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Abstract—We study the properties of a finite volume scheme for the two-phase Stefan problem.
The numerical algorithm based on the explicit interface tracking is considered. The mathemat-
ical model takes into account the convective motion in the liquid and heat transfer in both
phases. A fixed melting temperature and internal energy balance condition are given at the
phase boundary. The moving interface position is determined using the front-fixing method.
It is shown that the proposed computational scheme is conservative and inherits the generic
properties of the original differential problem.
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INTRODUCTION

The existing experience shows that to obtain a robust numerical procedure for complex applied
problem it is not enough to focus only on the basic properties of numerical algorithms such as
consistency, stability and convergence. It is also crucial to take into account specific physical
properties of the studied phenomenon. It is known that the discrete counterparts of conservation
laws should be satisfied in reliable numerical model. Conservative numerical schemes are constructed
with finite volume method [1-3]. The use of nonconservative numerical algorithms can significantly
reduce the accuracy of the simulations, in some cases incorrect results are obtained. Tikhonov
and Samarskii constructed an example [1, 4-7|, where a nonconservative difference scheme, having
a second order of approximation to the smooth solutions, diverges in the case of a discontinuous
solution of the differential equation.

Samarskii and Popov introduced the concept of completely conservative difference schemes [3].
For such schemes, the divergence and nondivergence forms of conservation laws and balances for
individual types of energy are satisfied at the discrete level. Moreover, in a reliable discrete model,
various forms of conservation laws can be transformed into each other using relations similar to
those occurring in the differential case.

The completely conservative schemes were originally constructed for the equations of gas dy-
namics and magnetohydrodynamics, and then the corresponding approach was extended to other
classes of problems in mathematical physics. In the paper [8], some specific features of design of
completely conservative schemes for one-dimensional evolution problems with moving boundaries
were considered. The divergence and nondivergence forms of conservative numerical scheme were
constructed on moving and fixed grids for the multicomponent solution crystallisation problem.
Just as in the differential case, the grid equations on moving and fixed grids are transformed into
each other by a change of variables.

The paper [9] considers the Stefan problem in a cylindrical coordinate system in the axisymmetric
case. The mathematical model is based on the Navier-Stokes equations in the stream function
vorticity form, the equations of heat and mass transfer in the solid and liquid phases, and the
conditions of thermodynamic equilibrium on the interface. The front-fixing method [10] is used
to determine the interface position. The problem is solved in a coordinate system obtained by
a change of variables of a special form. In this coordinate system, the interface position is fixed.
The difference scheme is constructed in the new coordinate system on a fixed grid. Divergence
and nondivergence forms of numerical scheme that approximate the respective forms of the original
differential problem are obtained. The kinetic and internal energy conservation laws, as well as
mass balances for the components, are satisfied at the discrete level. It was shown in [11] that in
a difference scheme constructed with the front-fixing method one can perform a discrete analog of
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ON THE PROPERTIES OF CONSERVATIVE FINITE VOLUME SCHEME 919

the coordinate system transformation and obtain an algebraically equivalent computational scheme
on a moving grid consistent with the shape of the interface.

In the present paper, we continue studying the properties of the difference scheme proposed
in [9, 11]. We prove that the discrete operator approximating the dissipative terms in the Navier—
Stokes and heat transfer equations in the computational coordinate system is self-adjoint and neg-
ative definite. We show that the computational scheme obtained using the front-fixing method is
conservative. Boundary conditions for the vortex ensuring the vorticity conservation law at the
discrete level are considered. The results obtained below and in |9, 11] permit one to claim that the
class of schemes constructed inherits the main properties of the original differential phase transition
problem.

1. STATEMENT OF THE PROBLEM

The phase transition problem is considered under the following assumptions. The solid and liquid
phases have the same densities p° = p'd and specific heat capacities ¢ = ch but different thermal

conductivity coefficients k% and k', respectively. The liquid phase is a viscous incompressible
fluid with kinematic viscosity v. The liquid temperature field T'(¢,, z) and velocity field V(¢,r, 2)
are assumed to be axisymmetric. The modeling is carried out in the cylindrical coordinate sys-
tem Orz in the domain Q(r,z) = [0,R] x [0,Z]. The subdomain Q°(¢,r,z) = {(r,z): r € [0, R],
z € [0,¢(¢,7)]} contains the solid phase, and the liquid phase is located in the subdomain Q'4(¢, 7, 2) =
{(r,2):r€[0,R], z € [((t,r), Z]}. Here z = ((t,r) is the moving melt/solid interface.

The motion of the liquid is described by the Navier—Stokes equations in the stream function—
vorticity variables. The velocity vector components V = (V",0,V?*) are written as

e 100
T 82 (1)
e 10y
ror’

where 9 is the stream function. The vorticity w = rot V is defined as follows:

w = (0,w,,0),
wy, =0, V" —0,V?,
where 0, = 0/0r and 0, = 0/0z. For convenience, we use w = —w,/r as the unknown function

in the equations of motion. The convective transport in the liquid is described by the vorticity
transport equation

ow 1 1 10T
W Lere _ Lpra,2 1ot
ot + r (@, ) r (r'w) +6Tgr or’
the equation relating the vorticity and the stream function
1
—w = ~Dr2) (w),
r

and the convective heat transfer equation

or 1 1
= 4 (T — P2 (T,
4 K (T, ) = SDOT)

Here 37 is the thermal expansion coefficient, g is the free fall acceleration, and K("*?) /r is an operator
describing the convective transfer,

’C(T7Z)(f’ d}) =0.H + asza f =w, T, (2)
where the components of the convective flux H(™*) = (H", H*) have the form
H'(f) =rV"f = [0:41F,
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920 GUSEV et al.

