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CONVERGENCE OF THE SOLUTION OF THE ONE-PHASE STEFAN
PROBLEM WITH RESPECT TWO PARAMETERS
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Abstract: A one-phase unidimensional Stefan problem with a convective boundary condition at the fixed face z = 0,
with a heat transfer coefficient A > 0 (proportional to the Biot number) and an initial position of the free boundary
b = s(0) > 0 is considered. We study the limit of the temperature § = 6, ;, and the free boundary s = s; , when
b — 07T (for all 1 > 0) and we also obtain an order of convergence. Moreover, we study the limit of the temperature
0.1, and the free boundary s, , when (b, h) — (07,07).

Keywords: Stefan problem, free boundary problem, phase-change process, convective boundary condiction.
2000 AMS Subject Classification: 35R35, 80A22, 35C55

1 INTRODUCTION

In this paper, we consider the unidimensional free boundary problem (one-phase Stefan problem) with
a convective boundary condition at the fixed boundary £ = 0. It consists in determining the temperature
0 = 0(&, 7) and the free boundary £ = s(7) which satisfy the following conditions

(1) pcbr — kbee = 0, 0<¢&<s(r), >0,
(1) kO¢(0,7) = h[0(0,7) — f(7)], T>0,

(7i7) O(s(1), ) =0, >0, )
(iv) kb (s(7),7) = —pl 5 (7), >0,

(v) 0(&,0) = »(&), 0<ELD

(vi) s(0) =b (b > 0)

where b > 0 is the initial position of the free boundary, h > 0 is the thermal transfer coefficient, ¢ (&) >
0, 0 < & < b, is the initial temperature, f = f(7) > 0, 7 > 0 is the temperature of the external fluid and
the compatibility conditions k¢’ (0) = h (¢ (0) — £(0)) and ¢(b) = 0 are assumed. The goal of this paper
is to study the mathematical behavior of the solution § = 60y, ,(§,7), s = sp (£, 7) of problem (1) when
b — 0% (for each h > 0) and when (b, h) — (0%, 07). The Stefan problem was studied in the last decades,
see for example, [1], [3], [6], [9], [10], [11] and a large bibliography on the subject was given in [16].

Existence and uniqueness of solution to problem (1) is given in [7]. In [17] the behavior of the solution
of the free boundary problem (1) with respect to the heat transfer coefficient h in the one-phase case was
studied. A generalization of this result for the two-phase problem was considered in [18]. There, it was
proved that the asymptotic behavior when ¢ — oo of the one-phase free boundary problem with a convective
boundary condition at the fixed face is the same that for the case where the temperature boundary condition,
which is depending on time, is given on z = (. Asymptotic behavior for the one-phase problem with
temperature boundary condition on the fixed face was given by [4, 5]. For the particular case f(7) =
Const > 0, for the multidimensional case, the study of the asymptotic behavior when h — oo is obtained
by using the variational inequality [14, 15] and for the one-dimensional case in [13]. In [18] the monotone
dependence of the solution with respect to the data and with respect to the thermal transfer coefficient is
proved for the two phase Stefan problem. In [12], the classical one-phase Stefan problem is presented in
dimensionless form with a time-varying-heat-power boundary condition. The asymptotic behavior of the
solution for the generalized form of the Biot number Bi — 0 was studied from a physical point of view.
In [2] the mathematical analysis of this asymptotic behavior of the solution with respect to the heat transfer
coefficient was considered and an order of convergence was also obtained.
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The goal of this paper is to analize the asymptotic behavior of the solution of the problem (1) when
b — 0T (for h fixed), and the double asymptotic behavior when (b, h) — (0T,0%).

We will make the following assumptions on the initial and boundary data:

(i) Let ¢ = (&) be a positive and piecewise continuous function, with ¢'(£) < 0.

(i) Let f = f(7) a positive bounded piecewise continuous function, with f'(7) > 0

(iii) Compatibility conditions: f(0) > ¢(&), V€ € (0,b), k¢’ (0) = h (¢ (0) — £(0))and ¢(b) = 0.

If we define the following transformation

U(I,t)Z%G(é,T), T= o b= T )
0

where a = % is the diffusion coefficient and by is a space reference scale, then the free boundary problem
(1) becomes

(1) ug — ugy = 0, 0<z<S(t),t>0,
(“) um(0¢t) = % [U(O,t) - F(t)] , >0,
(7i1) u(S(t),t) =0, t >0,
(iv) wa(S(1), 8) = — § (1), t>0, )
(v) u(x,0) = x(x) >0, 0<z < %
| (vi) S(0) = ¢
where
c, bit h
F(t)=-f(—~ o )>0, H= bgz > ( (the Biot number), “4)
2,
(@) = Sena), S(0) = 1), ©

In Section 2, we enunciate some preliminary results about of the solution to problem (3). In Section 3 we
study the convergence for the solution to problem (3) when b — 01 and we give an order of convergence for
the corresponding temperature and free boundary. In Section 4, we study the convergence for the solution to
problem (3) when (b, h) — (0T, 0%) and we give an order of convergence for the corresponding temperature
and the free boundary.

