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The paper presents an analytic method applied for finding the approximate solution
of Stefan problem reduced to the one-phase solidification problem of a plate with
the a priori unknown, and varying in time, boundary of the region in which the solu-
tion is sought. Proposed method is based on the known formalism of initial exten-
sion of a sought function describing the temperature field into the power series,
some coefficients of which can be determined with the aid of boundary conditions,
and also based on the approximation of a function defining the freezing front loca-
tion with the broken line, parameters of which can be obtained by solving the ap-
propriate differential equations. Results received by applying the proposed proce-
dure are compared with the results obtained using a classical numerical method
for solving the Stefan problem.
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Introduction

The paper presents a new analitical method for finding a solution of the one-phase
Stefan problem. The method is interesting especially from the engineer’s point of view because
of its simplicity and naturalness. It can be used for solving a selected class of problems which
can be expressed by means of a one-phase solidification problem of a plate with the a priori
unknown, varying in time, boundary of a region in which the solution is sought. The method
bases on a known formalism of initial extension of the sought function describing the tempera-
ture field into the power series, coefficients of which can be determined by using the boundary
conditions. The process considered is described as the Stefan problem. Stefan problem is a name
of mathematical description of thermal processes in which the phase transition takes place. Ex-
amples of processes of that kind can be solidification of pure metals, melting of ice, freezing of
water, deep freezing of food articles and others [1, 2]. Solution of the Stefan problem consists in
determination of the temperature distribution in considered region and in finding the freezing
front location under the assumption of knowing the initial and boundary conditions, as well as
the thermo-physical properties of examined environment.

Since determination of the exact solution of Stefan problem is possible only in some
1-D cases [3-5], in most considered cases finding the solution of Stefan problem reduces to ob-
taining its approximation, less or more close to the exact one. Therefore there are developed var-
ious methods of approximate solution of the Stefan problem [6-10]. Except classical methods,
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based for example on the finite difference method, finite element method or boundary element
method, also the iteration methods, not requiring to discretize the examined region, appeared to
be effective, like the Adomian decomposition method or variational iteration method. In papers
[11, 12] the authors have used the Adomian method combined with the appropriate
minimization procedure for determining the approximate solution of one-phase Stefan problem,
whereas the application of variational iteration method in approximate solution of direct and in-
verse Stefan problem is discussed in paper [13]. Slightly different approach to the Stefan prob-
lem is showed in works [14, 15] where the investigated problem is first reduced to the problem
defined in a unit square and next such transformed task is solved with the aid of variational itera-
tion method. The same procedure is used in paper [16] for solution of 1-D moving boundary
problem with periodic boundary conditions. Another examples of application of the variational
iteration method can be found in papers [17, 18] as well as in references included in these works.
Furthermore, Das and Rajeev in paper [19] have introduced an approximate analytic solution of
1-D Stefan problem. Next, in paper [20] there is presented the Stefan problem governed by frac-
tional diffusion equation. Finally, for solving equations of similar kind the heat-balance integral
method can be proposed as well [21-23].

Stefan problem

Mathematical model of the one-phase Stefan problem is expressed by means of the fol-
lowing system of equations:
— heat conduction equation describing the field of varying in time and space temperature 7 in
the formed solid phase

oT (x,t) _ B O*T (x, 1)
ot Ox?
where x denotes the spatial variable, # — the time, x — the half of the plate thickness, r*— the dura-

tion of the process, and ¢(¢) is a function describing varying in time location of the freezing
front, it means

, xelp)x], 1e€(0,27) )

P(1)=x —&(1) 2
where &£(7) denotes a function characterizing varying in time thickness of solidified layer and
c(0)=0 3)
— condition of temperature continuity on the interface
Tlp(),1]1=T", te(0,t7) 4)
— condition of energy balance (Stefan condition) on the interface
L, 2Tle0. 0 delt) [ o e )
Ox dt

where A denotes the thermal conductivity, k describes the latent heat of fusion, and y is the mass
density;
— boundary condition of the first kind on the heat transfer surface

T(x, 1) = w(t), te (0 ) (6)

where w/(t) denotes varying in time temperature of the plate surface.



Grzymkowski, R., et al.: A Certain Analytical Method Used for Solving the Stefan Problem
THERMAL SCIENCE: Year 2013, Vol. 17, No. 3, pp. 635-642 637

Novel analytic method

Method of solving the above formulated problem is based on the appropriate represen-
tation of the function describing the predicted solution in the form of power series. In this case it
is the following series: o [x =% + &)

(6= 4 () =——=— (7)
i=0 '
where 4(¢) denote the unknown functional coefficients depending on time. These coefficients
are determined by using eq. (1) together with conditions (4) and (5).
Relation (7) implies that:

o), plmE T
Tox ;AH—I (1) a ®)
ETED 3, XN
d e N ©
an
o) i[A{(I)M E 04, <r>M} (10)
~ il 1!