Table 1. Dissipative flow parameters

f x o B
w v -1 2
P 1 -1 0
T k/(cop) 1 0

HA(f) =rV7f = —[0:4]f,

D) /1 is an elliptic operator describing dissipative processes in the vorticity transfer and convective
heat transfer equations,

DEA (P f) =W+ 0.V, f=w T, (3)
the flux components W(™#) = (W", W?) are calculated as follows:
W (rP f) = 0, (r’ f),
WH(rP f) = 5r®9.(r" f),

and the values of the parameters s, a, and § are given in Table 1.
The temperature distribution in the solid phase is described by the heat equation

or 1
_ = - (T’Z)
o = DI,

On the interface, the temperature is equal to the melting temperature,
T.=¢(tsr) = Ton,
and the energy conservation law (the Stefan condition) is satisfied,
[(EVT -N)] = Apvn. (4)
Here [q] = ¢ — ¢'1, V = (9,,0.), A is the latent heat of fusion, v, = vyu(e, - N), v = vpn(t,7) =

d(/dt is the phase boundary velocity, N is the unit normal to the interface directed into the liquid
phase, and e, is the unit vector in the direction of the z-axis.

The boundary conditions for temperature have the form

T‘z:O = Tbot(ta T)a
T|z:Z = T‘top(ta 7"),
T’r:R = Twall(tp Z)'

The symmetry conditions for the stream function and temperature on the ampoule axis are
=0, w,=0, 0T=0.

The boundary conditions for the stream function on the crystallization interface and the upper and
lateral boundaries of the liquid phase are

=0, 0,¥=0.
Here 0, is the outward normal derivative on the corresponding boundary.

DIFFERENTIAL EQUATIONS  Vol. 58 No.7 2022
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Fig. 1. Coordinate system transformation.

2. FRONT-FIXING METHOD

To handle the moving-boundary problem, we use the front-fixing method [10]. The physical
domain Q(r, z) is mapped onto a computational domain S(&,n) so that the interface position in the
new coordinate system is fixed and coincides with the coordinate line n = const.

2.1. Coordinate System Transformation

In this paper, we perform the coordinate system transformation such that the domains £° and Q'v
become the rectangles S and S' (Fig. 1), and the boundaries of the domains z = 0, z = ((¢, 1),
and z = Z become the stationary lines n = 0, n = 1, and = 2, respectively. The relationship
between the coordinate systems is given by

=1,
z/lS z € [O,C(t,r)]
Q)i ze [C(t,r),Z],

where I8 = I5(t,€) = ((t,€) and ['Y = [M(¢,&) = Z — ((t,&) are the thicknesses of the zones Q°

and Q'9, respectively. The Jacobian of the transformation (5) is J,, = 9(¢,&,1)/0(t,r,2) = 1/I™,
m =s,lq.

t/\f‘rﬁb-l

()

Let us write the problem in the new coordinate system (Z,£,7n). The partial derivatives of the
unknown functions f =T, w, are transformed as follows:

o5 _of  onof
ot ot  oton’

of _of _omof
or 0  Oron’

of _ onof
dz 9z on
To calculate the derivatives dn/0t, dn/0r, and 9n/dz, we use the inverse coordinate transformation
t =t
r=¢,

S(F _ . (6)
©(t,6m) =21 +1P(n—-1), nel0,1]

Salq(igvn) = Z2 + llq(n - 2)7 n < [17 2]

The Jacobian of this transformation is J;! = 9(t,r, 2)/9(t,&,n) = I™. One can readily show that
the entries of the Jacobian matrix are calculated [12 13] by the formulas

on 1 0z 1 0™

ot Jtot  Im of
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922 GUSEV et al.
on 1 0z 1 Op™

or  J.lag M 9
on 1 or 1

9z JyoE  Im

m

For the time derivative, we obtain

Of _ 110 mpy 0 emn| = L rem

In what follows, for brevity we omit the tilde over ¢ in ¢ and the superscript m on the functions [,
Py it = 0p™ [0, and @i = 9™ [OE.
The formulas for calculating the fluid velocity (1) are transformed as follows:

. Lo
“@oy

AR L. ™
T e o |

Then for the convective terms (2) we have

Len _ Loem
SKD(f,) = GRS, o

KED () = OHE + Oy H.
In the computational domain, the components of the convective flux H&™ = (H¢,H") have the

form
HE = LU f = [0,0)f,
H? = EU" f = —[0:y] f.

Here the variables U¢ and U" are equal to the velocities of transfer of f along the corresponding
coordinate directions and are calculated by the formulas

U = 0,1/ (81),
U = =0/ (&)

It is important to note that the expressions (8) and (9) for the convective terms in the compu-
tational coordinate system (%,&,n) coincide with the corresponding operator in the physical do-
main Q(¢,r, z) up to the Jacobian.

