satisfied by w is

(5.70) wr — vV (ww + 71"%) =G, s (t)<r<R, t>0,
(5.71) 5(0) = so,

(5 72) w (Rv t) =Y

(5.73) w(r,0) =G (0)+v <v6’ + v6> , So<r<R,
(5.74) w(s(t),t) =G 20
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27 4T0 S
n s

The last pair of conditions is of Stefan type, although with space dependent “melting tem-
perature” and “latent heat”.

Note that (5.71) is now really necessary, while it was not for the original problem (see Remark

3.1), nor for problem (5.64) — (5.68).

Bibliographical remarks.
The derivation of the model can be found in |74].
The 1-D Bingham flow (classical statement) was studied for the first time in [18].

(5.75) wy (s(t),1) =

5.4 Appendix to Sect. 3

Some a priori properties for the problem
1

Q}t—U<Um«+U,«> =G({t)>0, s(t)<x<L, 0<t,
r

v(R,t) = 0<t,
v (r, )—vo(r) so<x <L,

ur (s (t),1) =0, )
with v (L) =0, v} (r) <0, [’UO—I— ’UO<0:|

Lemma 5.2 v >0, v, <0.

Proof.

Use the maximum principle for v and for £. O

Lemma 5.3 For a pair of problems with data (s; (0),v; (r,0)) such that s; (0) > s2(0), 0 >
v1p (1,0) > v, (1,0) we have sy (t) > s2(t).

Proof.
Define w = & — &2, where £, &, are the corresponding solutions of (5.64)-(5.68). At least for
some time s1 > So. Suppose ¢t is the first time instant such that s; ( ) (7)
The function w satisfies the following set of equations in s1 (t) <r < L, 0 <t <%:
1
wy — V <w7«r + wr> + 2w =0,
T
w(r,0) >0,
1
Wy + Ew =0,

W (51 (6) 1) =~ (51 (£) ) > 0,

W, (sl (f) ,f) =0.

Owing to the maximum principle w > 0 inside and it takes its absolute minimum for x =
S1 (f), t =t . Thus the boundary point principle is contradicted.

We conclude that s1 (£) > so (t) in the common existence time interval. O

Lemma 5.4 Suppose
1
(*) Yo (R) =0, U/O (T) <0, UO + UO <0.
Then w — G < 0.
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Proof.

Use the maximum principle. O

Lemma 5.5 Add the assumption G = constant and

1\ d 1
Kok "o < “w "o
( ) <?}0 + T'Uo) S 0, d’r <U0 + 7"1}0)
Then s (t) < 0.

< 0.

r=s0

Proof.
The function z = w, = v,; satisfies the problem

1 1%
2zt — V| Zpp + — 2 +—2220,
T r

1 /
z(r,0)=v (v(’)’ + Tvé) <0,

1
Zy (Ra t) = _EZ (R¢ t),

Having supposed z (sp,0) < 0 we have $(0) < 0 and therefore $(¢) < 0 at least up to some
time 7. For 0 < ¢t <¥ we have z(r,t) < 0 for s(t) < r < R, because of the maximum principle
and Hopf’s lemma. Suppose there exists ¢ such that s (T) = 0. Hence 2 (5 (?) , 7) = 0 is the

absolute maximum. However the last equation in the above system provides a contradiction to
the boundary point principle. O

5.5 One-dimensional free boundary problems with Cauchy data

As we have seen in the previous sections, the oxygen diffusion-consumption problem and the
Bingham flow problem (both in 1-D) can be reduced to a Stefan problem. The former is formu-
lated directly as a free boundary problem with Cauchy data, the latter can be also recast into
such form.

Here we want to address the question of reducing 1-D free boundary problems with Cauchy
data to Stefan-like problems in a more general framework.

Problem 4.1: Let f, g be two given functions in the quarter plane x > 0, ¢ > 0, which are
at least continuous, find a pair (s,u), with u (x,t) in the usual class and s(¢) continuous for
t € [0,T], T > 0 being also unknown, such that

(5.76) U — Ugy = q(z,t), O0<ax<s(t), te(0,7),
(5.77) u(xz,0)=h(z), 0<xz<s(0), ifs(0)>0,
(5.78) w(0,t) =@ (t), [us(0,8) =2 ()], 0<t<T,
(5.79) u(s(t),t)=f(s(t),t), 0<t<T,
(5.80) ug (s(t),t) =g(s(t),t), 0<t<T.

Remark 4.1(Assumptions).
The data h, ¢ [¢)] are also continuous and ¢ is in a Holder class. Matching conditions are
required.
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Remark 4.2.
The value s (0) is defined (possibly not uniquely) by the matching condition
(5.81) h(s0) = f (s0,0).

Existence of sy must be assumed.

Remark 4.3.
The need of having wu, continuous on the free boundary usually requires more regularity on
f and also more regularity is expected for s, although this may not be necessarily true.

Remark 4.4.

What we are going to say is confined to the case in which the coefficients of the derivatives
in the governing p.d.e. are constant (a slightly more general form of the equation -e.g. in radial
symmetry-is instead allowed).

The most convenient way of studying Problem 4.1 is to reduce it to a Stefan problem. In the
following we want to investigate this possibility. We remark that:

(i) in (5.78) we choose the Dirichlet condition, leaving the other case as an exercise

(ii) we will tacitly suppose that the data and the solutions have all the regularity required.

Lemma 5.6 Suppose
(5‘82) fx -9 7é 0.

The Problem 4.1 is reducible to a Stefan problem.

Proof.
We take
(5.83) V= Uy

as a new unknown. The problem satisfied by v is

(5.84) UVt — Uzz = Qa,

(5.85) v(x,0)=h (z), s(0)=sp,
(5.86) vz (0,8) +q(0,8) =9 (1),
(5.87) v(s(t),t)=g(s(t),1),
(5.88)

(fz—g)ézvm+q—ft forx:s(t).

Therefore, thanks to (5.82), all solutions of Pb. 4.1 that are sufficiently regular, satisfy a
Stefan problem. O

Lemma 5.7 Let (s,v) be a solution of (5.84) — (5.88). Then

s(t)
(5.5 u(t) == [ vlende+ 1 (0.0
solves Problem 4.1.

Proof.
Just check. O

Thus, within the chosen class of regularity, Problem 4.1 and Problem (5.84) — (5.88) are
equivalent.
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For the problem of oxygen diffusion-consumption we have f = g = 0, so that (5.82) is not
satisfied. )
For the Bingham flow problem in the Cauchy form (see (5.64)-(5.68)) we have f =0, g = il

7%y
and (5.82) is satisfied.
Let us now work with the opposite assumption.

Lemma 5.8 Suppose

(5.90) fr =g

and that

(591) ft - f:cz 7é q.
Then Problem 4.1 is reducible to a Stefan problem.
Proof.
We take

(5.92) W= Ugyp = Vg

and we note that conditions (5.87), (5.88) are once more of Cauchy type
(5.93) v(s(t),t) = fa(s(t),1),

(594) Vg (3 (t) at) = (ft - Q)xzs(t) :

Therefore the procedure followed in Lemma 4.1a works, provided that f,, # fi — ¢, i.e. if
(5.91) is satisfied. The resulting problem of Stefan type is

(5.95) Wt — Wrr = qax

(5.96) w(x,0)=h"(z), s(0)= s,

(5.97) w(0,t) =¢(t) —q(0,1),

(5.98) w(s(t),t) = (fr = @)pesq) -

(5.99) (foz —ft+ Q) S$=ws+qu — frr forx=s(t). O

Conversely we have

Lemma 5.9 Let (s, w) solve (5.95) — (5.99). Then

(5.100) u(a,t) = f(s(t),t) + fa(s(t), 1) (x — s (1) + / (n — ) w(n, t)dn

T

is a solution of Problem 4.1.

Proof.

Elementary. O

At this point the natural question arises on how to proceed is f is a solution of the governing
p.d.e. in the original problem, namely

(5.101) Jt = fax = ¢

If we try to iterate the procedure setting z = w,, we start with the free boundary conditions
(obtained from (5.98), (5.99))
(5.102) w(s(t),t) = fza (s(t),1),
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(5103) Wy (5 (t) ,t) = fmcx (S (t) 7t) y

with f,, satisfying the differential equation (5.95) and we see that we are back to the situation
(5.90). It means that we cannot modify the Cauchy character of the boundary conditions.

Thus the cases contemplated in Lemmas 4.1, 4.2 are the only ones in which Problem 4.1 is
equivalent to a Stefan problem (in some regularity classes).

It is little surprise that (5.101) + (5.90) is a critical case. Indeed, take v = f in Problem
4.1. For any arbitrary s (t) (irrespectively of the regularity), equations (5.76), (5.79), (5.80) are
satisfied. Therefore either we have h (z) = f (z,0) and ¢ (t) = f(0,t), implying that (s, f) is a
solution with arbitrary s, or the problem has no solution.

Remark.

Lemma 4.2 applies to the oxygen diffusion-consumption case. The equivalent problem for
v = uy (see (5.29) — (5.32) with the addition of v, (s(t),¢) = 1) falls in the category of Lemma
4.1.

Bibliographical remarks .

More on the problems discussed in this chapter can be found in the papers [39], [40], [41].
See also [46], [47].




Chapter 6

Some processes in porous media with
free boundaries

6.1 Flows through porous media

A porous medium is made of a solid matrix with a distribution of pores (i.e. voids). The case
we are interested in is the one in which pores are connected, so that a fluid can flow through the
system.

In the case of an incompressible liquid the pores can be totaly filled or only partially filled. We
say that the medium is saturated or unsaturated, respectively. It is important to understand that
the structure of a porous medium is characterized by two scales: the scales of the pores, in which
the laws of fluid dynamics can be applied, and the macroscale, in which the flow exhibits some
average behavior. Macroscopic quantities are defined as averages on a representative elementary
volume, containing a large number of pores, but still being “small” with respect to the size of
the system. A typical macroscopic quantity is the medium porosity n, i.e. the volume fraction
occupied by the pores.

