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Abstract-An enthalpy transforming scheme is proposed to convert the energy equation into a non-linear 
equation with the enthalpy, E, being the single dependent variable. The existing control-volume finite- 
difference approach is modified so it can be applied to the numerical performance of Stefan problems. The 
model is tested by applying it to a three-dimensional freezing problem. The numerical results are in 
agreement with those existing in the literature. The model and its algorithm are further applied to a three- 
dimensional moving heat source problem showing that the methodology is capable of handling complicated 

phase-change problems with fixed grids. 

INTRODUCTION 

HEAT FWW and diffusion with melting and solidi- 
fication are of great importance in many industrial 
applications. Examples are casting, welding, thermal 
energy storage units, heat pipe start-up from the 
frozen state, etc. The last two operations were the 
major motivation for the present study. Phase-change 
processes may produce solid and liquid phase regions 
which have extremely complex appearances. Also, it is 
not possible to predict a priori what the phase-change 
front evolving in time will look like. Therefore, exact 
analytical solutions for these types of non-linear prob- 
lems are available only for some simplified and ideal- 
ized systems. Numerical methods appear to be the 
only practical method for handling the general melting 
and freezing problems providing that one can suc- 
cessfully trace the moving interface. 

The numerical methods used to solve phase-change 
problems may be divided into two main groups. The 
first group is called strong numerical solutions. The 
focus here is on applying finite-difference and finite- 
element techniques to the strong formulation of the 
process, locating fronts and finding temperature dis- 
tributions at each time step or employing a trans- 
formed coordinate system to immobilize the moving 
interfaces [l, 21. These methods are applicable to those 
processes involving one or two phases in one space 
dimension which, with the use of complicated 
schemes, are being applied to two-dimensional cases 
as well. 

The second group is called weak numerical sol- 
utions [3-81. These methods allow us to avoid paying 
explicit attention to the nature of the phase-change 
front. They appear to have great flexibility and are 
easily extended to multi-dimensional problems. In this 
group, the most important and widely used method is 
the enthalpy method. The advantages of the enthalpy 
reformulation are that the problem to be solved is 
formulated in a fixed region, and no modification of 
the numerical scheme is necessary in order to satisfy 
the conditions at the moving phase-change interface. 
Furthermore, this method is especially s&table both 
for the problems where the phase change occurs at a 
single temperature and for the problems where the 
phase change occurs over a temperature range. 

Most of the previous enthalpy models usually 
treated the entbalpy as a dependent variable in addition 
to the temperature, and discretized the energy equa- 
tion into a set of equations which contain both E and 
T. For the implicit schemes, they actually treated all 
of the terms containing T = T(E) as a constant heat 
source term in the energy equation during iterations 
at each time step. This may cause some problems 
for convergence when T = T(E) is complicated and 
physical properties change significantly as is the case 
of frozen heat pipe start-up, or when the boundary 
conditions are severe. Furthermore, when the energy 
equation contains a convective term, the previous 
methods have difficulties in handling the relationship 
between the convective and diffusive terms because of 
the two dependent variable nature of the equation, 
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NOMENCLATURE 

coefficient 
source term in the discretization 
equation 
specific heat [J kg- ’ K ‘1 
diagonal distance [m] 
enthalpy [J kg- ‘1 
flow rate through a control-volume 
face [kg s- ‘1 
latent heat [J kg- ‘1 
thermal conductivity [W m- ’ K- ‘1 
reference length [m] 
interface position along the diagonal 

[ml 
heat source power [W] 
heat flux [w m- 2] 
heat flux [W m- ‘] 
heat source radius [m] 
radius of the numerical domain [m] 
radial coordinate 
Stefan number, C,( T,,, - T,)/H or 