The operator (3) is transformed as follows:

9)

1 1
Lot ey — L e es
(DU ) = D),
DENELS) = 0eWE + 0,7,
where the components of the flux W& = (W W7) in the computational coordinate system have
the form
WE(ERf) = 56 [L¥0:(€7 f) + L0, (€7 )], (10)

WIEPf) = 3£ [L" 0 (€7 ) + L™, (¢ f)].- (11)
The coefficients L, L, L" and L™ are calculated by the formulas

L =1,

DIFFERENTIAL EQUATIONS Vol. 58 No.7 2022
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LEn — "€ — — ¢,
L™= (1+ @}/

Thus, the Navier—-Stokes equations in the computational coordinate system have the form

1 e e _ L pem e 119 _9
g7 + gK D ww) = gD + brog | S ET) ~ SLEe)|. (12)
= ;D@ﬂﬂ (). (13)
For the heat equation, we obtain
1 e 1 e _ Lo
flT (T)+§ZIC (T,v) = 5ZD (T). (14)

It is assumed that the convective terms are identically zero in the solid phase.
The boundary and interface conditions are transformed in a similar way. For the Stefan condi-

tion (4), we have (see [9])
oT oT
n¢ nm =
|:[k: <L o€ +L 877)]] ApUpp,. (15)

Let us define the inner product of square integrable functions f and g in the domain S(§,7) as
follows:

(f,9)s = [ fg&ldS.
/

Here and below dS = d¢ dn.
2.2. Model Properties in the Computational Coordinate System
System (12)—(15) has the following properties.

Vorticity conservation law. Let us write Eq. (13) relating the stream function and the vorticity
in the fixed coordinate system,

—w = [0e(IV*) = 0,(V" + V)] / (€1). (16)
Here we have used the expression (7) for the fluid velocity and the equation l¢ = ¢¢,. Applying the
divergence theorem, from Eq. (16) we obtain the vorticity conservation law
2
—/wgz ds = / [0:(IV7) — 0,(V" + V)] dS = /(zvz)kzo dn. (17)
Sla Sla 1

Kinetic energy conservation law. The convective terms in the vorticity transport equa-
tion (12) do not contribute to the kinetic energy balance [14]; i.e.,

(fcw (,9)

: ,w> = [k ppas o (1)
Sla

Sla

Internal energy conservation law. The heat conservation law is satisfied in the considered
system. Here for the convective terms in the heat equations (14) we have

lC(g”’)(T, ¢) 1> 0
< fl ’ Sla -

KENT ) N\
( él ’T>Slq =0

DIFFERENTIAL EQUATIONS  Vol. 58 No. 7 2022
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DEm)
gl(f)’ f = &w,, T, is self-adjoint

and negative definite in the function space D(S") = {f € C*(S") : flas: = 0}.

Let us show that the operator is self-adjoint. We use the fact that the functions f and g vanish
on the boundary of the domain; integrating twice, we obtain

DEM(f)
< ¢l

Properties of the elliptic operator. The operator

,g) _ / [0 (" LD f + 3£ LED, ) + 0, (3£ LD, | + £° L7, f)] g dS
.
J
- / [0 (26" L%eg + £ L0, g) + 0, (€ L™, + 56" L9eg)| fdS  (20)

S’

_ DEn) (g) )
- (7",

The operator is self-adjoint because L7 = L5,
Let us show the negative definiteness of the operator,

(D(&Tl)(f),f) _ /D@’”)(f)de
%

&l
g (21)
= —/ [%fang(f)gf)Q + 22 L0 fO, f + %gaL""(a,,f)ﬂ ds.
SI
By the Sylvester criterion, the integrand is a positive definite quadratic form, and so the opera-
DEn) (f)
&l

We will construct a numerical method for solving the problem in such a way that discrete
counterparts of properties (17)—(21) are satisfied at the discrete level.

tor is negative definite.

3. DIFFERENCE PROBLEM

3.1. Grid and Grid Functions

In the computational domain S(£,7), we introduce the rectangular grid w}(f’n) = W X W,

ws ={&, i=0,...,M, & =0, & = R},
OJZ:{T]j,jZO,...,N, 770:0)77]’*:1) ’I’]NZQ}

so that the crystallization front is located at the grid points with coordinates (§;,1;+), i =0,...,M;
the grid increments are

h§+1/2 = £i+1 - gia
h;'7+1/2 = Mj+1 — 7j-
We also introduce the flux nodes

$ivr72 = (§ir1 +6)/2,
Ni+1/2 = (M1 +15)/2.

We split the computational domain S(§,7) into the rectangular control volumes

Si(f’n) = [&i—1/2, §ir1y2) X [Mj—1/2,Mj12]

DIFFERENTIAL EQUATIONS Vol. 58 No.7 2022
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Fig. 2. Grid and grid functions.

with boundaries 85&’;’/)2’ i 852.(3@1 /2 85;5’;’/)2’ ;» and 85;?1)1 /o¢ the lengths of the boundaries of the

cell Sl-(f’") are equal to

hf = 0-5(h§+1/2 + h§—1/2)a
h;] = 0-5(h?+1/2 + h;]71/2)7

: ; Em  _ g : (&m)
and its area is dS;" = R;h]. We also consider the cells Si+{7/2j+1/2 centered at the

points (&41/2,Mj11/2) (Fig. 2). The time grid is w, = {ty = 0, typ1 = tp + 7, k = 0,1,...},
where 7 is the time step.