The process leading from the study of the fluid dynamics at the microscopic level to the
macroscopic laws of the flow is a well developed branch of mathematics (also applied to different
contexts), known as homogenization (se e.g. [69]).

For a general introduction to porous media, to homogenization and to some important ap-
plications (e.g. oil recovery from reservoirs) see [27].

Basic books in porous media are [6], [7], [5].

Historically homogenization came relatively recently to provide a rigorous justification of the
laws commonly used for describing the flow through porous materials. As we said in the preface,
the first experimental law for incompressible, saturated flows was given by H. Darcy (1855): let ¢
be the volumetric velocity of the flow (¢ 7 the volume of liquid crossing the unit area of normal
i per unit time) and ~, u be the specific weight and the viscosity of the liquid; then

(6.1) 7= —f (Vp + )

where p is the pressure, € is the vertical upward directed unit vector, and K is a constant called
the medium permeability.

The presence of the term v means that no motion takes place when the pressure field coincides
with the hydrostatic one.

Assuming for instance that a dry medium is penetrated by a fluid supplied at its surface
(supposed horizontal: z = 0), that the fluid moves under the effect of gravity, and that (6.1)
holds throughout the wet region, mass balance reduces to divg = 0, i.e.

(6.2) Ap = 0.
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If everything depends only on the vertical coordinate z, (6.2) means that p is linear in z and
we can set it equal to zero at the penetration front z = s (¢). The velocity of the front coincides
with the molecular velocity. The latter is obtained dividing ¢ by the porosity n, thus

K (0p
6.3 $(t) = —— | = 0)=0.
(6.3 s =2 (2 +9). 50
This simple problem is known as the Green-Ampt problem and its solution depends on the
0
condition prescribed at z = 0. For instance, if p(0,t) = po > 0, then 8—p = —% and (6.3)
z S
writes
K
(6.4) s'+<p°+v>=o
np \ —s
yielding the solution
K
(6.5) s+ 20 log (1 - 75) = ——nt.
v bo ny
. , _ Po : _ kL .
This formula suggests the appropriate length scale L = =— and time scale tg = K according
8 nAy

to which it reduces to
o+log(l—o0)=—,

where 0 = s/L, T = t/tg. Thus the short and long time behaviour corresponds to 7 < 1 & 0 <
1, and to 7 > 1 < o > 1, respectively. For 7 < 1 expanding the L.h.s. up to the second order

2nK
in o leads to 02 ~ 27, which means s(t) ~ ( n2po

1/2
t) . Thus gravity has no role during the

first stage of the process, which is dominated by the injection pressure pg. For 7 > 1 we can use

nK
the approximation o ~ —7, i.e. s(t) ~ —Jt, where the influence of pg has disappeared and
I

gravity dominates.

For further discussions and generalizations see [28].

The case just examined is an extreme situation in which capillarity is neglected. The presence
of capillarity eliminates the sharp interface between the saturated and the dry region. It acts
through the capillary pressure, which is a given decreasing function of the saturation S (the
volume fraction of the pores occupied by the liquid). Capillary pressure is the difference between
the pressure of air in the pores (which we can set equal to zero) and the pressure of the liquid.
Thus we may write p. = —p in the unsaturated zone and consequently we may consider p as a
given increasing function of S.

Dividing pressure by the specific weight v we define the length

(6.6) Y =p/v=[(5),
f being invertible. Now we write mass conservation in the form
00  Oq

and we replace (6.1) (in one space dimension) with

(6:8) 70 5~ 5 [0 (5o +1)] =0

(Richard’s equation) where g = f~! and we let k depend on v in some smooth way (various
proposals can be found in the literature). The condition ¢’ (1)) > 0 implies that it is parabolic,
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although when ¢ 7 0 (i.e. in the saturation limit) ¢’ may not be bounded and the equation is in
that case degenerate.

This simple framework can be complicated in several ways. For instance the liquid may
solidify or polymerize becoming extremely viscous (both phenomena are found in the manufac-
turing of composite materials [71]). Or the structure of the porous medium may change during
the process (for instance if it contains granules which absorb water, increasing their volume and
changing the medium porosity, like in diapers [34]). Another case is the displacement of free
solid particles in the medium induced by the flow (this has been analyzed in connection with the
modelling of the espresso-coffee brewing [49]). Another very important case is when we have two
immiscible fluids moving in the medium (displacement of oil by water in reservoirs, see [27| and
the references therein). A large class of problems is provided by those processes in which the
medium chemically reacts with the flowing materials (i.e. combustion [13], [14]). Many industrial
applications have been described in the book [29] and in [28].

More recently the model proposed in [38] for frying processes includes massive evaporation
and vapour flow.

These generalizations are invariably very difficult. Here we want to deal with two more
problems, whose structure is not too far from what we have already illustrated.

6.2 Penetration of rain water into the ground

Obviously this problem is quite classical, but it contains some very delicate aspects concerning in
particular the boundary conditions at the inflow surface that have been considered only recently.
In the one-dimensional setting the problem has to be solved in a layer between z = 0 (the
so-called water table, bounding the aquifer), where saturation is the natural condition

(6.9) (0 (07 t) =0,

and z = Z (the ground surface), exposed to the action of rain. It is exactly the condition to be
specified at z = Z that we want to discuss. The basic reference is [12].

We may suppose that at time ¢ = 0 (when rain starts falling) moisture is distributed in (0, Z)
according to the equilibrium solution of (6.8)

(6.10) P (2,0) = —z.

In this way the whole region is initially unsaturated.Thus it is natural to impose that the
inflow boundary condition for ¢t > 0 is

(6.11) K (V) <?;f + 1>

when N (t) is the rainfall rate (water volume per unit surface of the ground, per unit time, can
be measured in mm/sec).

However, this situation cannot go on for all times. Indeed by solving the Richards’ equation
with the given initial and boundary data the function 1 (Z,t) can reach the saturation value
Y (Z,t) =0 at some time £.

For t > ¢ the first thing to be observed is that once saturation is reached, a saturation front
z = s(t) (free boundary) will propagate in the ground, carrying the conditions

=N @),

z=7Z

(6.12) b (s(t),t) =0

(6.13) [gﬂ =0,
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the symbol [-] denoting the jump, as usual.
The mass balance in the saturated region s (t) < z < Z yields simply

(6.14) /{(0)8—1’/}+1:N(t),
0z
as long as the ground is able to absorb all the incoming water.

Thus we need a correct criterion to establish when N (t) exceeds the maximum flow rate that
the ground can allow. This criterion can be translated into an upper bound for the pressure at
z = Z. Indeed rain drops hitting the ground in an anelastic way transfer to it their momentum.
The momentum transfer rate per unit surface is a pressure, that has been introduced in [12] with
the name of rain pressure

(615) Prain = pUN (t) !

(p = water density, v = velocity of the rain drops). Dividing prqin by v we obtain the desired
upper bound 4, for 1 (Z, 1)

(6.16) Y (Z,t) < Prain = pr;l‘".

Therefore the boundary condition (6.14) applies as long as the constraint (6.16) is satisfied.
When solving the problem with condition (6.14) the constraint (6.16) is violated it is necessary
to change the boundary condition. The way to perform this change must be in agreement with
the physical process really taking place at the ground surface. Two extreme situations can arise
(intermediate cases are also possible):

(i) all excess water accumulates on the ground surface, creating a pond 2,

(ii) complete runoff of excess water.

The boundary condition for the complete runoff is obvious:

(6.17) U (Z,t) = Yrain-

However we must keep in mind that this new problem is in turn subject to a constraint, since
in no case the water flux can exceed the incoming rain water flux.

(6.18) <H (0) gf + 1)

Violating this constraint forces the return to the previous regime.

<N(t).

z2=7

The corresponding doubly constrained free boundary problem has been studied in [12].

Complete ponding is more complicated, since we can say that the pressure at z = Z exceeds
Prain Dy an amount corresponding to the hydrostatic pressure of the pond which is created. The
latter however is an additional unknown of the problem, since the growth rate of the pond is in
turn determinated by the difference between the rainfall rate and the actual absorption rate of
the ground. Of course the existence of the pond is temporary and when it disappears the usual
flux condition has to be imposed (possibly with N = 0 if rain stopped).

We stress that in all the analysis we have performed evaporation has been neglected as well
as the migration of water vapour within the porous medium.

There are situations in which on the contrary these processes are the leading ones, as it
happens very typically in drying.

!This quantity is usually rather small, being of the order of a few mm H20
2The first model with ponding was proposed in [54]
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6.3 Degradation of marble by sulphur dioxide

It is unfortunately well known that many marble (and even more sandstone) monuments have
been badly damaged (sometimes devastated) by air pollution. An interesting reference is [63].

One of the main processes responsible for marble degradation is sulphation, a process in which
SO9 and water vapour transform CaCOs (the basic ingredient of marble) into CaSO4 (gypsum)
through a chain of chemical reactions, also involving air oxygen the atom of carbon goes into a
C O35 molecule. Gypsum has a higher porosity, a much lower mechanical resistance and can be
removed by rain and wind. A mathematical model for this process has been proposed only very
recently [4] (although here we follow a slightly different approach). In its simplest form it has
the structure of a Stefan problem.

Indeed, if we suppose that the reaction is “infinitely fast” (i.e. the reciprocal of the kinetic
constant of the slowest of the reactions in the chain leading from CaCO3 to CaSQOy4 is much
smaller than the typical “diffusion time” (see Sect. I, 3) of SOs in air), then we can say that
there exists a reaction front penetrating the pure marble and leaving behind the gypsum, whose
pores are filled with air and impurities SO2, COs, etc.