CST, - T,)IH 
coefficient in equation (7) 
dimensionless interface position along 
the diagonal, l/D 

initial temperature [K] 
temperature [K] 
melting or freezing temperature [K] 
wall temperature [K] 
‘Kirchhoff’ temperature [W mm ‘1 
temperature defined in Fig. 2 [K] 
temperature defined in Fig. 2 [K] 
temperature range, T2 - T, [K] 
time [s] 
heat source velocity [m s- ‘1 
velocities [m s- ‘1 
coordinate directions 
x-direction width of the control 
volume 
x-direction distance between two 
adjacent grid points 

AY. 6.r similar to Ax, 6.x 
AZ, 6: similar to Ax, 6x 

Greek symbols 
c( thermal diffusivity [m’ s- ‘1 
l- coefficient in equation (7) 
6 thickness [ml 

‘1 dummy variable in equations (4) 
and (14) 

0 coordinate direction 

06 dimensionless temperature, 

(T- T,,,)/(T,,,-- r,) 
@cl dimensionless temperature, 

( T, - T,)/( T, - T,) 
P density *g m ‘] 
z dimensionless time, ta/L’ 

4 dummy variable. 

Subscripts 
B 
b 
E 
e 
i 
I 

: 

1: 
S 
S 

T 
t 
W 
W 

‘bottom’ neighbor of grid P 
control-volume face between P and B 
‘east’ neighbor of grid P 
control-volume face between P and E 
initial condition 
liquid phase 
mushy phase 
‘north’ neighbor of grid P 
control-volume face between P and N 
grid point 
‘south’ neighbor of grid P 
control-volume face between P and S 
or solid phase 
‘top’ neighbor of grid P 
control-volume face between P and T 
‘west’ neighbor of grid P 
control-volume face between P and 
W. 

Some attempts have been made to overcome these the incorporation of the continuity equation in the 
difficulties [9, lo]. Cartesian coordinate system is [ 11,121 

In this paper, a simple strategy is proposed to trans- 
form the energy equation into a non-linear equation a(PE) 
with a single dependent variable E. Thus, solving a 

at + & (puE) + $ (pnE) + i”z @WE) 

phase-change problem is equivalent to solving a non- 
linear enthalpy equation, and existing algorithms are 
readily applicable with some modifications. 

=“;(kg)+$(kg)+;(k;) (1) 

with the state equation 

-..-“*I _V T~~.,C6Zr\~..IIT,~l., nc ._ ClulrlWLl-l InYIY3r”n,“lrrI~“,” vr 
THE ENERGY EQUATION ‘CT = C(T). (2) 

The energy equation governing three-dimensional 
laminar flow with no viscous dissipation and with In the case of constant specific heats for each phase, 
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and that the phase change occurs at a single tem- 
perature, we have 

1 T,,, + (E- H)/c,, E 2 H (liquid phase) with 

(3) 

where T,,, is the melting or freezing temperature. In 
the above relation, we have selected E = 0 to cor- 
respond to phase-change materials in their solid state 
at temperature T,,,. 

The ‘Kirchhoff’ temperature [13] is introduced as 
follows : 

MT- Tm), T < Tm 
0, T = T,,, (4) 

k,(T- T,,,), T > T,,,. 

J’(rE) a’(rE) 
=axz+z+ 

a’(rE) 

ay 
-p-+p (10) 

.=g+g+g, r=T(E), S=S(E). 

The energy equation has been transformed into a non- 
linear equation with a single dependent variable E. 
The non-linearity of the phase-change problem is evi- 
dent in the above equation. 