The grid functions i’; = f(te,&,n;), f =T, 9,w, are related to the grid nodes. Let us extend
these functions inside the computational cells, f(t,&,n) = f} for (§,n) € Si(f’"). The lengths of the

phases l;;11/2 are set at the midpoints of the horizontal boundaries of the cells Si(f’"). The length of
the phase at the center of the cell is calculated using the linear interpolation

lij = (Lijray2hyy o + lijoap2hl ) 5)/(20]).
Thus, I;; = [§ in the solid phase, [;; = liq in the liquid phase, and
lij* = (liqh?*+1/2 + l?h?*_l/z)/@h;’*)

on the crystallization front. The physical parameters of the domains 3¢ and the metric coeffi-
cients L%, L& and L™ are defined at the centers of the cells Sl(iln/)z j+1/2 (see Fig. 2).

(&m)
the set (I, x J,), v = h,lq, of grid points indices wff”’) and the set (I, x J,) of interior grid points

The nodes of the grid w}(f’") belonging to the liquid phase are denoted by w,>""". Let us introduce

indices wgm). We define the inner product for grid functions defined at the centers of the cells Si(f’")
as follows:

(fogv= D fugublydSE™, v =hlq (22)

(i) €T X T +)

We also use local grid notation [2] (see Fig. 2). The finite-difference operators are introduced in
the following way. For the spatial derivatives in the direction of the £-axis, we have

foe = (fe = fo)/he,
fP,é = fw,gé

DIFFERENTIAL EQUATIONS Vol. 58 No. 7 2022



926 GUSEV et al.

the finite-difference approximations to the spatial derivatives in the direction of the n-axis are

fem = (fn—fp)/h],

fP,ﬁ = fS,r]v
Jei = (fo — fp)/(0.5h]),
foz=fsq

The finite-difference derivative with respect to time will be denoted by f;, = (fp — fp)/T, where
fo=f(te + 7,8, mp).
3.2. Finite-Difference Scheme

The conservative numerical scheme is constructed using the finite volume method. We integrate

Egs. (12)—(14) over the cell Séf””. At the regular grid points, for the evolution equations (12), (14)
we obtain

/T(g’”)(f)dS—i— / K(ﬁ’”)(f,w)dS— / D(5’")(§ﬂf)d5:0. (23)

Sé&m) SF()E,n) Sé&-,n)

(The approximation to the gravitational body force in the vorticity transport equation is constructed
in a standard way.)

First, we construct approximations to the second and third integrals in Eq. (23). Using the
Gauss divergence theorem, we obtain

KED(f,9)dS ~ K57 (f, )RR = / [HEN + HIN"] by, (24)
SEm 88Em

DEN (P f)dS =~ D™ (8 f)RE T = / [WENE + WIN] dry. (25)
Sés,n) 9S8 (&m)

Here N¢ and N" are the the components of outward normal vector to the boundary of the cell S,(f’").
The process of constructing approximations to the operators (&7 and D& reduces to calcu-

lating the values of the corresponding fluxes at the centers of the cell S,(f’") boundaries. Here one
needs to calculate the values of grid functions as well as their derivatives at the nodes where they are
not defined. The corresponding values can be reinterpolated in various ways; however, preference
should be given to approximations ensuring that the discrete counterparts of properties (17)—(21)
of the differential problem (12)—(15) are satisfied. Later on, when choosing interpolation formulas,
we will rely on this principle.

3.2.1. Approximation to the convective terms. For the convective terms, we have
[HEN® + H'N"| dy = / HE dn — / HE dn + / H" dE — / H" dE.
aS&.m) ase(im) 85\/(\/5177) asé&ﬂ?) BSS(EJI)
It follows that the expression (24) can be represented as
5T (f RSB = (ME = HON + (M) — HI)RE.

The convective flux at the cell boundary centers is approximated in the vorticity transfer equa-
tion (12) as follows:

HE = 0.5t 5 we + ¥ 5w,

Hy = 05[], s eon + 1, ;.

DIFFERENTIAL EQUATIONS Vol. 58 No.7 2022
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The fluxes through the “western” and “southern” boundaries are calculated in a similar way. Thus,
the approximation to the convective terms in the Navier—Stokes equations has the form

K3 (w, ) = (wp’%wpk - (wptgwp)%. (26)

The expression (26) coincides with the relation proposed by Arakawa [14] to approximate the con-
vective terms in the Navier—Stokes equation in the Cartesian coordinate system. The following
assertion was proved in [14].

Assertion 1. The convective terms written in the form (26) do not contribute to the kinetic

energy balance; i.e.,
/C;f’n) (umb) B
——————= ] =0.
él .

The convective flux components at the cell boundary centers are calculated in the heat equa-
tion (14) as follows:

HE(T) = o, T,
H:(T) = wn)sz
and the convective terms are written as
KT w) = (v,5T) (0 1) (27)

The expression (27) was also proposed in [14] for approximating the convective terms in the heat
equation in the Cartesian coordinate system. One more assertion was proved there.

Assertion 2. The convective terms written in the form (27) do not affect the heat balance and
the mean squared temperature over the domain; i.e.,

Ko™ (T, %) )
T2 1) =0,
( gl 1q

]C(&’I)(T’ w) B
< h il ,T>lq—0.