2 PROPERTIES OF THE SOLUTION TO PROBLEM (3)

Under the condition stated in Introduction we have the following results:

Lemma 1 ([13],[17],[18]) The solution u = upp(x,t), S = Spp(t) to problem (3) has the integral repre-
sentation given by the following expressions

% t
Ubh(fr',t) = /0 N(I‘,t,é,O)X(&)dé +/0 N(.I,t, Sbh(T)’T)%h(T)dT (6)
th/NwtOT)vbh dT+hb0/NactOT F(1)dr,

Spn(t) = bl; /OW;h( T)dr (7

where the functions Vi, = Vi, (t) and vy, = vpp(t), defined as

{ Vin(t) = upn, (Spn(t), 1), t >0,

op (t) = upn (0, 1), t > 0, (8)

are the solutions of the following system of integral equations:

t hbo

Vin (t) = 2/00 "(6) G(Sbh(t)vt7§vo)d§_2/0 T[Ubh(T) — F(7)]Nz(Spn(t),t,0,7)dr
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t
42 /O Vi () Na (Son (£), £, Son (7, 7) b, ©)

b

o ()= [ O NO.LE0)d — [ B2 fun(r) ~ FOIN(.£.0,7)dr (10)

¢
+ / Vor (T)N (0, t, Spr (1), T)dT,
0

for0 < x < Spp(t), 0 <t <T,where G and N are the Green and Neumann functions defined by:

G(z,t,&,7)=K (x,t,&,7) — K (—x,t,§,T) (11)
N (z,t,&,7) = K (2, t,&,7) + K (—2,t,&,7) (12)
with
K (z,t,&,7) = { Nﬁexl) (_E&;ﬂj) t>7 (13)
0 t<T.

For simplicity of notation, in what follows we denote u = u and S = S, when we analize the depen-
dence of the solution to problem (3) with respect to b. We denote v = uy, and S = .Sj, when we analize the
dependence of the solution to problem (3) with respect to h.

Lemma 2 ([13],[17], [18])The solution u = up,(x,t), S = Spn(t) to problem (3) satisfies the following
inequalities:

(@) 0 < upp(z,t) < F(t);

(b) h1 < ha = up, (z,t) < up,(x,t);

(c) h1 < ha = Sp, (t) < Sh,(1);

(d) upn(2,t) = 0, upn, <0, upn, = Upn,, =0

()0 <Spn (t) < H.F(t)

(f) for 0 < = < Spr(t), t > 0 we have the following integral relations:

b % hby [t Spn(t)
Spn(t) = b —i—/ x(z)dz — k/ [upn (0, 7) — F(7)] d7T — / upn(z, t)dz, (14)
0 0 0 0
b2 Spr(t) B t
Sgh(t) =3 2/ x upp(x, t)dr + 2/ x x(x)dx + 2/ upp (0, 7)dT, (15)
0 0 0 0

Spn () 2 t Spn(T) hb t
/ ugh(:c,t)d:c — /bo XQ(x)dx + 2/ / ughm (z,7)dzdr < TO FQ(T)dT. (16)
0 0 0 Jo 0

Lemma 3 If by < by we have Sy, (t) < Sp,(t) and up, (v,t) < up,(x,t), forallt > 0,0 <z < S, (t) .

Proof. If by < by we have Sy, (0) < Sp,(0) . We suppose that the assertion of Lemma 3 is false, that is
there exists £y > 0 such that

Sy, (t) < Spy(t), VO <t <to; Sy (to) = S,(to). 17)

If we define
v(x,t) = up, (z,t) —up,(x,t), 0 << S, (1), 0 <t <ty



34 Briozzo - Tarzia

we have the following properties:

(1) ve —vge =0, 0 <z < S, (1),0<t <ty

(73) v(0,t) = hbo [up, (0,8) — up, (0,8)], 0 <t <t

(”Z) (Sb1( ) ) —Up, (Sbl (t)vt) < Qa 0<t <ty (18)
(1v) vz (S, (t ) t) = Ubya (S, (1), 1) — Spy (¢),0 <t < to

(v) Sy, (0) =

and
v(Sh, (t0),t0) = 0.