Substituting the respectively obtained formulas to eq. (1) we receive:

i[%ﬂ(r)—[" —2OF s gy, (=208 ;"E(’”i}:
i=0 . .

w sy a
- aZAM (;)%
i=0 .

Comparing the terms placed on the both sides of eq. (11) before expressions [x —x +
+E@®]/ i, i=0,1,2, ..., we get:

Al +E (DA, () =ad, , (1) i=0,12,... (12)

From conditions (4), (5), and (2) it results that:
A =T (13)
40 ==L (14)

Having coefficients 4(f) and 4,(f) we can determine the remaining coefficients A(¢), i =
=2, 3, ..., by using formula (12). We have:

Ai+2(t):é[Al((t)"—é’(t)AiH ®], i=0,12,... (15)
From this it follows that:
40 =T P (16)
Y T P LS PN
A5 (1) Mf? () ) ['(0)] (17)

and so on.

Except coefficient 4(7) all the other coefficients A(¢),i=1, 2, 3, ..., depend on the still
unknown function &(¢), its powers and derivatives. One can try to determine function & with the
aid of condition (6):
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i=0 !

However, eq. (18) is so complicated that calculation of function £(¢) in this way is im-
possible. Instead one can determine the approximate solutions by taking, for example, only two
or three first terms of the series placed on the left side of eq. (18).

Taking into account only two first terms we get the equation:

Ay () + 4, (DE(@) =y (1) (19)

Hence, by substituting for 4(¢) and A,(¢) the values defined by relations (13) and (14)
we obtain differential equation:

T* —%sm&m =y (1) (20)

Assumptions taken at the beginning imply that function &(¢) must have only non-nega-
tive values and must satisfy eq. (3). These pieces of information suffice to determine uniquely
function &(7) by solving eq. (20), it means:

£(1) =‘/2 [~y (@)de @)
VK 0

Similarly, by taking only three first terms from the series placed on the left side of eq.
(18) we get the relation

Ay (1) + 4, (t)é(t)+Az(t)@=l//(t) (22)
and next the differential equation:
' 2
r - Eemen - ZELOL ) (23)

Solving differential eq. (23) under condition (3) we finally receive:

E(t) = \/Zaj{\/l +2—KC[T* —y ()] —1} dr 24)

0

Although formulas (21) and (24) define only the approximate thickness of solidified
layer, they can be successively applied in practise. In particular case when y(¢) = 7° = constants,
te(0, t), these formulas take very simple form:

&)= [ -0y 25)
VK
(1) :\/2{ /1 20 —10y —1} (26)
K
respectively.

To facilitate more the obtained formulas we can introduce another simplification con-
sisted in the assumption that function describing the freezing front location can be approximate
by the broken line B
where p(t)=x —&E(1)

E(W)=x; +m;(t=1;), t€(t;,t,,), j=0,1 2.
ty=0, t;,>1;, j=0,1,2,..

j=12 3.

and

and

x, =0, xX;=m; (tj —tj_l)+xj_1,
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Thanks to this the formulas defining functional coefficients 4; become significantly
easier:

Ag()=T", te(t;,t,,), j=0,12,...

i

yKm'. _
A,-(t)=—Ml_fl te(ty, i), j=0,12,...
fori=1, 2, .... On the grounds of these formulas we can construct function 7{(x, ) and by using
the boundary conditions we can obtain function £(7) as well. In the above formulas the unknown
coefficients m;, j =0, 1,2, ..., appear which can be determined (even analytically) by using the
appropriate boundary condition.

Another examples of applying the investigated method and the method in which the
freezing front is approximated with the aid of broken line can be found in [24-27].

Numerical method

Results obtained by using the method introduced in the previous section are compared
with the results received by applying a numerical method intended for solving the Stefan prob-
lem [6, 28].

Let us assume that after k— 1 time steps (in moment of time #~!) the interface is located
innode x; ;. Next we accept that after the k-th time step (that is in moment of time #) of length Az
the interface will be located in node x;. Condition of temperature continuity implies that in mo-
ment 7 the temperature in node x; will be equal to the solidification temperature 7. Thus we get
the heat conduction problem in interval [0, x;] with the known boundary conditions of the first
kind for x = 0 and x = x;, which must be solved. We also know the distribution of temperature in
the preceding step of time. In this way, by applying the boundary element method (or other ap-
propriate method) we can determine the temperature distribution in moment 7 * and, in conse-
quence, the heat flux on the interface. Determined values depend obviously on the length of time
step Az, which is calculated iteratively by using, for this purpose, the Stefan condition ex-
pressed in discrete form }/Kxi v, oT(x,, 1*)

Atk Ox

At the beginning of each calculation stage we assume the initial length of time step
which can be, for example, equal to the final length of time step obtained in the previous calcula-
tion stage. Next we determine the associated distribution of temperature in moment # in region
[0, x;] and on this ground we calculate the heat flux on the interface, it means in point x;. Using
now the Stefan condition we correct the length of time step and we determine again the tempera-
ture distribution in moment #* in region [0, x;]. Procedure of the time step correction is repeated
until the required accuracy will be obtained.