Thus, using the expressions (26) and (27) for approximating the convective terms in the vorticity
and heat transfer equations permits one to construct an computational scheme conserving the total
kinetic energy of the fluid.

3.2.2. Approximation to the elliptic operator. For the operator D" in (25), we obtain
DI (& PR = (WE = WR" + (Wl = W, (28)

Let us approximate the fluxes in the expression (28) on the boundary of the cell Ség’”). To be
definite, consider the “eastern” boundary,

waw = [ wienan= [ 12504 + L0, ] dn (29)
85‘9(5’") ase(fw)

Here L£5¢ = %3 L5, L = 95 L5, LT = €% and L7 = £ L"¢. For the integrals over the
cell boundary in (29), we have

/ L0 (67 f) dn ~ LE (P f)ehn,
65’55’77)

/ L0,(6° ) dy ~ 0.5 [BILE(E o + HILEE Fe].
6Se(§m)

DIFFERENTIAL EQUATIONS Vol. 58 No. 7 2022



928 GUSEV et al.

We use the following interpolation formulas to calculate the metric coefficients and finite-difference
derivatives at the center of the boundary 9S™:

L56 = (A1 LSS + hILEE]/ (2h7),

(fﬁf)em =05 [(gﬂf)Pm + (gﬁf)E,n]a
(& e = 0.5[(6% Flpg + (€7 Fea]

The flux through the “northern” boundary 9S{" is calculated using the formula

Wihs = / WIERf) dE = L77(E7 f)ht +0.5[he L35 (67 Pne + MLy (67 Pne]

asﬂ(sm)
and at the center of the boundary we have

LM = [héﬁrm 4+ hé E"”]/(th),

w nw

(§Bf)n,£ = 0'5[(§ﬁf)P,§ + (fﬁf)N,g],
(€7 g = 0.5[(° Flpe + (€7 FIne)-

The expressions for the fluxes through the “western” and “southern” boundaries can be calculated
in a similar way.
Consider the grid function space

Dh (577 {flja /Lj (T’YXj’Y>:fij:0’ (IL?])E(T’Y j )\(I xJ )}
We will prove the following assertions.

Assertion 3. For grid functions in the space Dy, (w!&™), the discrete operator Df’")(fij)/(éilij)
is negative definite with respect to the grid inner product (22),

<D(£;(f ), f) v =h,lq. (31)

Proof. We write the left-hand side of inequality (31) in the form

D(im)(f)
<h£l7f> = Z (Wir]/? i— J/Q)fw J
T e xJy) (32)

+ Z (WZH/Q B W?j—l/z)fijhf-

(i.4) €Iy x T5)

Consider the first sum on the right-hand side in (32). Let us transform the terms containing
the coefficient £%¢ in it. Let us represent these terms as the half-sum of backward and forward
finite-difference derivatives in the direction of &,

Z [£££J/2f£ i— j/sz]fiih?
(i,4) €Iy x J5)
1 (33)

= 5 Z [hf 1/2( fij/zfﬁ)é + hf+1/2(£f£j/2f€)£}fijh}]'

(i) €Iy x J5)

DIFFERENTIAL EQUATIONS  Vol. 58 No.7 2022
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On the right-hand side in Eq. (33), we use the summation by parts formula [15, p. 46] over the
index ¢. Taking into account the conditions on the boundary of the domain, we have

1
9 Z Z [hf—l/z(ﬁﬁj/2f§)£— + h§+1/2(£ffj/2fé)£]fijh?
jed, iel, (34)

=75 Z Z 1+1/2 z+j/2(f§)2 + hf—l/Z‘Cffj/Q(fg)Q] h;’

jEJW i€l

Let us write the terms containing mixed derivatives in the form

1
S1= Z Z hf—1/2h;‘7+1/2(Efij/2+1/2fn)€fij

(4,9)€(IyxJy)

1
+ 1 Z h§+1/2h?+1/2(Efij/2+1/2fn)§fijm
7)€ (Iy X Jy
(i,5) €Iy X Jy) (35)

1
+ 4 Z h§—1/2h2—1/2(Efijm—l/zfﬁ)éfij

(1,5) €Iy X Jy)

1
+ 1 Z hz§+1/2h;‘]—1/2(‘szj/Q—l/Qfﬁ)ffij’

(i,5) €Iy X Jy)

Let us apply the summation by parts formula over the index i to the first term in (35),

1 1
} :} : 3 3 e } :} : 3 §
Z hi71/2h;'7+1/2(‘CiZj/2+1/2fn)Efij - _Z hi+1/2h;?+1/2£i1j/2+1/2f§f77'

jEJ, i€, j€Jy i€l
We transform the second, third, and fourth terms in (35) in a similar way to obtain

1
_ § : 3 3 _
S = _1 [hz+l/2 g+1/2£z+g/2+1/2f£f77 + hi—1/2h?+1/2££j/2+1/2f§fn]
1,5)E(Iy x J,
(1,5) €Iy X Jy) (36)

1
- Z Z [hf 1/2 j— 1/2£ n]/z 1/2f§f77+hz+1/2h;] 1/2£izj/271/2f§f77]'

(4,5)€(Iy X Jv)

Consider the second sum on the right-hand side in the expression (32). For the terms containing
the coefficient L7, we have