In the liquid region away from the moving front as 
indicated in the numerical domain of Fig. 1, equation 
(10) reduces to the normal linear energy equation 

Transforming equation (3) with the definition given 
in equation (4) results in = & (k,;)+ ;(k,$+; (k,;). (11) 

kWs> EGO 

T* = 0, O<E<H (5) 
Also, in the solid region equation (10) reduces to 

[k,(E-H)/C,, E 2 H 

and equation (1) becomes 

a(PE) a 
dr + ;i;;(@)+ &@f ;(pwE) 

a2T* a=T* a=T* 
=p+ay’+ az2. - (6) 

Now, let us introduce an enthalpy function as follows : 

T* = r(E)E+S(E). (7) 

For the phase change occurring at a single tempera- 
ture, we have 

f-1, ,r c/n 
Li_” 

O<E<H (8) 
E3H 

In the moving front region (the region between the 
two dashed lines as indicated in Fig. l), equation (10) 
is nonlinear. This agrees with the well-known fact that 
the nonlinearity of phase-change problems is due to 
the existence of a moving interface [14]. 

The method proposed is not restricted to the forms 
for r(E) and S(E) given by equations (8) and (9). 
With different conditions and assumptions, they have 
different expressions. For example, if phase changes 
occur over a temperature range (such as allows), as 
shown in Fig. 2, with constant specific heats for each 
phase, we have 

0, EGO 

S(E) = 0, O<E<H (9) 

-Hk,/C,, E > H. 

Upon substituting equation (7) into equation (6) and 
noticing that, for example 

MOVING FRONT 

we have FIG. 1. Different regions in a numerical domain. 
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EiG 
T-T, = ATE/(H+C,,AT), 

E/G- [H+ (G - G)ATW,, CONTRIlL VOLUME 
A " 

&$@& 

EGO (solid phase) 

0 < E < H+C,AT (mushyphase) (13) 
w ‘P%/’ -E”_ 

E > H+C,,,AT (liquid phase). 
i----~--- 

FIG. 3. Grid-point cluster for the one-dimensional problem. 

Here, we have selected E = 0 to correspond to phase- 
change materials in their solid state at temperature 
T,. Then T, = (T, + T,)/2 is defined as the melting NUMERICAL SCHEME 
temperature, AT = T2-- T, the melting temperature 
range, and C, the specific heat for the mushy phase. 

Phase change without convective terms 

The ‘Kirchholf’ temperature is introduced as 
To demonstrate the methodology, let us consider a 

phase-change problem in one space dimension. In this 
case, equation (10) reduces to 

k,(T- T,), T < T, 
T* = k,(T-T,), T, < T< T, PE=‘(rE)+S’S (17) 

k,(T-T,). T> Tz 
at ax* 3.x’ 

(14) with I = I(E) and S = S(E). The discretization of 

where k, is the thermal conductivity for the mushy 
the above equation employs the control-volume finite- 

phase. The transformation procedure is the same as 
difference approach described by Patankar [ 121. In 

that of phase change at a single temperature, and the 
this methodology, the discretization equations are 

resulting equation is still equation (10) with different 
obtained by applying conservation laws over finite 

expressions for T(E) and S(E) 
size control volumes surrounding the grid nodes, and 
integrating the equation over the control volumes, i.e. 

k,lG EGO 

T(E) = k,AT/(H+C,AT), 0 < E < H+C,,,AT (18) 

k,lG E > H+C,,,AT 

{LIP g dY= s;cs(“‘i’:-” + $Jdv. 

(15) Using a fully implicit scheme and referring to Fig. 3, 
we have 

S(E) = 

0, EGO 
rfW;y=pA:~EP;tE~ (:gj 

JJJ x 
__- 

0, 0 < E < H-b&AT 

-k,[H+(C,,,-C,)ATj/C,, E> H+C,,,AT. 

sss 
&(IE)dI’ 

(16) 
A” 

In the above relations for the mushy region, a linear 
change was assumed. In real systems, they may take 
more complicated forms. However, this is outside the 
scope of this paper. 

reE, - r’,E, I-,E, - r,E, 

(6x), (6x), 
(20) 

Thus 

apEp = aEE, + a,& + b (22) 

with Ei denoting the old value of E at grid point P 

h=pAxE,O+S~-S, SP--SW __. - __- 
At (We (Ww 

FIG. 2. Relation between T and E with phase-change tem- 
perature range. and 
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l-P rP PAX 
ap=(6x).+(Sx),+17 