If v(0,t) = up, (0,%) — up,(0,¢) > 0,0 < t < tp by the condition (ii77) we deduce that v,(0,t) < 0
which is a contradiction by using the condition (i7), then v(0,¢) < 0,0 < t < tp.
Therefore we have a maximum value v(.Sp, (to),%0) = 0 and then we get v, (S, (f0),t0) > 0. But in other
hand we have v, (Sp, (to), to) < 0 which is a contradiction.
Hence Sy, (t) < Sp,(t) and by maximum principle we have uy, (z,t) < up,(x,t), forallt > 0,0 < z <
Sbl (t) :
O

3 ASYMPTOTIC BEHAVIOR OF THE SOLUTION (uy, 53) WHEN b — 0.

In this section we will study the behavior of the solution u = wupp(x,t), S = Spp(t) to problem
(3) when b — 0. We will prove that the solution to problem (3) converges to the solution of the following
parabolic free boundary problem (19) :

(4) won, — on,, =0, 0 <z < Sen(t), t>0,

(i) uon, (0, 1) = 1 [ n(0,0) = F(t)], t>0,

(i) won (Son (1), £) = >0, (19)
(iv) won, (Son(t),t) = — SOh (t), t>0,

(U) SOh(O) 0

when b — 0. The problem (19) has the following integral representation

o (2, 1) = /0 N (&, £ Son(7), 7)tion. (Son (7). )df—% [ (0.7) = FIN G 1.0, 7)ar. 20)

We will use some integral relations satisfied by the solutions v = upp(x,t), S = Spp(t), and u =
uon(x,t), S = Son(t) to problems (3) and (19) respectively.

Lemma 4 For problem (19), we have the following integral relations:

Son (t) t
Son(t) = —/0 o, £)dz — hkbo/o [06(0,7) — F(r)]dr, 0 <z < So(t), t>0, (21

Son(t) t
Sgh(t) = —2/0 x uop(z, t)dx + 2/0 uon (0, 7)dT, (22)

0 <z < S(t), t>0,

Son (1) t rSon(T) hby [*
/ u%h(x,t)dx + 2/ / u%hw (x,7)dxdr < k‘/ F2(T)d7'; (23)
0 0 JO 0

0 <z <So(t), t>0.

Proof. See [3], [8], [18] . (]
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Lemma 5 We have Sy (t) < Spr(t) and uop(0,t) < upn(0,t), forallt >0, b > 0.

Proof. Following the same way in Lemma 3, we suppose that the assertion of the Lemma 5 is false, that is
there exists ¢1 > 0 such that

Son(t) < Spp(t), VO <t <ty, Son(t1) = Spn(t1). 24)

If we define
w(z,t) = upp(z,t) —uop(z,t), 0 < x < Son(t), 0 <t <ty

we have the following properties:

(1) wp — wye =0, 0 <z < Spp(t),0 <t <ty

(i1) wz(0,) = wpn, (0, ) — ugn, (0,) = 22 [y, (0,) — ugo(0,1)], 0 <t <t

(ZZ’L) ’LU(Sgh< ) ) = ubh(SOh(t) ) >0,0 < t <ty (25)
(iv) wz (Son(t ) t) = upn, (Son(t), t)+ S()h (t),0<t<ty

(v) Son(0) =

and
w(Son(t1),t1) = 0.

If w(0,t) = upn(0,t) — won(0,t) < 0,0 < ¢t < t; we deduce that the minimum is attained on z = 0
and w,(0,¢) > 0 which is a contradiction by using the condition (25)(ii). Then w(0,¢) > 0,0 < t < t;.
Therefore we have a minimum value w(Sp(t1),?1) = 0 and then we get w4 (Son(t1),£1) < 0. In other hand
we have

we(Son(t1), 1) = ph, (Son(t1), t1) — ton, (Son(t1),t1) = — Sen (£1)+ Son (t1) >0

which is a contradiction. O

Lemma 6 We have
upn(,t) > uop(x,t), forall 0 < x < Spp(t), t > 0. (26)

Proof. If we consider
w(x,t) = upn(z,t) —uop(z,t), 0<ax < Seu(t), t >0
then w satisfies the following properties:

(1) wg — Wee = 0,0 <z < Sop(t), t >
(i) wz(0,1) = upn, (0,t) — uon, (0,¢) = thO [ubn(0,t) — uon(0,1)] > 0, ¢ >0
(#48) w(Son(t), 1) = upn(Son(t),t) 2 0, ¢ >0 (27)
(10) wg (Son(t),t) = —uzx(Son(t),t)+ Son (), t >0
(vi) Son(0) = 0.
By the maximum principle we obtain that w(z,¢) > 0 and attains its minimum on the parabolic boundary.