Z [E?Jn+1/2fn £7m 1/2fn]fw i

(@,7) €Iy X Jy)

1
D) Z I RN G ey R LN ¢ RS,

(6:3)€(Iy X J~)

We write the terms containing the mixed derivatives in the form

_ 13 13 3 ng
Sy =— Z [hi+1/2h?+1/2£?+j/2+1/2f§fn + hi+1/2h;] 1/2£i+j/2—1/2f’5fﬁ]

(@:9) €Iy X Jy) (38)

13 § _ 13 ng _
[hi—1/2h;‘]+1/2£?—j/2+1/2f£f77 + hi—1/2h;7 1/2£i—j/2—1/2f5f77]'
(1,4) €Iy X Jy)

N I SN

Since £8" = L7 it follows that the expression (38) coincides with (36); i.e., S = Ss.
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Replacing the fluxes on the right-hand side in (32) by their representations (34) and (36)—(38),
we obtain

D (f) 4\ _
< a )f

Z h§+1/2h?+1/2 [Efij/2+1/2(f£)2 + 2£§1j/2+1/2f§f77 + E?ij/2+1/2(f77)2]

(i,5)e(Iy % Jy)

Z h§—1/2h?+1/2 [ﬁffj/2+1/2(fé)2 + 2£?Ej/2+1/2f5fn + E?fj/Q-i-l/Q(fn)Q]

(.3) €Iy x Jy)

N N e N

3 139 2 3 2
hi+1/2h;7—1/2 [‘Ci+j/2—1/2(f5) + 2£ij—j/2—1/2f§fﬁ + ’C?-Zj/2+1/2(f77) ]
(6,5) €Iy X Jy)

¢ 33 _ 3 _
hi—1/2hg—1/2 [‘Ci—j/Q—l/Q(ff)Q + QEiZj/z—l/szfﬁ + ‘C:’jj/Z—l/Z(fﬁ)Z]'
(6,5) €Iy x Jy)

By the Sylvester criterion, the quadratic forms in the summands are positive definite,

L =1 >0, LELW— (L) =1>0, p=i+1/2, q=j+1/%

Pa""pq

hence

l ,f> <0, v=hlq.
Y

The proof of the assertion is complete.

Assertion 4. For grid functions in the space D), (w{&™), the discrete operator D}(f’")(fij)/(filij)
is self-adjoint with respect to the grid inner product (22),

D(E-ﬂ?) D(fﬂ?)
< hél(f)’g)ﬂy: <f7 hgl(g)>7’ ’Y:h,lq (39)

Proof. Let us write the left-hand side of (39) as follows:

D(E’n)(f) 777 .
<h§l’g>w = Z Df )(fij)gz'jhfhj

(i,5)E(Iy X Joy) (40)
_ 13 13 £
- Z (Wi+j/2 o Wifj/2)gijh? + Z (Wz‘nj+1/2 - Wz??jfl/Q)gijhi'

(i,7) €Iy X Jy) (4,5) €Iy x Joy)

Consider the first sum on the right-hand side in (40) and transform the terms containing the
coefficient £5¢. To this end, we use the summation by parts formula over the index i twice to obtain

3 133 _ _ 3 133
E , hi—1/2(£i+j/2f5)§gijh;’ == E , hi+1/2£i+j/2ffg§h;’
(1,5) €Iy X Jy) (i,9)E(Iy X Jy)
_ 3 133 _
= E : hi—l/Q(‘Ci-&-j/Qg&)&fijh;‘]'

(4,5) €Iy X Jy)

(41)

Successively applying the summation by parts formula over the indices ¢ and j, we write the terms
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containing mixed derivatives in the form

1 1
} : 13 3 _ E : 13 3
Z hi71/2h?+1/2(ﬁiZj/2+1/2f77)§gij + Z hi+1/2h;‘]+1/2(ﬁijj/2+1/2fn)£gij

(6,5) €Iy X J) (i,5)€(Iy % Jy)
1 1
3 § _ £ 3
+ Z Z hifl/Qh;‘ll/Q(Eiij/271/2fﬁ)§gij + Z Z h’i+1/2h;’171/2(Eiij/2fl/2fﬁ)ﬁgij
(4,5)E(Iy X Jy) (i,5) €1y X Jy) (12)
_ 1 h£ K E@I 1 h§ h EEU _
- Z Z i+1/2 j71/2( i+j/2+1/2g£)ﬁfij + 1 Z i—1/2 j71/2( i—j/2+1/2gﬁ)ﬁfij
(6,5) €Iy xJy) (6,5) €Iy X Jy)
1 1
3 § 3 3 _
- 4 Z hi+1/2h;‘]+1/2wz‘ﬁj/?—l/zgé)nfij + 4 Z hi—1/2h2‘7+1/2(Eiij/z—l/zgi)ﬁfij'
(6,5) €Iy X Jy) (1,5) €1y X Jy)

Here we have used the fact that
1
3 3 _
1 Z hi—1/2h2’7+1/2(ﬁij—j/2+1/2f77)§gij
(4,9) €Iy X Jy)

1
= € n &n
N _Z Z hi+1/2hj+1/2£i+j/2+1/2fngg
(3,9)E(Iy X Jy)

_ 3 13 .
=7 Z hi+1/2h?—1/2(ﬁiZj/2+l/2g£)ﬁfij7

(63) €Iy x Jy)
the remaining terms on the left-hand side in (42) can be transformed in a similar way.