Phase change with a convective term 
In this case, a one space dimensional problem will 

also be considered as a demonstrative example. The 
governing equation is 

(23) 

Since the total flux in the above equation 

J = puE- ; (TE) 

is different from the conventional total flux 

.I= p+g 

the usual method to obtain the convection-diffusion 
expression is not applicable. Also, the coefficient r is 
small in most cases. In order to handle convection- 
diffusion situations and ensure physically realistic 
solutions, a scheme similar to the upwind scheme is 
employed. The discretization equation is written as 

a,E r-P = a,E, + a,,E,, $ b (24) 

where 

Ax 
ap=apP+aPw+EPZ 

aE = rEDe + max [ - F,, 0] 

aPE = r,D, + max [-F,, 0] 

a, = TWD, + max [F,, 0] 

apW = r,D,+max [F,, 01 

b = dAx@ + SE - SP SP-Svf 
At (6x), (6x), 

De = l/(W,, Fc = CPU>, 

D, = MW,, Fw = (~4,. 

The greater of a and b is given by max [a, b], Ep 
denotes the old value of E at grid point P, and pp” 
denotes the old value of p at grid point P. The sub- 
scripts E and e for example, denote the values at grid 
E and control-volume face e, respectively, for I-, S, F 
and D. It is clear that no special treatment is needed 
for solving the velocity using momentum equations. 

Phase change for multi-dimensional problems 
Having described the discretization equation for 

one space dimensional problems, we can now write a 
discretization based on the general differential equa- 
tion (10) for multi-dimensional problems, with E, W, 
N, S, T, and B representing the ‘east’, ‘westi, ‘north’, 
‘south’, ‘top’, and ‘bottom’ neighbors of node P, 
respectively. The corresponding discretization equa- 
tion is 

apEp = a,-& + awEw + aNEN 

+ asEs + aTET + aeEB + b (25) 

where 

aP = aPE+aPw+apN+aps+aps+cpr+ 
AxAYAzp,O 

At 

aE = rEDe + max [-F,, 01, aPE = r,D, + max [-Fe, 0] 

a, = TWD, + max [F,, 01, apW = rpD, + max [F,, 0] 

aN = rNDn +max [-F,, 01, apN = l-4, + max [-F,,, 0] 

a, = T,D,+ max [F,, 01, ups = T,D,+max [F,, 0] 

aT = T,D,+max[-F,,O], apT = rPDt+max[-I;,01 

aB = T,D,+max [Fb, 01, apB = T,D,+max [Fbr 0] 

b = AxAYAzP,O 
At Es + D,(& - SP) 

- DJSP - &) + D,(& - SP) - D,(SP - Ss) 

+ D,(Sr - SP) - D@P - Ss). 

The flow rates and conductances are defined as 

Fe = (P~JYAz, D = “AZ __ 
= (We 

r;, = (pujJyAz, 
AyAz 

DW = 0, 

F, = (pv),AzAx, 
AZ Ax 
___ 

Dn = (6Y), 

F, = (pv)%AzAx, D = AzAx - 
E (6Y)s 

Ft = (pw),AxA~.y, 
D = AxAy ~ 

t (Wt 

Fb = (pw),,AxAy, 
hL?v 

Db = -. 
(Wb 

(26) 

Because of the nonlinearity of the above equation and 
the implicit nature of the scheme, iterations are needed 
at each time step. This procedure is the same as that 
which solves a non-linear equation, and is given 
below. 

(1) Let Ek represent the E field as it exists at the 
beginning of the kth iteration. 

(2) From these values, calculate tentative values of 
r and S according to their relations with E, using 
equations (8) and (9), or equations (15) and (16). 

(3) Solve the nominally linear set of discretization 
equations to get new values of Ek+ ‘. 

(4) Return to step 1 and repeat the process until 
further iterations cease to produce any significant 
change in the values of E. 