We have implicitly admitted that diffusion is the transport mechanism for SO,. Indeed SO-
is an extremely diluted component of the gas mixture which consists almost totally of air and
it is quite obvious that Fickian diffusion comes into play. If we select the frame of reference in
which marble is at rest, we should also consider two other phenomena generated by the volume
production rate accompanying the reaction: the displacement of gypsum and the flow of air
within the gypsum.

In a one-dimensional geometry the velocity of gypsum is proportional and opposite to the
velocity §(t) of the penetration front x = s(t), the proportionality constant being the ratio
between the molar density of gypsum and the one of marble.

Not so simple is the flow of air, originated by the pressure drop associated to the volume
production at the reaction front. The air displacement can be described by Darcy’s law (in terms
of volumetric velocity)

Op
(6.19) ng (Va — vg) = ™

(ve =molecular velocity of air, v, =velocity of gypsum, ny =porosity of gypsum) and the mass
balance equation is

(6.20) 9 (ngca) | 0 (cavany)

ot ox

where ¢, is the density of air in the pores, expressed in terms of pressure via the state equation

=0,

(6.21) Ca = Ca (P)

(we are supposing that the process is isothermal). Combining the equations above we obtain a
nonlinear parabolic equation for p

0 0 Op _
(622) & [ngca (p)] + % */{a%Ca (p) + vgNgCq (p) =0.

The external boundary z = o () moves backward due to the volume change in the reaction,

hence
(6.23) o(t) = -9 s (1),

mm
where m,, is the number of CaCO3 moles per unit volume in marble and my, is the analogous
quantity in gypsum.
On z = o (t) pressure equals the atmospheric pressure (if the action of wind is neglected). On
the reaction front we must say that in the infinitesimal time interval dt the amount of air con,, sdt
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(where ¢ is the pore density of air in the marble) is replaced by c,ng3dt and the difference has
to be supplied by the air flux. Thus the condition for p on the reaction front can be written as

follows

0 )
(6.24) —Haa—zca (p) + vgngcq (p) = (ngcq (p) — conm) 5.

So the problem for p is well formulated, once the front reaction is known.
The core of the model is the problem for the pore concentration cg of SOa:

0 (ngcs) N %

(6.25) 5t 9z 0, o(t)<z<s(t),
(626) js =Ny [dsaa’f; + Csva:| ;

(6.27) cs (o (t),t) = cso (1),

(6.28) cs (s(t),t) =0,

(6.29) 3,26 _

“0x M, My~

The first equation is mass balance. The expression (6.26) of the SOy flux assumes that the
S0s flow relative to air is of Fickian type with diffusivity ds. The free boundary conditions are
written supposing that the chemical reaction is “infinitely fast” (all SO3 is consumed) and (6.29)
represents the mass balance in the reaction (Mg, M, are molar weights), keeping into account
that, because of (6.28), the SOy flux on the front is purely diffusive. The simple structure of the
diffusive transport of SO5 in air we have assumed is justified if the pressure field is sufficiently
flat.

Introducing non-dimensional variables it is possible to realize that this is indeed the case and
that the approximation
Vg ™ Vg

makes sense. If one performs the transformation to the Lagrangian coordinate £ = xz — o () it is
immediately realized that problem (6.25) — (6.29) reduces exactly to the Stefan problem studied
in Sect. 2, Chapter III, so that if csg = const. we have the explicit solution. In our case we can
further simplify the problem exploiting the fact that the time scale of the front penetration is
by several order of magnitude larger than the time scale of diffusion, so that diffusion of SO,
within the gypsum may be considered quasi-stationary (i.e. the SOy concentration is linear).

The problem however is not as simple as it may look at this stage, because the role that water
vapor plays in the process is intrinsically complicated. Indeed there is a threshold for moisture
below which the sulphation process stops completely. This is an intriguing phenomenon, which
we may try to explain.

The sulphation reaction requires the simultaneous presence of a molecule of SOy and of two
molecules of HoO at the same point of the reaction front. If H»O is just at the gaseous state
such an event has an extremely low probability. If all incoming SO molecules have to react then
necessarily HoO must be present as a liquid film coating the reaction front. Indeed marble is
hygroscopic and the moisture threshold corresponds to the formation or dissolution of the film.
Of course there will be an intermediate regime in which the reaction is incomplete (humid spots
replace the continuous water film). In that case the correct boundary conditions are no longer
(6.28), (6.29), but they must be replaced by
1 . Pm . c

Js =S+ ngﬁ’i
s

(6.30) A= A

(6.31) ]\Z—ms = angcs,
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where a € [0, 1] is a function of the H3O concentration (and of temperature and pressure). The
first equation is the total molar balance. The r.h.s. contains not only the consumption rate, but
also the adventive flux of the residual SO2 on the moving front. The second equation specifies
the efficiency of the reaction though the coefficient &«. When the H2O concentration approaches
the value of maximum efficiency @ — 400, forcing cs to go to zero. In that case we are back to
full speed boundary conditions (6.28), (6.29). On the contrary, if the relative humidity decreases
to the no-reaction threshold then a — 0, the front stops and the SO; flux vanishes (meaning in
dcs 0)

x
During the intermediate regime it becomes important to study the transport of HoO within the
gypsum. If ¢,, denotes the pore concentration of water vapour and d,, is its diffusivity in air, the
vapour flux is given by

this case

(6.32) G = ng( _ dw?: n cwva)

with the boundary condition w = wy (concentration in air) at the outer surface.
The balance equation for HoO provides the governing differential equation

I(ngcw) + % -0

(6.33) ot T s

On the reaction front j, has to provide two moles for each mole of reacted CaCO3 and the
amount of HoO which is advected by the front, namely

jw Pm . Cy .
6.34 Jw g Pm v
(6.34) M, Tt

(neglecting water content in the pristine marble).
*2

We remark that when the typical time scale for diffusion (where o* is a typical thickness

S
of the gypsum layer) is much smaller than the typical time scale of the penetration of marble
i
sulphation, then the SO transport can be considered quasi-steady: Js

= 0. In the regime of

complete reaction, this leads to conclude that

805 . Ms .
(6.35) —ng (dS% + wcss) = M—mpms.

Since s(t) — o(t) = (1 + w)s(t), we immediately get

(636) CS — _E + (CSO + 2)6—00§(I—0)/d5
. Mspm ) . .
with ¥ = —=——. Imposing (6.28) we find an o.d.e. for s(t), leading to the solution
Mypngw
2d 1 [t 1/2
(6:37) 0= 555 | earlar

where we have used CELO < 1.

In particular, if csg = constant (6.37) exhibits the typical v/t behaviour of the self-similar
solutions of the Stefan problem (see Chapt. 3, Sect. 3). Thus we get the interesting information
that SOs is particularly aggressive during the first stage of the process, while later the gypsum
layer has a protective action. Therefore it is not advisable to remove the gypsum layer too
frequently.

Also, from (6.37) we can derive a useful indication about the way of rescaling the whole problem.
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Taking e.g. the seasonal average c, of the SOy concentration and for instance the time scale
t* = 3 months, the correct length scale is provided by (6.37):

(6.38)

- (G )

For instance, taking ds = 0.1-10~*m? /sec, ng =03, 2~3- 103, w = 2, we obtain ¢* = 23.6um,
in agreement with experiments.



Chapter 7

Deposition of solid wax from crude oils

7.1 Waxy crude oils

It is well known that petroleum is a mixture of hydrocarbons. Oils with a high content of heavy
hydrocarbons are called Wazy Crude Oils (WCQO’s). The rheological behaviour of WCO’s is
complicated by a series of factors.

(i) Below some temperature (cloud point or WAT = Waz Appearance Temperature) the com-
plex of heavy hydrocarbons (collectively called waz) begins to crystallize. The crystals
segregate forming a suspension.

(ii) When a lower temperature (pour point) is reached the crystals develop a strong tendency
to become entangled generating a gel-like structure.

(iii)) When the segregated phase is present, the rest of the system can be considered a saturated
solution of wax in oil. If a temperature gradient is applied, since the concentration of wax at
saturation is an increasing function of temperature, a gradient of concentration is generated,
parallel to the gradient of temperature. Consequently the dissolved wax migrates from the
warmer to the colder regions. This phenomenon is responsible for the formation of solid
wax deposits on the wall of pipelines exposed to a sufficiently cold environment.

The rheological implications of (i), (ii) have been studied in a number of papers (see the survey
paper [36]). The system can be considered a Bingham fluid (see Capt. 5, Sect. 3) whose yield
stress depends on the concentration of the segregated phase and on its degree of entanglement,
which evolves according to a kinetics driven by two contrasting phenomena: spontaneous aggre-
gation and disgregation induced by internal friction.

Here we want to discuss very briefly the phenomenon of deposition at the wall. Such a problem is
critical for the operation of pipelines, because it is necessary to remove the deposit periodically,
before it becomes too thick. The cleaning procedure is expensive and therefore predicting the
growth rate of the deposit is crucial.

Modelling wax deposition encounters several difficulties related to the impossibility of performing
direct measures of wax diffusivity in oil. As a matter of fact, diffusivity is measured indirectly,
precisely through the effect of solid wax deposition under a controlled thermal gradient. The
experimental apparatus devoted to it is known as the cold finger apparatus and there are several
very delicate questions in interpreting the data obtained in terms of deposited mass vs. time.
These aspects have been discussed at length in the papers [20], [21], treating the two cases of
the instrument with no agitation of the WCO sample and with agitation, respectively. Here we
will not deal with the cold finger problem, because of its complexity.

99
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The general framework of diffusion induced in saturated solutions by thermal gradients (not to
be confounded with the so-called Soret effect!) has been investigated in [FP1], [FP2], [FP3] for a
number of different scenarios. Here we will illustrate some basic ideas and we will briefly sketch
a mathematical model for wax deposition in pipelines.