Consider the second sum on the right-hand side in (40). For the terms containing the coeffi-
cient £, we obtain

Z h?71/2(5211/2fn)ﬁ9ijh§ = Z h?*l/Q(ﬁ?jn+l/2-g7])ﬁfijh§' (43)

(i,5)€(Iy X Jy) (4,5) €1y X J)

By analogy with (42), we write

1 1
E : § 3 E : 1 $
Z h’i+1/2h;‘7—1/2 <£?+j/2+1/2ff)ﬁgij + Z hi+1/2h?+1/2(£?+j/271/2f§)ngij

(1,5)€(Ty X Jy) (4,5)€(Iy X Jy)
1 1
1 § _ 3 § _
+ Z Z hi71/2h271/2(‘C?fj/2+1/2f6)ﬁgij + Z Z hi71/2h;‘7+1/2(El‘lj/271/2f5)7igij
(1,5) €Iy X Jy) (1,5) €1y X Jy) (44)
_ 1 hE W £7I§ _ 1 h§ Wl E??E _
- 1 Z i—1/2 j+1/2( Z'+J’/2+1/2g’7)5fij + Z Z i—1/2 j71/2( i+j/271/2gﬁ)£fij
(i,5)€(Iy X Jy) (4,5)€(I4 X Jy)
1 1
13 $ 3 §
+ Z Z hi+1/2h;‘l+1/2(E?fj/2+1/2gn)£fij + Z Z hi+1/2h;‘771/2(Elj/zq/ggﬁ)gfij-
(i,5)€(Iy X Jy) (4,§)€(I4 X Jo)

Let us substitute the right-hand sides of the expressions (41)—(44) into the right-hand side of
Eq. (40). Since L7 = L we have

D(ﬁﬂl) (f) D(Evn) (g)
(" ’g>7:<f’ K ) o

The proof of the assertion is complete.
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There are other ways to reinterpolate the desired functions into stream points. The correspond-
ing difference expressions can have the same order of approximation as the operators (26)-(28).
However, the numerical models constructed on their basis will not have properties similar to those

of the original differential problem. The following approximation to the operator D" was proposed
in [16]:

BEM (P PRSI = OVE — WEIRT + (W) — WIS,
WE = LEE e + LE(E ne — (€7F)se] /17,
Wi = LINE )y + LI[(E° Flae — (€7 )] /1.
One can readily show that the discrete operator D™ (f;;)/(&li;) is not self-adjoint with respect
to the grid inner product (22). Moreover, the expressions used in the paper [16] for approximating

the convective terms do not ensure the validity of the difference counterparts of the kinetic energy,
mass, and heat conservation laws.

3.2.3. Approximation to the time derivative. For the operator 7™ (f), we obtain

/ TED(f)de dny = T (FIRERT = 0y(Ip fo)ep BT — [(00f)n — (01f)s] ERHE. (45)

(€m)
s

Here (¢if)n = @nifo and (¢if)s = @sifs. The values of the function f at the centers of the
horizontal faces of the cell are calculated by the formulas f, = (fp + fn)/2 and fo = (fp + f5)/2.
Let us integrate (45) over the interval [y, ;1] and divide the resulting expression by the step 7

and the cell area dS,g5 n)7

;P ED(f) = (tp fo)e — [P — (0] /1. (46)

The approximation (46) contains the nonlinear term Ip fp; for convenience, we write this approxi-
mation in nondivergence form,

;PT;F;")(f) = (o fo), — [(@eP)aht + (o P)ah] /(2.

We use the discrete counterpart of Leibniz product rule [15, p. 51],
(Ipfo)e = lpofo + Ipfor = [Inehi + lsch?] /(207 fo + [Iah7 + 1sh2]/ (257) fo 1.

[(@e)ahl + (0 )ih2] /(207 = [(@une + Confa) bl + (piifo + @isfa)hI] /(207).

Since ln; = @y; and lsy = @7, the nondivergence form of time derivative is

;’r;,i"><f> — lofor — [pnlah? + o fah?)/(217). (47)

3.2.4. Approximation to the equation relating the values of the stream function and
vorticity. The approximation to Eq. (13) at the interior points of the domain has the form

—wplpp dSE™ = Dy (1) dSE™. (48)

The boundary conditions for the vorticity are constructed as follows: Eq. (13) is integrated over
the boundary cells taking into account the no-slip conditions. To be definite, consider a cell on the
vertical boundary of the domain. We obtain

h§
5
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Due to the no-slip condition at the boundary of the liquid phase, we have ¥ = 0, Wg(w) =0, and
Ype = Yne = Yse = 0, and hence

S U TR B
—wprp Jla 2w B = Tww —abnw + 5 —Xahsw. (49)

In the Cartesian coordinate system, £5¢ = 1, £&7 = £7 = (), and condition (49) is transformed into
the well-known Thom’s condition [17]. The equations for the vorticity on the other parts of the
liquid phase boundary can be approximated in a similar way.