TO demonstrate the present scheme, the proposed 
methodology has been applied to two separate phase- 

“MT 32:7-G 
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(4 
FIG. 4. Description of the geometry and boundary conditions 
for the three-dimensional freezing problem. (a) Bar of liquid 
with a uniform square cross section. (b) One-quarter of the 
bar used for the computational domain due to the symmetry 

of the problem. 

change problems. The first is a three-dimensional 
freezing problem, and the second is a three-dimen- 
sional moving heat source problem. In the two prob- 
lems considered herein, the thermal physical prop- 

erties such as k and C are assumed to be constant in 
each phase but may differ among the solid, mushy 
and liquid phases, while the density p is considered 

the same for each phase. 

The three-dimensional freezing problem 
Consider a liquid initially at its melting temperature 

T,,, in a bar with a uniform square cross-section and 

i 

0.8 

n 

: 0.6 
m 

0.4 

I 
I / 
0.t 

adiabatic ends as shown in Fig. 4(a). The surface is 
suddenly exposed to a uniform wall temperature 

below the fusion temperature and freezing takes place 
immediately. Because of the symmetry of the 
geometry, only a quarter of the bar is considered 
as shown in Fig. 4(b). To facilitate comparison, the 
dimensionless parameters are chosen to be the same 

as those used by Hsiao and Chung [6], i.e. 

Qo= (T,--T,J/(T,-T,J = 1 

and 

St = C,(T,,, - T,J/H = 0.641. 

At the middle plane of the bar in the z-direction, the 
temperature distribution is two-dimensional. Figure 
5 shows the interface position as a function of time 

along the diagonal for the present three-dimensional 
modeling. The two-dimensional results given by Hsiao 

and Chung [6] using the equivalent heat capacity 
model and given by Crowley [4] using the enthalpy 
model are also included in the same figure. As can be 
seen, the agreement among these solutions is excellent. 

Consider the same problem with different initial 
conditions and physical properties (Ti > T,,,). The 
dimensionless parameters are k,/ks = 0.9, q/cc, = 0.9, 
BO= (T,-T,)/(T,,,--T,) =9/7andSt = C,(T,,,--T,)/ 
H = 2. Figure 6 shows the interface position as a 

function of time along the diagonal. Also included in 
Fig. 6 are solutions obtained by Hsiao and Chung [6], 
and by Keung [7]. Again, the present three-dimen- 
sional solution agrees well with the results of those 
two-dimensional studies, 

The above calculation is based on the fact that the 
phase change occurs at a single temperature. 
Assuming that the phase change takes place over a 
temperature range of AT = 20 K, the same calculation 
is conducted, and the results are also presented in Fig. 

0 CROWLEY [41 

A HSIAO AND CHUNGI ----- 
+ PRESENT SOLUTION ____-__- ---- 

5 

FIG. 5. Interface position along the diagonal for solidification of a saturated liquid 
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+ PRESQ!I~IO’L_____ 
X PRESENT S0UJllON (AT=20 Kj 

0.2 

5 

FIG. 6. Interface position along the diagonal with prescribed boundary temperature. 

L TI __._ l__ ___- *l-L ,.I__ -_____A ___I_, :_ :_____:r:.._ 0. 1t can oc seen tnat tilt: present tnouei is n.istxist~vt: 
to the phase-change temperature range. If the tem- 
perature range is small enough, the same result as that 
of the single temperature case is expected. This is the 
case for the present model. The calculation is con- 
ducted with AT = 2 K, and the result is almost ident- 
ical to that of the single temperature case in Fig. 6. 
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. I. I ‘“~“I~cu uuu*lq.mL”” “1 Ill”“l.L~ L&Cat L”“ILc yl”“lGu,. 