7.2 The wax deposition problem

Let us refer for simplicity to a one-dimensional problem in which the sample has been prepared
at time ¢t = 0 as follows. For t < 0 the layer 0 < = < L is occupied by a WCO at a uniform
temperature above WAT with a dissolved wax concentration cor. Let ¢s(T) be the saturation
concentration of wax in oil as a function of the temperature T'. Typically ¢, (T') > 0. The walls
x =0, x = L are cooled to the respective temperatures T7 < T5, both below WAT. Owing to the
fact that the thermal diffusivity of the system is by several orders of magnitude larger than the
wax diffusivity, the system can be brought to thermal equilibrium i.e. with the temperature

x
(71) To(.%') :Tl—{—Z(TQ—Tl), O<ax<L,
in a time which is too short for any significant mass transfer to take place.
Thus we may assume that (7.1) is the thermal profile at time ¢ = 0 and that the system is
initially composed by a saturated solution with concentration

(7.2) co(z) = cs(To(x)) =: Cs(z), O0<z <L,
and by a suspension of crystallized segregated phase with concentration
(73) Go(l’) = Ctot — CS(.’L')

T —-T
Since ¢j(z) = c’S(Tg(x))% > 0, diffusion in the solution is activated with the result of

transporting wax to the colder wall, where the incoming wax has to crystallize, forming the
deposit. In the following we will assume that all the components have the same density, so that
no volume change takes place in the system during the process.

As to the segregated phase we have various possibilities:

(a) we may consider it immobile (which is the most likely scenario if gelification has occurred)
or we can suppose it has some diffusivity,

(b) we may suppose that it is always in thermodynamical equilibrium with the solute or, on the
contrary, that mass exchange between the two phases occurs via some kinetics characterized
by a finite rate constant.

Each of these choices is going to influence the mathematical structure of the model, thus we are
faced with a multiplicity of problems. In addition:

(c) the wax diffusivity in the solution (provided Fick’s law is applicable) may or may not
depend on temperature and/or on the concentration of the segregated phase and the same
is true for the thermal conductivity of the mixture,

(d) the system oil4-dissolved wax-+crystallized wax should be treated as a mixture, unless wax
concentration is small enough (and the deposit growth is slow enough) to disregard the oil
displacement (a model including oil displacement has been presented in [FP2]),

!The Soret effect consists in the creation of dishomogeneities in fluid mixtures subject to a thermal gradient.
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(e) if the thermal conductivity of the deposit is different from the one of the mixture, the
temperature profile will change as the deposit grows.

The latter situation, discussed in [FP3], is the source of a considerable complication because it
continuously modifies the profile of the saturation concentration within the sample.

7.3 Statement of a specific problem

To be specific, let us select the following (largely simplified) situation:
- the dissolved wax has a constant diffusivity D,
- the segregated phase has a constant non-zero diffusivity Dg < D,

- the difference between the thermal conductivity of solid wax and the one of the mixture is
negligible (hence the thermal field is described by (7.1) for all ¢ > 0),

- the segregated crystallized phase is always in thermodynamical equilibrium with the solu-
tion (thus it exists only in the presence of saturation),

- the oil displacement can be neglected,
- the deposit has no oil inclusion,

- the saturation concentration c; is a linear function of T:

(7.4) c.(T) = b > 0, constant.

We will denote by G(x,t) the concentration of the segregated phase.

Owing to the assumptions listed above, the system will go through the following three stages.
Stage 1. G > 0 everywhere, the solution remaining saturated. This stage terminates at some
finite time ¢y, at which G vanishes at some point. We will consider a situation in which G is
decreasing in x for each t. Therefore G will first vanish at x = L.

Stage 2. For t > t; the wax supply from the segregated phase replacing the dissolved wax leav-
ing the wall z = L by diffusion is discontinued. As a consequence a desaturation front proceeds
from x = L inwards. This will be a second free boundary, evolving simultaneously with the
deposition front. This stage too is bound to extinction in a finite time.

Stage 3. At the time t5 at which the whole solution becomes unsaturated we return to a prob-
lem with only one free boundary (the deposition front). The system will tend asymptotically to
equilibrium.

Let us write down the governing equations for the three stages under the largely simplifying
assumptions listed above.

Stage 1 (0 <t < ty).

0G 0’°G
(75) E_ Gw—o, O'(t)<flf<L,0<t<t1,
(7.6) G(x,0) = Go(x) = ctor — cs(x), 0<z <L,
(7.7) DGaﬁyx:L:—w, 0<t<ty,

ox
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(7'8) aacx;’xzcr(t) =0, 0<t<ty,
(7.9) [0 — Cy(o() — G(o(t),1)]6 = w, 0<t<t,
(7.10) o(0) = 0,

Ty - T
where w = Db=2—-1 and Cs(x) = ¢s(T(x)).

The initial condition (7.6) is nothing but (7.3) with the assumption (7.4). Equation (7.7) is
the mass balance at x = L. Equation (7.8) says that no diffusive flux of the segregated phase
takes place at the deposition front. More generally one could suppose that only a fraction
X € (0,1) of the incoming flux w will give rise to the deposit. In that case (7.8) should be

modified to —DGa— = (1 — x)w. We will continue our analysis with x = 1. In writing (7.9)
x

we made the assumption that the advancing front © = o(t) captures the wax crystals it finds
on its way. Similarly, the presence of Cy in (7.9) is motivated by the fact that (if we neglect
the oil displacement by the deposit) the mass Cgsdo is replaced by the mass pdo. It must be
stressed however that ignoring oil displacement is consistent only with Cs < p. Therefore it
would be admissible to write (7.9) without it. Of course Cs + G is always less than the common
density p of all the components (prove it as an exercise). Finally we note that equation (7.5)
is homogeneous, consistently with assumption (7.4). When (7.4) is not true (i.e. ¢(T) # 0)
the supposed thermodynamical equilibrium between the two waxy phases would imply a mass
exchange: if ¢ > 0 the solution tends to become super-saturated and part of dissolved wax has

to crystallized, leading to

oG 0%G d?

— — Dg—— = D—cs(x).

ot “ 92 dz? ()
If ¢ < 0 the solution tends to desaturate and the appropriate amount of G has to be dissolved
to maintain saturation (the equation is still the same).

We leave the proof of the following simple lemma to the reader:

Lemma 7.1 Let (o,G) be a solution of (7.5)-(7.9). Then ZG <0 for0<a<L,0<t<t.
z
This result guarantees that G vanishes for the first time at x = L.

Stage 2 (tl <t < t2>.

dc 0%

(7.12) s(t1) = L,

0G 0’°G
(7.13) o Pogaz = 0, o(t)<z<s(t),t1 <t<ty,
(7.14) G(z,t1+) =Gz, t1—) =: G1(z), o(t1) <z <L,

dc oG

(7.15) w= D%|m=s(t)+ - Dcabzs(t)—, 1 <1<ty
(7.16) [,O—CS(O')—G]d:w, O‘(tl—l—) :O'(tl—), t1 <t <ta,
(7.17) c(s(t),t) = Cs(s(t)),
(7.18) G(s(t),t) =0.

Equation (7.11) describes diffusion in the unsaturated region. Equation (7.15) means that at
the desaturation front the segregated phase provides the mass flux compensating the unbalance
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between the incoming flux from the unsaturated region and the outgoing flux in the saturated
region.

Stage 3 (t2 <t < 400).
The following scheme requires no particular comment:

Oc 0%c
(719) a— @:0, O'(t)<.’E<L7t2<t,
(7.20) c(x,tat+) = c(x,ta—) =: ca(x), o(t2) <z <L,
Oc
(7.21) %|I=L =0, ty<t,
(7.22) c(o(t),t) = Cs(o(t)), ta<t,
, 0
(7.23) (b= Co(0))6 = Do—lumofey,  olta+) = olta=), t2 < t.

7.4 Analysis of the three stages of the process

oG
Stage 1. Problem (7.5)-(7.10) is not in the class of Stefan-like problems, because F (and not
— x

G) is prescribed on the free boundary and the velocity ¢ is related to G (and not to g—G), which
x

makes the problem usually more complicated. A possible method for proving well-posedness
stems from the global mass balance equation, which is obtained by integrating equation (7.5)
over each domain o(7) <z < L, 0 <7 < t:

a(t) L L
(7.24) po(t) :/0 Cs(x)dx —|—/0 Go(x)dx — /(1;) G(z,t)dz.

The latter has an obvious interpretation: although the deposit is created by the crystallization
of the incoming solute flux, the ultimate source of the mass needed to reach the amount po is
the segregated phase.

Conversely, if (o, G) solves (7.5)-(7.8) and (7.24), then it solves also the original problem, as it
can be seen by differentiating (7.24). In other words, (7.9) can be replaced by (7.24). This fact
suggests the following fixed point argument.

(i) Define the set

5 = {0 € C([0,9])[0(0) = 0,0 < 5(t) < —20— o < 19E) = )]

— p— ctot’ — ’t’ _t//‘a

< KVt #t"},

1
with ¥ > 0, K > 0 to be determined, and a € (0, 5) For the moment we can take

P — Ctot
0< 9 < L—=.
sv=LTTh

(ii) Take o € ¥ and solve (7.5)-(7.8) to find G(z,1).

(iii) Define the mapping Mo = & via

o(t) L L
(7.25) P (1) = /0 Cy(2)dz + /0 Golx)dz / , e
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Solutions of the original problems are found in correspondence of fixed points of the map-
ping M, thanks to (7.24). It is easily seen that ¢ has the same regularity as o and that K,
a can be chosen so that M(X) C X.

The underlying idea for the selection of the set ¥ is that it is easy to prove that any G(z,t)
calculated by means of the above procedure will be decreasing in z and bounded above by G(0),

which in turn provides an a-priori uniform estimate for C;—j and at the same time a lower bound
for the extinction time t;.

Thus applying Schauder’s fixed point theorem is now equivalent to showing the continuous de-
pendence (in the sup-norm) of the solution G(x,t) of (7.5)-(7.8) on the C''-norm of the boundary.
We sketch how to prove that the mapping is indeed contractive if 9 is sufficiently small.