Then we get (26).
O

Lemma 7 We have
lim Sbh(t) = Soh(t) (28)
b—0t

for each t belongs to a compact set in R™, with the following order of convergence given by:

b

0 < Spn(t) — Son(t) < bﬁ +/ x(z)dz, h>0,t>0 (29)
0
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Proof. According to Lemma 2 it follows

b B Son(t) Spn (1)
Sbh(t) — SOh(t) = % +/O X(l‘)d.%' +/0 ’U,Oh(iL',t)dx — /0 ubh(:r,t)dx

boh (!
—07 [y (0,7) — uop (0, 7)] dr
0
b % Spn(t) _ hbo t
= b +/ x(v)dx +/ [uon(z,t) — upp(x,t)] do + k:/ [uon (0, 7) — upn (0, 7)] dT
0 0 0

where gy, is defined as an extension of wugy, by 0 as follows:

w (IE t)_ uOh(‘Tat)7 OSxSSOh(t)a t>0
U0, Son(t) < @ < Sp(t), t > 0.

Since ugp(x,t) — upp(z,t) < 0 and upp(0,t) — upp(0,t) < O the thesis holds. O

Theorem 1 We have

lm wpp(x,t) = up(x,t),
b—07+

for all compact set in the domain 0 < x < Sop(t), t > 0 and the following estimation holds

Son () b b
0< [ funet) — vone.0)] do < 1+ 5l
0 0

Proof. Taking into account Lemma 2 we have
Son(t) b % Sph (1)
/ [upn (7, t) — uon(z,t)] dor = — +/ x(z)dz — / upp(x, t)dx
0 bo Son (1)

D90 L (0,7) — o (0,7)] dr — [Sya(t) — Son(8)].

A
By using, Lemmas 1, 3 and 4, we have

Son(t) b b
o< [ [w@ﬁ—mwwﬂﬂ<b+/ V(@) do
0 0

b b
<o+ Il (30)
0 0

and the thesis holds. |

4  ASYMPTOTIC BEHAVIOR OF THE SOLUTION (uyy, Spr, ) WHEN (b, h) — (07,07).

In this section we will prove the convergence of up, and Sy, when (b, h) — to (0F,07).

Lemma 8 If f (T)dT < oo then we have the following limit:

li Spn(t) =0 31
(b,h)—i%})lﬂoﬂ n(?) G

for each t in a compact set in R™, with the following order of convergence given by:

ossbh(wglf;( + x| hbo/ F(r (32)
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Proof. Taking into account (14) and Lemma 2, we have:

b [ hbo [ Son (1)
0< 8(®) = -+ [ xt@de =52 [Cun0.m) = Foar = [ (o)
0 0

b
b by hby [*
< - +/ x(x)dx + 0/ F(r)dr
bo K/,

If f 7)dT < oo then the thesis holds. O

Theorem 2 If f (1)dT < o0 then we have

li t)=20
(b,h)—)l{(r)l+,0+) Ubh(x, ) )

and the following order of convergence

L 2o
‘bf ky/m

Proof. We consider the integral representation of wy, ;, given by (6). Taking into account Lemma 2 we have:

0<ubh(:p t) HFH\[ t > 0.

b t
0 < upp(z,t) < /bo N(z,t;€,0)x(&)dE + hkbo/ N(z,t;0,7)F(1)dr,0 < x < Spp(t),t >0
0 0

Moreover
N(z,t;£,0) = K (2,t,§,0) + K (—2,t,,0)
1 (z — &) 1 (z + &) 1
= — + — <
2\/Hexp< m SN )= n
and
N(z,t;0,7) = K (2,t,0,7) + K (—x,t,0,7)
1 . < x2 )
= ——¢X —_ .
7'('(]‘;—7') p 4(t—7')
Then
% b
N(z,t;£,0 d¢ <
7 N me o < =y
and
hbo/ 2hbg
N(z,t,0,7)F(r)dr < | F||Vt.
\/>
Therefore ohb
0 < wuppla,t) < X 0 F \[
(z,t) < ; \ﬁ\l |+ f\l vt
and

upn (z,t) — 0, when (b,h) — (07,07).

5 CONCLUSIONS

The asymptotic behavior of the solution to the Stefan problem with a convective boundary condition at
the fixed face when the heat transfer coefficient (proportional to the Biot number) and the initial position of
the free boundary go to zero has been obtained with an order of convergence.
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