(a) Side-view of the computational domain with the heat 
source moving at speed U. (b) Top-view of the computational 
domain with the heat source stationary and the com- 

putational domain moving at speed - U. 

by varying the grid spacing systematically. The final 
grid size employed in the above two cases is 
20 x 20 x 30 and the discretization equations are 
solved by the GaussSeidel method. The physical 
properties of the mushy phase are taken as the average 
of those of the solid and liquid phases. The time step 
limit is not encountered in the calculations. The dimen- 
o;,...r_or +;..._ ..+n..0 ,._.. L -f +k -.dar ,.f n I -A -..I D‘“IIIC;JD Cl‘llFj JLqJ,J ccl11 VFI “1 Cur “LUG, “1 “. 1) a,,u 1laaL1 
time steps can be as large as several days. 

Three-dimensional phase-change problem with moving 
heat source 

As indicated in Fig. 7, a source of heat moves over 
the surface of the plate with speed U. Due to intense 
heating, the material under the heat source melts. It 
is important to determine the molten depth for the 
given velocity, heat source power and its diameter, as 
well as the material properties. 

With the coordinates fixed at the center of the mov- 
ing heat source, equation (10) is applicable for this 
problem. In order to simulate the circular heat source, 
the equation has been transformed into the form for 
the cylindrical-polar coordinate system. 

The governing equation is 

a am9 
+Z aZ i 1 

- +P (27) 

where 

v, = - Ucos 6, vg = Usin e 
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9 
0 

X 

FIG. 8. Isotherms of the solutions for t = 0.1 s at the X-X plane. 

ID 
i 

0 
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X 

FIG. 9. steady-state isotherms of the solution at the X-X plane. 
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and 

l- = T(E), S = S(E) 

are given by equations (8) and (9), respectively. The 
initial and boundary conditions are as follows : 

Ei=Cs(7r,-Tm) t=O 

t > 0, 

4 = qh z=O, r&R, 

q=o z= 0, r> R, 

q=o z=s 

E = Ei r=%, -90”<e<90° 

The radius R, must be sufficiently large such that the 
region r 2 R,, -90” < 0 < 90” Is unaffected by the 
moving heat source. Also, the last boundary condition 
implies that the upwind scheme is used and the diffus- 
ive term is neglected for the outflow boundary. The 
calculation proceeds with grid size 32 x 50 x 12 and 
time step 0. i s. iither parameters are 

U = 0.3ms-‘, b&x, = 1.44 

St = Cs(Tm-31,)/H= 0.126 

R,, = 0.005 m, R, = 0.25 m, Q-= 11.80 kW. 

Figure 8 shows isotherms of the dimensionless tem- 
perature 0, = (T- T,)/(T,,, - Ti) for t = 0.1 s at the 
X-Xplane indicated in Fig. 7(b) (i.e., 8 = 0” and ISOD). 
The center of the heat source is located at x = 0. The 
solid line labelled 0 indicates the melting front at this 
time, while the dashed line labelled - 1 is a boundary 
beyond which the temperature field is unaffected by 
the moving heat source. After about 0.5 s, the steady- 
state condition is reached. Figure 9 shows the steady- 
state isotherms of the dimensionless temperature at 
the same plane. As can be seen, the melting front line 
becomes flat in the portion of x < 0. 

CONCLUSIONS 

The enthalpy transforming model proposed in this 
paper proves to be capable of handling complicated 
phase-change problems occurring both at a single 
temperature and a temperature range with fixed 
grids. Due to the one dependent variable nature of the 
transformed equation, the convection and diffusion 

algorithms. Comparisons have been made with the 
numerical results existing in the literature with a good 
agreement, showing that the present model can prop- 
erly predict the phase-change processes. The advan- 
tage of this model based on enthalpy is that it allows 
us to avoid paying explicit attention to the nature 
of the phase-change front, and can be extended to 
complicated multi-dimensional problems with con- 
vective terms without involving cumbersome math- 
ematical schemes. 
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ANALYSE NUMERIQUE DES PROBLEMES DE STEFAN POUR DES STRUCTURES 
A CHANGEMENT DE PHASE TRIDIMENSIONNELLES, A PARTIR DU MODELE 