Lemma 7.2 The mapping M : ¥ — X is contractive in the Cl-norm for 9 sufficiently small.

Proof.
From (7.25) for any pair 01, 09 € 3, setting a(t) = min(oy(t), 02(t)), f(t) = max(o1(t), o2(t)),
we have

1 B®)
01— 09 = {/ Cs(x)d:zc—i—
P Ja(t)

L ) B(t)
- / (G (2, t) — Gola, t)]da + (—1)7* / G, (. 1)z},
B(t) a(t)

C
where j is the index of the minimum between oy, oo. Considering that — < 1, the nontrivial
p

part of the proof is to find estimate of G; — Gbs.

To simplify notation we rescale x, ¢ (without changing any symbol) so that x = L becomes x = 1
and we can set Dg =1 in (7.5).

Since Gy is a linear function of z, the function

(7.26) V(z,t) = G(x,t) — Go(x)
satisfies 5 o
\% v
2 —_—— = 1
(7.27) 5%~ a2 0, o<z<1,0<t <,
(7.28) V(z,0)=0, 0<z<l,
ov
(7.29) %‘x:a(t) =h 0<t<d,
oV
. — =1 =h t <9,

where hi, hy are known constants.
Now we use the representation formula (see Chapter II)

(7.31) V(:L',t):/o ,ul(T)F(:U,t;G(T),T)dT+/O po ()T (z,t; 1, 7)dT

by means of heat potentials, with uq, po satisfying the system

hy = —%ul(t) +/0 p1(T)Tx(o(t), t;o(r), 7)dr +

(7.32) —|—/0 po(17)Tx(o(t), t; 1, 7)dr,
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(7.33) hy — %,ug(t) + /0 s (FT (1, 4 0 (), 7)dr,

obtained by imposing (7.29), (7.30), which we know to possess a unique continuous solution
(1, p12).

At this point, if we take o € X and a perturbation do such that o + do € X, we can evaluate the
corresponding variations o1, due by taking the differences in (7.32), (7.33).

We invite the reader to write down the whole resulting system of Volterra integral equations and
we just point out that, as in equations (7.32), (7.33), the kernels have a singularity of Abel type
(i.e. of the order (t — 7)~'/2) and the free terms are in absolute value dominated by

y / Ioall;
t—T

with M denoting a constant dependent on the data only and || f||; = sup |f(n)]. We conclude
ne(0,7
that |01, 02| possess a similar estimate and consequently the change 6V of V' can be estimated

in the sup-norm up to time t = 9

18V]le < NV9||do]cn,
which proves the Lemma. O

Existence and uniqueness follow, as well as the possibility of extending the solution up to the
extinction time of Stage 1.

Stage 2. Stage 1 terminates at a time which is less than the time needed for consuming the

1 (L
wax amount fOL Go(x)dx at the rate w. In other words t; < / Go(x)dxz. More precisely, in
w Jo

our conditions, t; is the time at which G(L,t) vanishes.
By integrating (7.13), (7.11) in the respective domains and using the free boundary conditions,
the new mass balance is obtained:

L s(t)
plo(t) —o(tr)) = Gi(x)dx — G(z,t)dx +
o(t) a(t)

o(t) L
(7.34) 4 / ., O+ / [Colo) — e )

This equation shows that, besides the contribution of the segregated phase similar to the one in
(7.24), we have the additional wax amount coming from desaturation.

As it was shown in [FP1], [FP2|, adopting as a new variable the concentration of wax in excess
or defect with respect to saturation, namely

(7.35) u=G, ifG>0, u=c—c;, iIfG=0,

for a given o the problem including the desaturation front can be formulated in a weak form, in
which existence and uniqueness is not difficult to be proved. Next a fixed point argument can
be set up to prove existence and uniqueness for the whole problem. We omit the details.

Like in Stage 1, it is easy to see that G,(z,t) < 0 in o(t) < = < s(t). The inequality ¢ < ¢5 in
s(t) < x < L is guaranteed by the maximum principle.
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Stage 3. Problem (7.19)-(7.23) has the simple structure of a Stefan problem, therefore there is
no need to discuss it. We just report the mass balance

L L
(7.36) plo(t) — o(ts)] = / FCCCS / el

whose interpretation is obvious.
Since as t — oo the residual concentration tends to Cs(0), from (7.36) we deduce

L

(7.37) plose —o(ta)] = / ca(z)dr — (L — 050)Cs(0s0)-
o(t2)
Going back to (7.34)
L L L

(7.38) plo(te) —o(t1)] = Gi(z)dr — Cs(x)dx — / co(z)dz,

o(t1) o(t1) o(t2)
and to (7.24)

o(t1) L L

(7.39) poty) = /0 Cu(z)dz + /0 Go(x)dz — / G (x)da,

and summing up (7.37)-(7.39) we obtain the final equation

L L
P /0 Cy(x)dz +/0 Go(@)dz — (I — 000)Ca(0s0),

i.e.

(7.40) POo0 = CiotL — (L — 000)Cs(000)

which could have been written from the very beginning.
Since the function pos + (L — 050)Cs(0s0) is increasing from LCs(0) < Legor to pL > Leyor for
0 € [0, L], equation (7.40) provides a unique determination of .

7.5 Application to the pipelining of waxy crude oils

In [19] a model is presented to predict the amount of wax deposited during the pipelining of a
wax-saturated oil when the outside temperature is below WAT.

The specific case of turbulent regime (for which some field data are available) has been studied.
If R is the pipe radius and o4(z,t) is the deposit thickness (z is the longitudinal coordinate along
the pipe, t is time), the pipe lumen is ¥ = R — 04. In the turbulent regime we have to consider a
mechanical boundary layer of thickness o, (so that R, = v — oy, is the radius of the turbulent
core possessing a velocity V') and a thermal boundary layer of thickness op (so that temperature
can be considered homogeneous over cross sections of radius Ry = v — o).

The thickness of the mechanical boundary layer in a quasi-steady flow can be grossly estimated
by means of a simple momentum balance and it turns out to be o, = g, with

2nQ

m p—
Gmv?t’

where G is the pressure gradient, n the oil viscosity, @) the pipe discharge. In the applications
considered in [19] &, ~ 0.1. Therefore, when convenient, the approximation v ~ R can be
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justified, e.g. to express Q ~ w?V. Using classical correlations expressing G by means of
geometrical and dynamical flow quantities the final expression

(7.41) e, — %lnz [% N (é)o.g}

is found, where Re = is the Reynolds’ number and x is the so-called roughness of the

wall (typical values are Rn: 0.2m, Re = 6000, x = 4.5-107°m). The thermal boundary layer
thickness o = epv is given by classical correlations which lead to conclude ey = 0.41¢,, for our
purposes. For the details and references we refer to [19].

The steady state profile in the thermal boundary layer can be found on the basis of a simple
thermal balance (in which latent heat can be safely neglected) and it turns out to be

(7.42) T(r.2) = (Ty ~ T)exp | - %12}{1 _ ;m ()} +7..

where Tj is the inlet temperature of the oil (Ty > Teoud), Te is the outside temperature (T, <

k
Teioud), @ is the thermal diffusivity of the oil, and p = R (k =thermal conductivity, h =heat

transfer coefficient through the pipe wall).
Thus we can express the temperature gradient

or _

(7.43) ar _(TO - Te) exp{ -

2ra } 1
ol Gl
pQ I pr’
which is the driving force for deposition.
Deposition may start when 7T'(r, z) drops below T4 and its rate results from two contrasting

phenomena:

(i) molecular diffusion:

oT 1
44 i = —DC'(T -
(7 ) Jdep Cs( )87‘ 5
(i) ablation:
oA @
(7.45) Jabl = PP

where 1 is the solid wax fraction in the deposit (typically ¢ ~ 0.2), A is the ablation coefficient
(possibly depending on 1) and the factor multiplying m in (7.45) is the stress at the wall. The
deposit is subject to progressive consolidation (aging) according to the kinetics

oy _ 1

(7.46) 5L

(1—-19), Yinitial = Vo,

(tq is a characteristic time, much larger than the typical time scale for deposition).
In order deposition to take place two conditions must be verified:

1. T(R, Z) < Trioud

2. jabl < jdep

The first condition requires z > zy, with

_IUJQI To —Te ]
n

7.47 2p = [ .
( ) f 2o Tcloud - Te
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The second condition requires z < z, with

e, I (To — T.)me DbR?

4 e = ;
(7.48) - 2o HANQ ]

dcC'
with b = —=, considered constant.

Accordingly, if L is the pipe length, we have the following cases:
(a) ze > L: deposition takes place for zy < 2z < L,
(b) 25 < ze < L: deposit is formed in the pipe segment zy < z < z,

(c) ze < zy: deposition never starts.

R
The fact that 7 < 1 greatly simplifies the computation of the deposition rate.

Indeed the mass balance at the deposit interface (when deposition is active) can be written

v (Db 8T) ov DOT AnQ

(7.49) o (0 as)as =

— =t
0z Y or  Yme,v3
where p is the density of the wax.

ov
After suitable rescaling it becomes apparent that the term with 2 can be neglected (except
z

LN\2
for intervals in which ZV is of the order of (§> ). If aging is disregarded (¢ ~ 1)), then the
z

following expression is obtained for the deposit thickness for z; < z < min(z,, L)

Ty — T, { 2m} AnQ 1
expq — zZp—

Tcloud

t
to

7.50 =R
(7.50) od 1 uQ TEm DbR2

where t( is the typical time scale of the phenomenon, namely

Yop R
7.51 tg= ——.
( ) 0 Dchloud

Using the values ¢p = 0.2, p =800 Kg-m?, R =0.2m, D = 1.5-10"?m?sec ™!, b = 107 2Kg-m 3°K 1,
Trioud = 300°K, we have tq ~ 7.7 - 10%sec (about 3 months).

Formula (7.50) is in good agreement with experimental data.