In presented calculations we used the boundary element method and the time step was
determined iteratively exact to 0.001 s. Most often three or four iterations were enough to obtain
the required precision.

Examples

Example 1. Let us assume that the material of solidifying plate of thickness 2x = 0.2 m
is characterized by the following parameters: density y = 7000 kg/m?, thermal conductivity co-
efficient A =25 W/mK, specific heat ¢ = 800 J/kgK, latent heat of fusion x = 247 kJ/kg, solidifi-
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this case will be the thickness of solidified layer
£(¢) described by relation:
£ = (28)

Comparison of reconstruction of the solidi-
fied layer thickness, obtained with the aid of
both methods presented in previous sections, is
displayed in fig. 1. Figure 2 shows the absolute
errors of reconstruction of the exact solution.

Obtained results indicate that both dis-
cussed methods are efficient — in both cases the
absolute errors calculated by using the known
form of analytic function &(¢) describing the
sought thickness of solidified layer are very
small. Reconstruction of temperature distribu-
tion T(x, t) gives similarly satisfying results
which additionally confirms the usefulness of
considered methods.

In next examples the exact form of sought
function & is not known, that is why we are not
able to calculate the precise errors. Therefore
we will only compare the results received by us-
ing both methods. Basing on the conclusion
from the first example, the similar approximate
solutions will be treated as a premise to accept

both methods to be useful for solving problems of considered kind.

Example 2. Now let us suppose that the material of solidifying plate is characterized by the
same values of parameters as in example 1 and that the heat transfer between plate and environ-
ment is described by condition (6) of the first kind with function y of the form:

9
1) =900ex
v 1000

tlni

(29)

Reconstruction of the thickness of solidified layer calculated by applying both dis-
cussed methods is presented in fig. 3. One can observe that obtained approximate solutions
cover which allows us to conclude that both reconstructions are correct.
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Example 3. Finally we assume that values of 010. ¢ Numerical method -

parameters describing the material of solidify-  &[m] |~ Analtical method /

ing plate are again the same as in examples 1 i :

and 2, the heat transfer between plate and envi- 0.06+ :

ronment is characterized by condition (6) of the ooal ]

first kind, but now function v is of the follow-
ing form: 0.027 1
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. . 0.04f 1
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. Figure 4. Reconstruction of the solidified layer
In this paper we have presented two meth-  thickness in example 3

ods used for solving the one-phase Stefan prob-

lem. First method is of the analytic nature and consists in extension of a function describing the
temperature field into the power series, coefficients of which are determined by solving appro-
priate differential equations constructed by using the boundary conditions. Second method is
typically numerical and is based on the boundary element method and special iteration proce-
dure serving for correction of the time step. Three examples presenting results obtained by ap-
plying these two procedures show that both methods are useful and effective. In the first exam-
ple the exact solution of considered problem was known, therefore we could calculate the errors
of reconstruction of the solidified layer thickness. Received errors appeared to be very small. On
this ground we posed a hypothesis that both methods are efficient which we tried to justify by
solving further problems. In two next examples we obtained very similar results which allowed
us to conclude, even though we did not know the exact solution, that both discussed methods can
be successfully used for solving the one-phase Stefan problem.

References

[1] Crank, J., Free and Moving Boundary Problems, Clarendon Press, Oxford, UK, 1996

[2] Gupta, S. C., The Classical Stefan Problem, Basic Concepts, Modelling and Analysis, Elsevier, Amster-
dam, The Netherlands, 2003

[3] Alexiades, V., Solomon, A. D., Mathematical Modeling of Melting and Freezing Processes, Hemisphere
Publ. Corp., Washington, DC. 1993

[4] Rubinstein, L. L., The Stefan Problem, AMS, Providence, R. 1., USA, 1971

[5] Kondrashov, E. N., The Analytical Solution of the One Alloy Solidification Problem, /nt. J. Heat Mass
Transfer, 52 (2009), 1-2, pp. 67-69



642

Grzymkowski, R., et al.: A Certain Analytical Method Used for Solving the Stefan Problem
THERMAL SCIENCE: Year 2013, Vol. 17, No. 3, pp. 635-642

Zerroukat, M., Chatwin, C. R., Computational Moving Boundary Problems, Research Studies Press,
Taunton, UK, 1994