DE TRANSFORMATION ENTHALPIQUE 

R&n&--On propose un schkma de transformation enth~pique pour convertir l%quation d’energie en une 
equation non linaire dam laquelle l’enthalpie E est I’unique variable. L’approche par diff&rence entre 
volumes finis de contrble est modif%e pour &tre appliqute aux probl&nes de Stefan. Le modele est test& en 
l’appliquant ii un probleme trimensionnel de gel. Les resultats numCriques s’accordent avec ceux de la 
bibliographie. Le modele et son algorithme sont ensuite appliques a un probleme tridimensionnel de source 
de chaleur mobile qui montre que la methodologie est capable de traiter des probl&mes de changement de 

phase avec des grilles fixes. 

NUMERISCHE UNTERSUCHUNG VON STEFAN-PROBLEMEN FUR 
VERALLGEMEINERTE MEHRDIMENSIONALE PHASENWECHSELSTRUKTUREN MIT 

HILFE DER ENTHALPHIEMETHODE 

z~~nf a&snug-Ein Transfo~ationsschema sol1 die Ener~e~eichung in eine nichtlineare Gleichung 
mit der Enthalpie E als einziger abhlngiger Variablen umwandeln. Mit Hilfe eines modifizierten Finite- 
Differenzen-Verfahrens kann dann das Stefan-Problem gel&t werden. Das Model1 wird durch Anwendung 
auf ein dreidimensionales Gefrierproblem iiberprtift. Die nmnerischen Ergebnisse stimmen dabei mit 
Literaturwerten iiberein. AuRerdem wird das Model1 auf ein dreidimensionales Problem mit beweglicher 
Wiirmequelle angewandt urn zu zeigen, dal3 die Methode fti komplizierte Phasenwechselprobleme mit 

fester Gitterteilung geeignet ist. 

t4HCJIEHHbIfi AHAJIH3 3A&4’4 CTEQAHA JJJDI OEOEIIJEHHMX MHOl-OMEPHbIX 
CTPYKTYP C @A3GBbIM HEPEXOJJOM IIPM BCIIOJIb3OBAHAH MOAEJIH 

IIPEOBPA30BAHMR 3HTAJIbIIMH 

~T~~~~o~eHa cxebta, ncno~~~~~ npeo6pa3oaanize 3~anbmm zma nonyqews hew- 
xeiiiioro ypaanemia coxpaIieHian3~epr~, a KOTOpOM 3ffTanbnH$l E $tBJnmmn e~~~~o~ ~~C~O~ 
nepeMenuoH. Cytnecreytonuiii KoHewo-pa3frocTin&S bfe~0.n KonTpo~brforo o6aeMa MO~+HIJJS~~~TCSI B 

npHMeHeweH K YnCneHHblM pemeHHnM 3anaY CTe@uia. Moaenb npoaepe~a Ha ~pexbfqniofi 3waYe 
3ahfopalgm3an~. YncneHnare pe3ynbTaTu xopomo cornacywcx c HMemumhfwX B mrrepaType 
..“..... . . . . I IT” _- .I_..__. .- *a L”..^...,_._ ......-.l&..-^_^” _ . ..--“.r~....^X ..^_...._ _“I “.._“..I_^^_ __^.. j.wzlnDIJnn, J+a.Ua M”#GJID n CF; SW., “Y”‘M qJ”MC”“W‘wl L I&JGUn.Jyn”n JWLIYS W.l &JJnnyU&G‘I_?wa IIc,v7- 

HHKa Terma, H nOKa3aH0, ST0 namiaa MeTOnOnOrHn MOXeT ycnenmo IiCnOnb3OBaTbClI AJla peme5iwn 
CJIOX~MX 3wa9 $a3oaoro nepexoaa c 3aLfamrbrbi5s wrKawi. 