For more details and numerical examples see [19].



Chapter 8

Diffusive processes in tumour cords

8.1 Introduction

Tumour cords are systems of tumor cells growing around blood vessels, from which they receive
(by means of various transport mechanisms including diffusion) all substances needed for prolif-
eration. At some distance from the vessel the concentration of oxygen and other nutrients within
a cord is too low to sustain life and a necrotic region is formed. Here we consider the ideal case
in which we have a regular array of tumor cords (formed only by tumor cells) which are parallel
and identical, so that we may concentrate our attention on one of them, supposing that it is
surrounded by a surface which, because of symmetry, prevents any exchange of matter with the
neighboring cords.

For references on previous papers on tumour cords, and on mathematical models of tumours
in general, we refer to [35], which illustrates the recent trends in this fields. See also [17], 2| and
the recent book [72].

As we shall see, the model we are going to present is far from being a precise picture, even
for the idealized system described above. We will introduce a number of simplifications, which
however respect the main qualitative features and allow to point out some aspects, which are
common to other types of tumors, but have been rarely considered in the literature, despite their
crucial influence. This is particularly true when, because of cell killing treatments, the tumor
undergoes a volume reduction, followed by regrowth.

The simplifications we impose are of various kinds:

(i) The cord has rotational symmetry around its axial blood vessel.

(ii) Living cells can be in two states: proliferating (P) or quiescent (Q). Transition from P to
Q takes place at a rate A\(0), o denoting the oxygen concentration. The inverse transition
is also possible with a rate (o). The two functions A, v are continuous and piecewise
differentiable. More precisely v = ymin > 0 for o below a threshold g, 7 = Ymax > Ymin
above a threshold op > 09 and (o) is increasing in (0@, op), while A(0) is decreasing in
the same interval from Apax (its value below 0g) and Amin > 0 (its value above op). Cells
die when o reaches the value oy < 0g.

(iii) The cell velocity u is radial.
(iv) All the relevant quantities depend on space only through the radial coordinate r. A first
consequence is that the two main free boundaries in the problem, namely the boundary of

the region containing viable cells (i.e. the internal boundary of the necrotic region) and
the external boundary of the necrotic region are cylindrical.

109



110 CHAPTER 8. DIFFUSIVE PROCESSES IN TUMOUR CORDS

(v) The concentration of oxygen and of other chemicals relevant to the process has locally the
same value in the interstitial fluid and in the cells.

Even in this reduced framework there are several difficulties. First of all, there is a clear
coupling between the evolution of the living cells and the oxygen diffusion-consumption process.
Moreover the cells die, either spontaneously or because of the presence of cytotoxic substances
(whose evolution has also to be modelled) and dead cells lose volume (possibly at different rates
in the necrotic and non-necrotic regions). Then we must consider the flow of the interstitial
liquid, whose velocity v cannot be just radial (it enters the cord from the blood vessel and leaves
the system from the far ends, carrying to the cells the material needed for their replication and
carrying away the waste products). Determining the motion of the various components should
take into account their mutual mechanical interactions. This fact has been clearly pointed out in
[9]. However, as we shall see, we can circumvent the study of the internal stresses and of the full
dynamics of the interstitial fluid if we further simplify our approach computing just the average
flux through each cylindrical surface in the cord, coaxial with the blood vessel. As we shall see,
the evolution of the region occupied by living cells and the evolution of the surrounding necrotic
region are characterized by the presence of a pair of unilateral constraints which produce the
switch between two different evolution regimes. Here lies one of the most peculiar mathematical
aspects of the problem. This model has been developed through several stages. We just quote
the papers [10], 8], [11], [9]. The proofs are too long and complicated to be reported here. We
will confine ourselves to sketching some basic ideas.

8.2 The mathematical model: the oxygen consuming region

We start by modelling the region close to the blood vessel, containing living cells.

We denote by vp, vg the volume fractions of the proliferating and quiescent cells. Dead cells
occupy a fraction v4 and the rest of the space is filled by extracellular liquid, whose volume
fraction is vg:

(8.1) vp+vg+rva=v-=1—-vg.

All components are assumed to have the same density, so that conversions from one to another
are not accompanied by volume change.
The equations describing the evolution of vp, vg, v4 are

ov
(82) 87tp + V- (vpu) =xvp +7(0)vg — A(o)vp — pup(r, t)vp,
v
(8.3) 5 TV (vgu) = —v(0)vg + Ao)vp — ug(r,t)vg,
vy
(8.4) 5 TV (vaw) = pp(r,t)vp + pg(r, t)vg — 1ava.

In (8.2) x is the proliferation rate, up, pug are the death rates of the corresponding species,
wa is the conversion rate of dead (apoptotic) cells into liquid by degradation. We have already
illustrated the role of the transition rates v, A. We remark that up, j1g are here prescribed as
functions of r, t in order to simplify the problem. Since they represent the effect of treatments, in
real cases they must be expressed e.g. as functions of drugs concentration or radiation intensity.
Another simplifying assumption is that vg is constant. Thus, denoting by v the fluid velocity,
the fluid mass balance writes

(8.5) vV -V = v — XUp.
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Now the quantity v* in (8.1) is constant and from (8.2)-(8.4) we deduce

10
8.6 o — = — Y —vp —
(8.6) v " or (ru) = xvp — pa(v Vp VQ);
where u(r,t) is the radial component of the cell velocity, which has to satisfy the boundary
condition

(8.7) u(ro,t) =0

at the boundary r = r¢ of the central blood vessel.

From the modelling point of view, we stress that we have supposed that all the cellular species
(including dead cells) move with the same velocity. This confines the validity of the model to a
situation in which dead cells are entrapped in a relatively coherent structure of living cells.
Now we write down the equation for oxygen consumption

(535) Ao = fplolvp + fololvg

in a quasi-steady form, with fp, fg consumption rates of the respective species. This is justified
2

L
because the typical diffusion time for oxygen in the tumour is t4 = ) with L ~ 100p, D ~

10~°em?/sec, ie. tg ~ 10sec, to be compared with the basic time scale of tumour growth
X! ~ 1 day. For the same reason no advection term appears in (8.8).

Functions fp, fg are such that fp(c) > fo(o) (e.g. of Michaelis-Menten type). An important
condition is fg(on) > 0.

Equation (8.8) must be solved in the region occupied by living cells, whose size is not known
a-priori. Thus we have a free boundary problem. The unknown interface r = py(t) separates
the oxygen consuming region from the necrotic region.

At the blood vessel wall we prescribe the oxygen concentration

(8.9) U(To,t) = Op.

At the interface r = py(t) a typical situation (occurring e.g. when the tumour is in a steady
state) is represented by the conditions

(8.10) o(on (D)) = o,
0o
(8'11) E“:pN(t) =0,

expressing the fact that the necrotic threshold oy has been reached and that no oxygen is
exchanged with the necrotic region.

However, a crucial aspect of the phenomenon is that it may evolve in such a way that (8.10)
has to be replaced. Roughly speaking, we can say that if a sufficiently intense killing action is
exerted on the cells then, as long as (8.8)-(8.11) are satisfied, the corresponding sharp reduction
of oxygen consumption tends to shift the interface r = py(t) so fast far from the blood vessel
that its velocity tends to exceed the cellular velocity w (which is of the order of 1u/hour). On
the other hand, the inequality pn < u cannot be violated on physical grounds (dead cells cannot
be recruited in the population of living cells). The way out is to allow o(pn(t),t) to increase
freely above o, imposing that the interface becomes a material surface, moving with the same
velocity of the cells:

(8.12) pn = u(py(t),1),

which replaces (8.10).
After the treatment the tumour tends to regrow and if we keep the conditions (8.11), (8.12) on
the free boundary the oxygen concentration at the interface will eventually fall below op. This
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too must be forbidden, imposing the constraint ¢ > oy and reverting to the former interface
conditions.

In summary, the problem itself selects the correct free boundary conditions during the tu-
mour evolution, according to the unilateral constraints py < uy, 0 > on.

8.3 The fluid flow
We assume Darcy’s law as the governing equation of the flow relative to the cells
(8.13) (1-v*)(v—u)=-kVP

(P=pressure, k=hydraulic conductivity). From (8.1)-(8.5) we get

*

(8.14) V-(v+ u) =0.

1—v*

The velocity v has a radial and a longitudinal component, denoted by v, (r, z,t), v,(r, z,t). The
analysis of the flow can be greatly simplified if we are mainly interested in knowing the total
fluid discharge through cylindrical surfaces » =constant. To this end we introduce the average

1 [H
v(r,t) = QH/HUT(T’Z’t)dZ

(2H is the cord length) and we take the same average in equation (8.14), obtaining

10 1 v* 10
(815) ;g(rv) + ﬁ[vz(r, H, t) — UZ(T’ _H7 t)] - _1 — U ;E

(ru),

where (1 — v*)[v,(r, H,t) — v,(r, —H,t)] represents the local outflow rate of liquid from the cord
sides. We assume that the latter is proportional to the difference p(r,t) — po between the
longitudinal average of pressure and a far field pressure po, representing the pressure in the
lymphatic vessels. Thus

10 1

(816) ;5(7“1;) = — - Cout

[XGVP—MA(V*—VP—VQ)+ I (P — Poo) |+

with (pe > 0, constant.
After averaging (8.13) we arrive at the equation

1_ * T
(8.17) p:8) = po(t) = . [ o 0) — u(r )i’
To
where one more unknown appears, namely po(t) = lim p(r,t). The knowledge of po(t) is
r—TrQ

necessary in order to specify the fluid inflow rate from the blood vessel

(8.18) (1 =v*)v(ro,t) = Gy — Po(t)),

with (3, > 0, constant, and p, equal to the longitudinally averaged blood vessel.