Assertion 5. Let the grid function w;; satisfy Eq. (48). Then the discrete counterpart of the
vorticity conservation law is satisfied in the form

— Y wily&GdST =D (V)R]

(i,5)€ (qu leq) jejlq

Proof. It follows from Eq. (48) that

- Z wzjlljgl dSz(fn) = Z [(WH-]/Q Wg _7/2)h + (Wz]+1/2 sz 1/2)h5}
(1,9)E(T1g X J1q) (3,7)€(iq x J1q)
— ) [woilog€ dSE™ + wivjln€n dST) (50)
j€Nq

- Z wz] lO] +O€l S(g ) +szlz]\/[§z S(g 77)}

1611q

The sum of fluxes through the faces of the interior grid cells can be reduced to the following sum
over the boundary control volumes:

ST OV e = W )+ Vs — WIS

(4,3)€(Nq X J1q)

(51)
= Z N —j/2 3/2 h + Z zM 1/2 — z] +1/2]7:L5
j€J1q 1€lq
Substituting (50) into (51), we obtain
(6,5)€(Tiax J1q)
= = [woilog€ dSE™ + WS LRI = [wwjlén dSN — Wi o1 (52)
j€q J€dq
=Y [wijelipero& S + Wi pBS) = lwindline&s dSSY = Wiy bS]
i€lq i€1q

The vorticity on the axis is wp; = 0, and owing to the boundary conditions (49), the second,
third, and fourth sums on the right-hand side in (52) are zero as well. Then

- X wnlsbdSET = 0 Wi R

(4,5)€(Tig X ) j€T1q
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Fig. 3. Cell on the crystallization interface.

Comparing the expression (7) for the velocity VV* and the relation (10) for the flux W¢, we obtain
VZl = —W*4(¢) and hence

_ Z OJ”lZ]§Z dsl(fm) = Z (Vzl)1/2]h;7

(1,5)E(T1g X J1q) j€Tq

The proof of the assertion is complete.

In Egs. (12) and (13), we replace the differential operators by their finite-difference approxima-
tions (26)—(28) and (47). Thus, the implicit finite-difference scheme for the Navier—Stokes equations
has the form

7-(5 n)( ) S(E n) + IC(E n)( w) dS,(f’n) _ Dgfm) (@) dSI(f’") _ ]__Isgm) (T) dSI(f’"),
_ wlpfp dsl()fﬁl) _ Dgfﬂl) (12)\) dsé{,n)‘

The stream function and vorticity in the boundary conditions (49) are also referred to the upper
time level.

3.2.5. Approximation to the Stefan condition. To approximate the Stefan condition (15),

S,(f’") containing the interface. We divide the

we integrate the heat equation (14) over the cell
integration domain into two subdomains, S,SMH located in the liquid and S,(f’")f lying in the solid
phase (Fig. 3). The approximation of 7™ (T) on the interface is given by (45), where I,, ¢,
and [, ¢, ¢ refer to the liquid and solid phases, respectively. Integrating the convective terms over

the domain S, we obtain

/cﬁfv")(f,w)h&% = [HY(T) — HE(T)] % + [HA(T) = HA(T)] .

To calculate HS(T') and HE(T) we use the expressions HS,(T) = ., Tw and HE(T) = v, Te with
the component HJ(T) = 0 because Q,Z)Pg = 0. After integrating the dissipative terms over the

domains S&" and Sés’”)_ , we have
h77
DIV IR~ [ D)0 = V- W - W, (53)
S(E m+
1 n
DS (T)hE % ~ / DED(TYdQ = WS — va_]%s + Wi - WIRS. (54)
Sé&ﬂl)*

Here the variables with indices P, e*, and w™ belong to S,gg’"H, and those with indices P~, e™,
and w™ lie in Ség’")f. Summing (53) and (54), we obtain the approximation

D (T)RERT = VS — WEIRT + DV = WIS + Wi = WELRE.
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It follows from the Stefan condition (15) that
Wg— - Wg+ = )‘pgpvph'

Thus, the approximation to the dissipative terms (28) is supplemented on the interface by a term
describing the heat release/absorption.

At the interior points of the grid, the implicit difference scheme for the heat equations has the
form

7;(757:77) (T) dslgﬁm) + K:gfﬂl) ({b\a j:v) dSF(’fm) _ D§f7n) (f) dSF(,Sm)-

Since the approximations to the conditions on the interface and the boundaries of the domains
are consistent with the approximations to the corresponding equations at the interior grid nodes,
it follows that the internal energy conservation law is satisfied at the difference level. It follows
from the discrete counterpart of the conservation law for the square of the unknown variable that
the temperature throughout the entire calculation is bounded at any grid point. This excludes the
possibility of nonlinear computational instability [14, 18] in the calculation.

CONCLUSIONS

The conservative finite volume scheme for the two-phase Stefan problem in cylindrical coordinate
system is constructed. The discrete counterparts of conservation laws for vorticity and kinetic and
internal energy are satisfied in the numerical model. It is shown that the discrete operator that
approximates the dissipative terms in the Navier—Stokes and heat transfer equations is self-adjoint
and negative definite. Applying coordinate system transformation to the considered numerical
scheme, one obtains a conservative finite-difference model for the Stefan problem on moving grid
(see [11]). Thus, the proposed numerical model inherits generic properties of the original differential
problem both in the computational and in the physical coordinate system. It is important to note
that considered numerical algorithm can naturally be generalized to simulate the multicomponent
solution crystallisation process.
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