Voller, V. R., Swaminathan, C. R., General Source-Based Method for Solidification Phase Change,
Numer. Heat Transfer B, 19 (1991), 2, pp. 175-189

Caldwell, J., Chan, Ch.-Ch., Numerical Solutions of the Stefan Problem by the Enthalpy Method and the
Heat Balance Integral Method, Numer. Heat Transfer B, 33 (1998), 1, pp. 99-117

Furenes, B., Lie, B., Using Event Location in Finite-Difference Methods for Phase-Change Problems,
Numer. Heat Transfer B, 50 (2006), 2, pp. 143-155

Feulvarch, E., Bergheau, J. M., An Implicit Fixed-Grid Method for the Finite-Element Analysis of Heat
Transfer Involving Phase Changes, Numer. Heat Transfer B, 51 (2007), 6, pp. 585-610

Grzymkowski, R., Slota, D., Stefan Problem Solved by Adomian Decomposition Method, /nt. J. Comput.
Math., 82 (2005), 7, pp. 851-856

Grzymkowski, R., et al., Comparing the Adomian Decomposition Method and Runge-Kutta Method for
the Solutions of the Stefan Problem, Inter. J. Computer Math., 83 (2006), 4, pp. 409-417

Slota, D., Direct and Inverse One-Phase Stefan Problem Solved by Variational Iteration Method, Comput.
Math. Appl., 54 (2007), 7-8, pp. 1139-1146

Slota, D., Zielonka, A., A New Application of He’s Variational Iteration Method for the Solution of the
One-Phase Stefan Problem, Comput. Math. Appl., 58 (2009), 11-12, pp. 2489-2494

Hetmaniok, E., et al., Comparison of the Adomian Decomposition Method and the Variational Iteration
Method in Solving the Moving Boundary Problem, Comput. Math. Appl., 61 (2011), 8, pp. 1931-1934
Rajeev, et al., Solution of One-Dimensional Moving Boundary Problem with Periodic Boundary Condi-
tions by Variational Iteration Method, Thermal Science, 13 (2009), 2, pp. 199-204

Hristov, J., An Exercise with the He’s Variation Iteration Method to a Fractional Bernoulli Equation Aris-
ing in Transient Conduction with Non-Linear Heat Flux at the Boundary, Int. Rev. Chem. Eng., 4 (2012), 5,
pp- 489-497

Hetmaniok, E., et al., Application of the Variational Iteration Method for Determining the Temperature in
the Heterogeneous Castingmould System, /nt. Rev. Chem. Eng., 4 (2012), 5, pp. 511-515

Das, S., Rajeev, An Approximate Analytical Solution of One-Dimensional Phase Change Problems in a
Finite Domain, Appl. Math. Comput., 217 (2011), 13, pp. 6040-6046

Rajeev, Kushwaha, M. S., Homotopy Perturbation Method for a Limit Case Stefan Problem Governed by
Fractional Diffusion Equation, Appl. Math. Modelling, 37 (2013), 5, pp. 3589-3599

Hristov, J., Heat-Balance Integral to Fractional (Half-Time) Heat Diffusion Sub-Model, Thermal Science,
14 (2010), 2, pp. 291-316

Hristov, J., Transient Flow of a Generalized Second Grade Fluid Due to a Constant Surface Shear Stress:
an Approximate Integral-Balance Solution, /nt. Rev. Chem. Eng., 3 (2011), 3, pp. 802-809

Hristov, J., Starting Radial Subdiffusion from a Central Point through a Diverging Medium (a Sphere):
Heat-Balance Integral Method, Thermal Science, 15 (2011), 1, pp. 5-20

Hetmaniok, E., Pleszczynski, M., Analitycal Method of Determining the Freezing Front Location, Scien-
tific Notes of Silesian University of Technology, Series: Applied Mathematics 1 (2011), 1, pp. 121-136
Hetmaniok, E., Pleszczynski, M., Application of the Analytic-Numerical Method in Solving the Problem
with Moving Boundary, Scientific Notes of Silesian University of Technology, Series: Applied Mathemat-
ics, 2 (2012), 1, pp. 57-74

Grzymkowski, R., ef al., Analytic-Numerical Method of Determining the Freezing Front Location, Arch.
Foundry Eng., 11 (2011), 3, pp. 75-80

Grzymkowski, R., et al., Problem of the Moving Boundary in Continuous Casting Solved by the Ana-
lytic-Numerical Method, Arch. Foundry Eng., 13 (2013), 1, pp. 33-38

Mochnacki, B., Suchy, J. S., Numerical Methods in Computations of Foundry Processes, PFTA, Cracow,
Poland, 1995

Paper submitted: August 26, 2012
Paper revised: January 30, 2013
Paper accepted: April 24, 2013