Concerning the question of prescribing both o, and p, as given constants, a few remarks
are in order. Both ¢ and p do vary along the blood vessel: the former because of progressive
consumption, the latter in order to provide the pressure gradient forcing the blood along the
vessel. Keeping the variation of ¢ low requires a sufficiently fast blood flow, hence a sufficiently
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large pressure gradient. Thus having a small variation of ¢ and a small variation of p along
the vessel are contrasting requirements. However, the analysis performed in [8] proves that for
the typical cord dimensions (2H~1mm, rp ~ 20pum) and perfusion rates there is a reasonable
compromise.

The role of equation (8.17) is to determine the average pressure profile within the cord once
the difference v — u and pg(t) are known. Finding po is one of the most delicate aspects of the
problem, even in the stationary case.

8.4 The necrotic region

The necrotic region occupies at each time the hollow cylinder (py, B) X (—H, H). The radius
B(t) is unknown and we recall that the outer boundary » = B(t) is a no flux surface. Modelling
the necrotic region is by no means a simple task, because we are dealing with a mixture of liquid
and of a solid material degrading to a liquid. Excluding abnormal situations, both components
enter the necrotic region from the interface r = px () and the liquid leaves from the boundaries,
z = +H. The picture adopted here is based on the arguments presented in [10], [8].

We suppose that pressure has a uniform value py(t), of course unknown, throughout the region
and that the residual cellular component and the liquid occupy the respective volumes Vg, le\,,
filling the whole space:

(8.19) Vn = Vg 4+ Vi = 2nH(B? — p3).

Two situations are possible:
(i) the solid component is floating within the liquid,
(ii) the solid component is fully packed (with the volume fraction v*).

The mechanical behaviour is very different in the two cases. The second case may occur when
too much solid is supplied and/or too much liquid is removed. The first case is characterized by
the inequality

(8.20) VN Vi

" 2nH(B2 - %)

*

<v.

The unilateral constraint vy < v* must be imposed and when it becomes active we shift to case
(ii).

The volume balance reads as follows
(8:21) Vi = 4Hmpyv* [u(py, t) — pn) — iy Vs

(8.22) Vi = 4Hmpy (1 — ") [o(pn.t) — pn] + B Ve — Gour (1),

where py is the volume loss rate of the solid and e (t) expresses the liquid outflow rate from
z+ H:

(8.23) Qout — Qan(l - VN)W(B2 - P?v)(pN — Poo)

with Cé\[n > 0.

From (8.19)-(8.22) the total volume evolution can be found

a5
dt

(824) _Cé\’lfl,t(BQ_ 2 V]@ )( _ )
. H PN SHn PN = Poo)-

=2pn[(1 = v )v(py,t) + Vulpy, t)] +
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Now we have to distinguish between (i) and (ii).
In case (i) we may suppose that the larger is the total volume occupied by the system, the larger
is the pressure. The underlying idea is that the pressure is created by the displacement of the
surrounding tissue. Thus we assume that

(8.25) pn(t) = ¥(B(1)),

where WU(B) is a smooth increasing function (never less than p).

Thus (8.24) together with (8.25) and (8.21) can be seen as the evolution law for B.

In case (ii) it is the solid part which takes on the stress (it will ultimately compress the blood
vessel, even to the limit of collapse, but we disregard this phenomenon here). Now V]l\, is known
in terms of Vy

1—v*_.
(8.26) Vi(t) = S Ve
and
c 1/2
(8.27) B(t) = (p% + Vi /.
2Hmv*

As a consequence, equation (8.22) has now the task of defining go,; and through (8.23) we can
find the expression

H (2py[v(py,t) — ulpy,t)] Hn
8.2 t) = —
(5.28) ) = po -+ g (2D ey I,

replacing (8.25).

The regime (ii) may also come to an end. This happens precisely when py calculated through
(8.28) tends to exceed W(B(t)). In other words, besides the constraint vy < v*, we have to impose
the constraint py(t) < W(B(t)). When py reaches the constraint it means that the liquid takes
over the supporting action and we go back to (i). Thus also the evolution of the necrotic region
takes place via a doubly constrained mechanism.

The coupling between the two system of equations in the necrotic and in the non-necrotic region
is provided by the pressure py, which has to match the pressure value for » = py provided by
(8.17).

8.5 Mathematical results and open questions

Global existence and uniqueness have been proved in the quoted papers. Two distinct approaches
are needed for the stationary and for the evolution problem. Demonstrations are too long to be
presented here.

The main open questions remain:

(a) The drugs kinetics. In [9] this problem was considered in the framework of rather severe
restrictions (e.g. disregarding advection due to the fluid motion). However the problem of
completing the model here illustrated with the equations describing the transport and the
action of the drugs remains open.

(b) The case in which the tumoral mass breaks down and we can no longer adopt the simplified
picture of a cell population moving with the radial velocity u of a fluid moving with the
velocity v.
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(¢) The study of more complicated geometrics, which requires the description of the mechanical
behaviour of the full system (in particular of the cell-cell interactions).

(d) The possibility of the collapse of the central blood vessel, that we have envisaged during
the regime of the fully packed necrotic region. The question of vascular collapse has been
considered e.g. in [3] and may have important consequences.

This chapter may give an idea of the complexity of the mathematical problem, but it is certainly
far from describing the intricate set of phenomena which lead from the early stage to the invasive
phase of a tumour. Moreover, referring to a tumour is hardly appropriate, because there is
an enormous variety of tumours (even within a class affecting the same organ), each with its
own phenomenology. Therefore, models referring to a generic tumour are necessarily idealized,
although they may help to understand some basic features. Our feeling is that the mathematical
modelling of tumour is still far from its target and for this reason it is a particularly fascinating
and challenging research field.



Chapter 9

Modelling the Ziegler-Natta
polymerization process

9.1 The general features of the process

The names of Ziegler and Natta (who got the Nobel prize in 1954) are linked to the creation of
polypropylene. The most recent industrial process based on their ideas uses spherical aggregates
of catalytical particles which are circulated in a reactor where they are kept in contact with
propylene either in the gaseous or the liquid state, depending on pressure. The same process is
used for producing polyethylene from the corresponding monomer ethylene. In both cases the
action of the catalyst is to break a double bond between two carbon atoms in the monomer
molecule, creating a bond between two monomer molecules. Such a reaction is repeated indef-
initely, creating a polymer chain, which may contain thousands of the basic constituents. The
reaction is usually highly exothermal. The final product is a spherical pellet with a diameter
of few millimeters, which (differently from what happens with other polymerization processes)
needs no further processing.

Figure 9.1: Pellets of polypropylene.

116
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The agglomerate is a sphere of 70um radius and contains a huge number (of the order of
10%) of catalytic particles which are really very small (diameter of the order of 5nm). The
first exposure of the aggregate to the monomer requires some care, because if the temperature
is not low enough the reaction is too violent and the aggregate can be damaged or deformed,
largely reducing the process efficiency. During the very first stage of the process (which is very
fast) around the catalytic particles reached by the monomer a polymer shell is created and a
fragmentation front proceeds quickly towards the center, leaving behind a porous structure which
is essential for the smooth development of the subsequent process. Fragmentation is followed
by the so called pre-polymerization, in which the reaction temperature is still controlled so to
reduce the reaction speed. Next, temperature is allowed to raise and full speed is achieved.
The whole process has a duration of about 2 hours. From the point of view of modelling there
is no difference between the last two stages, so we will discuss them under the common title
polymerization.

The physics is very different if we deal with the low pressure (gaseous monomer) or with the
high pressure (liquid monomer) reactor. In the former case the monomer transport mechanism
is diffusion (i.e. the driving force is concentration gradient), in the latter it can be described by
Darcy’s law (the driving force is pressure gradient).

Here we will deal only with low pressure reactors. The basic reference is [31]|, where more
information about the process and bibliography is contained. More recently a much more complex
model has been proposed for high pressure reactors [37], based on mixture theory [73].

Polymer science is an immense source of fascinating mathematical problem. Other very
important areas are crystallization (see the book [16] and the survey paper [32]) and the fluid
dynamics of polymer melts (see e.g. [66], [24], [61]).

9.2 The two-scale approach

During the normal regime of the process we describe the agglomerate as a collection of growing
microspheres. Growth is due to the monomer-polymer conversion which takes place at the
surface of the catalytic particles, located inside the microspheres. In order to reach the reaction
site the monomer diffuses through the pores of the agglomerate and then through the polymeric
body of the microsphere, which behaves as another porous material, with lower porosity. The
final product is very compact, thus we may assume that at each time the microspheres are
ideally packed in a spherically symmetric arrangement. In this arrangement adjacent layers of
microspheres have very similar history, so that they grow at the same rate and they have basically
the same radius. Therefore, even if the microspheres in the outer layers in the agglomerate are
larger than the ones in the inner layers, we may say that locally the agglomerate keeps the
structure of an ideal porous medium made of spheres of equal radius with the minimum possible
porosity (rombohedric configuration). In this condition porosity is independent of the radius of
the grains (its value is easily computable and is about 0.26).

Thus we conclude that, despite the dishomogeneous distribution of radii, the agglomerate porosity
is uniform and constant in time.

A very important property of the system is that during the entire process the size of the ag-
glomerate is always much larger than the size of the largest microspheres (the ratio of diameters
is of the order of 10%). This circumstance suggests the two-scale approach (see fig. 9.2): the
agglomerate is treated as a continuum with a density of catalytic sites. In this way we have a
large (or macro) scale and a small (or micro) scale, on which we describe the evolution of the
agglomerate and of the microspheres, respectively.

Typical variables on the large scale are:
porosity & (constant),
radial coordinate r,
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= 10! catalytic particles '-.‘ polymer film :
{diameter ~ 5nm) \ growing polymet shell

Two-scale problem:
the agglomerate scale (macroscale)
the polymer-shells scale (microscale)

agglomerate

Figure 9.2: The two-scale approach.

microsphere density p(r,t),

temperature T'(r, 1),

monomer concentration in the pores M (r,t),
expansion velocity field v(r, t)

outer radius R(t).

On the small scale all quantities depend also on the macro-variable r (even if not explicitly
stated):

porosity &p,

radial coordinate y,

temperature Ty, (y, t),

monomer pore concentration My (y,t),
radius of microspheres s(t),

expansion velocity field vy (y, t).

Phenomena occurring at the two scales are strictly coupled:

e the density p of the microspheres is determined by their local size:
4
(9.1) gﬂs?’p =1-—g¢,

the expansion of the agglomerate is a consequence of the expansion of the microspheres,

the heat generated at the microscale (proportional to polymerization rate) is perceived as
a heat source on the macroscale,

e the monomer consumption at the catalytic sites is seen as a monomer sink on the macroscale.
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9.3 The governing equations

A) Macroscale

Due to the constancy of porosity the overall expansion rate equals the growth rate of the

d 4 d
solid component. The latter can be calculated as the ratio a(gws?’)/gws?’ = 3d—j/s, where p
denotes the Lagrangian derivative. Hence
0 2 lds
9.2 (5 +5)v =3
(9:2) or * )Y s dt

It is easy to write down the heat and mass balance equations:

(9.3) C%—T — (% + %) <k%—f — CT’U) = pS,
o9 2 (0 ) - Lo

where C' is the macroscopic average of the product of specific heat by mass density, k is the

macroscopic average of thermal conductivity (both quantities can be taken constant, consistently

with e=constant), D the monomer diffusivity in the pores, S is the heat release rate by the

microparticles with macro-coordinates (r,t), @ is the mass absorption rate by the same particles.
Initial and boundary conditions are

(9.5) v(0,¢) =0
(corresponding to the choice of the frame of reference),

(9.6) R(t) = v(R(t),t),  R(0)= R,
(the outer surface is a material surface),

(9.7) M(r,0) =0, 0<r<Ry

(this is a simplification: as a matter of fact M (r, 0) for pre-polymerization is the mass distribution
at the end of the fragmentation stage),

oM
(9-8) -, (0.1) =0,
(9.9) M(R(t),t) = Mg(t),

Mg(t) being the monomer concentration in the reactor,
(9.10) T(T, 0) =Ty, 0<r< Ry

(T) is the temperature of the reactor, although -more precisely- the initial temperature should
be identified with the temperature after fragmentation),

(9.11) g::(o,t) =0,
(9.12) kL (R() 1) = T(R(D), 1) ~ To),

where h is the heat transfer coefficient.
The free terms S, @ in equations (9.3), (9.4) must be found by solving the set of equations at
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the microscale.

B) Microscale

The most difficult equation concerns the evolution of porosity €,. It must be present to our
mind that microspheres are not accessible to observation, particularly during the process. This
is one of the cases in which mathematics is the only tool we have to inspect the inner structure
of the system. Setting up a model for the evolution of the growing polymer shells requires a full
mechanical description, including the analysis of stresses and deformations. Even in spherical
symmetry this is enormously complicated, particularly because new polymer is constantly cre-
ated. This difficult task has been carried out very recently in [37] and it leads to an exceedingly
complicated nonlinear hyperbolic system with free boundaries.

In principle one could tackle that level of complexity, but -as a general rule- when a model gets
too complicated the question arises about whether or not this is a honest price to pay: does the
additional difficulty produce more precision? The answer is often linked with the availability
and reliability of the physical parameters involved. In our case such parameters are the ones
entering the constitutive relationships defining the mechanical behaviour of the system. They
can hardly be provided by experiments. Therefore we may conclude that the interest of the
nonlinear hyperbolic model is mostly theoretical (in the sense that it can give a closer idea of
the real behaviour of the polymer), but of not great practical importance.

This is a typical situation in which the modeller is allowed to take a shortcut. On the basis of
this motivation we take €, =constant, being conscious that we are introducing a weak point in
the model.

A first consequence of this assumption is that mass conservation implies

a 2
9.13 <—+7>v —0, <y<s(t), >0,
(9.13) oy ) Yo <y <s(t)
where yg is the radius of the catalytic core, and y = s(t) is a free boundary.
We can also write down heat and mass conservation laws, but after suitable rescaling, taking into
account the really small size of the microspheres, we conclude that both heat and mass transport
2 OM,
oy’
with T}, temperature and M,;, monomer concentration in the pores of the polymer, are independent
of y, meaning that heat flux and monomer flux are constant through the microspheres.
If we neglect the fragmentation stage we can set s(0) = yo and take the conditions

are quasi-steady processes by far dominated by diffusion, i.e. the products yza—p and y

(9.14) up(s(8),6) = 3(0),
(9.15) Up(Yo, t) = MTp) Mp(yo, t),
(9.16) aé\jp (yo,t) ~ 0.

Condition (9.14) says that the free boundary is a material surface. However in this peculiar
problem the necessary extra condition is prescribed not on the free, but on the fixed boundary
y = yo. Here we have (9.15) expressing polymerization rate: 4my3(1 — £,)v, is the polymer
volume produced on the site per unit time, which is supposed to be proportional to M,(yo,?)
with a temperature dependent coefficient. The last condition should express the monomer mass
oM,
dy
rate per unit surface of the catalyst, again proportional to M. The fact that diffusion largely
dominates the monomer transport justifies (9.16).

balance, equating the incoming monomer flux ¢, (D — UpMp) to the monomer consumption
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Now we may identify M,, throughout the microsphere with the value taken at its outer surface.
The latter value is set equal to a given fraction of the concentration M in the agglomerate:

(9.17) M, = KM(r,t),

with the partition factor K € (0, 1] (experimentalists suggest K = 0, 3).

9.4 The final scheme on the macroscopic scale

The analysis just performed allows to express the basic microscopic quantities as functionals of
the macroscopic quantities.

Although the temperature gradient across the microspheres is not small, the total temperature
drop over their radius is negligible. Hence in (9.15) we can take 7, = T'. In addition the rate of
volume increase of a microsphere is 47s%§ and it is also equal to 4my3v,(yo,t). Hence, according
to (9.15), (9.17)

(9.18) $25 = PP AK M (1, 1),

which is nothing but the integral of (9.13), which says that the product yzvp is independent of
y. Eliminating $ between (9.18) and (9.2), we find that the latter takes the form

0 1
9.19 —(r?v) = 3YAAK 2 M (r,t)—.
(9.19) (%) = BN M (1 )
In order to express s as a functional of macroscopic quantities it is convenient to introduce the
Lagrangian coordinate

(9.20) z=¢(r1)

representing the radial position in the agglomerate at time ¢ = 0 of the particle having the radial
coordinate r at time t. Conversely we have

(9.21) r=mn(x,t)
1o on 0 on\—1 0 )
1 _ —
where n = £+, Since v = 5 By (8:{:) 5y e may rewrite (9.2) as

0%n <(97])—1 20n

S
(922) dtdx \ Oz not S

We can integrate this expression w.r.t. ¢, remembering that n(x,0) = z:

(9.23) 7722—2 =22 (;0)3

0
(we have used also a—nh:o = 1),where s depends on ¢ and on z. One more integration yields
x

Ly 1 (% 93
(9.24) SNt = | 27s°(t2)dz.
3 Yo Jo

On the other hand, from (9.18) we get

t
(9.25) $5 —yp = 3KySA/ M(n(z,7),7)dr,
0

since we are integrating along the motion of the catalytic particle in the agglomerate. We have
adopted the simplification A =constant because it turns out that the temperature variation across
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the agglomerate is about 5°C and A is not so sensitive to it.
Rewriting (9.19) in the form
0

9, 5 2 o0n, 1
2 = Kn*—M—
(9.26) Ox (n7v) = 3yo A K ox 83

and using again (9.23), we see that v can be expressed as

_BAK [T
- /0 EM (e, 1), t)de.

Now we can adopt the Lagrangian coordinate z in (9.3) and (9.4), defining 9(x,t) = T'(n(x,t),t),

w(x,t) = M(n(z,t),t), with the additional advantage of working in the fized interval 0 < x < Ry,
remembering again that 9 <@) 9

& a8 or \dz/) Ox
The velocity field, according to (9.27), is

(9.27) v(n(z,t),1)

sty = B [
(9.28) )= = / (¢, ).

In the source term in (9.3)the function S is proportional to the polymerization rate, so that, in
the new variable

(9.29) S(z,t) = Ap(z, 1),
and through (9.1)
3 1
9.30 plrt)=—(1—¢e)——
(930 )= 10 -2) 0y
where, from (9.25),
t
(9.31) §3— g8 = 3Ky(2))\/ w(x, 7)dr.
0
In the sink term of (9.4) the function @ is the absorption rate by a single microsphere, hence
(9.32) Q(z,t) = vAu(z,t),

where v is a conversion factor which is typical of the reaction.

At this point the whole problem is reduced to a system of two parabolic p.d.e.’s for the functions
9, u in which functionals of  appear. The outer boundary can be recovered by integrating (9.6)
with the help of (9.28) with = Ry.

Existence and uniqueness have been proved by means of a fixed point argument.

9.5 Numerical simulations

Numerical simulations led to very interesting conclusions.

First of all they show that after some time the growth rate of the agglomerate is sharply reduced,
marking the optimal duration of the process in terms of the input parameters. Next the intimate
structure of the agglomerate can be described during the whole process. For instance it is possible
to obtain a 3-D plot of the monomer concentration M (r,t), showing, as expected, that peripheral
regions are richer in monomer than inner regions (Fig. 9.3).

Also the distributions of the radii of the microspheres s(¢;r) can be calculated and it can be
seen that accelerating the process (i.e. increasing Mp) it becomes more and more dishomogeneous
(Fig. 9.4).

From this kind of information it is possible to look for a desired balance between the efficiency
of the process and the quality of the product. A striking example of how mathematics can be a
decisive tool to take important decisions.
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Figure 9.3: Monomer concentration within the agglomerate.

Figure 9.4: Distribution of radii of the microspheres.
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