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Abstract-An analytical model is developed to describe the sequence of transient events associated with 
a hot sphere moving in a cool liquid where a vapor blanket surrounds the sphere. Energy and momentum 
~~n~dEratj~ns of each of the coupled regicms (the hot sphere, the vapor shelf and the surrounding liquid 
cooiant) provide the transient growth of the vapor-film thickness and the heat flux rate from the hot 
sphere. This phenomenon is closely associated with the interactions of hot molten materials and tiquid 

coolants which may be an important factor in the vapor explosion phenomenon. 

NOMENCLATURE 

eonstant, equation (1 I); 
constanG equation (12); 
constant defined by equation {AX); 
specific heat ; 
constant, equation (34); 
energy; 
energy rate ; 
latent energy ; 
thermal conductivity; 
mass Bow rate ; 
integer; 
dimensionless parameter, equation (A4); 
dimensionkss par~et~, equation (AS); 
d~ensionl~ss parameter, equation (A8); 
~~~s~onless parameter, equation (A!& 
dimens~an~e~ parameter, equation (AHI); 
dimensionless parameter, equation (38); 
pressure; 
Peclet number, equation (14); 
Pecfet number, equation (A3); 
heat-transfer rate per unit area; 
radius of sphere; 
liquid-vapor interface; 
RI sine; 
radial ~~rdinate; 
temperature; 
velocity; 
tangential v&city eminent ; 
normal velocity component; 
curvilinear coordinates 
auxiliary variabie, equation (A& 
normal coordinate. 

Greek symbols 

a> thermal di~s~~ty; 
6% vapor-film thickness; 

& viscosity; 

6% density; 
7, time; 
5 ~~e~~o~l~ss time, equation (13); 
9 
8: 

d~ens~onle~ time, equation (AZ); 
aneular coordinate. 
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$Professor. 

Subscripts 

4 initial condition; 

2 
sphere ; 
coohint vapor; 

3, Iiquid coolant; 
m, free stream; 

% control volume; 
W> sphere surface; 
sat, saturation. 

INTRODUCTION 

IN RECENT years, sign&cant progress has been made 
in understanding the physics of a little-known but 
highly ~m~rtant phenomenon-explosive vapor for- 
mation, or as the ovetaff phenomeoou is sometimes 
cahed, the vapor explosion. Although there is stiI1 same 
controversy re~~d~g the exact nature and sequence 
of events that characterize the phenomenon, there is 
agreement that the initiating event involves intimate 
contact between hot mohen material and liquid 
coolant. Generally, the hot molten material has a 
su&%nt fevel of energy such that the initial transient 
involves a rapid growth of the coolant vapor film 
adjacent to the molten material region, leading into 
the establishment of a stable vapor film, during which 
the hot molten material cools. EventuaIly, the cooling 
of the hot region leads to ~stab~i~ty of the vapor film 
and the intimate contact between liquid coolant and 
hot molten material. In order to predict the point of 
instability, it is necessary to treat this initial transient+ 
This treatment involves the coupling of all three regions 
ofinterest (namely the hot material region, the vapor- 
film region and the liquid region) to describe adequately 
the initial heat transfer from the hot material region, 
The system selected for anatysis was motivated from 
knowledge attained from considerable laboratory ex- 
~~entation ; tests invofved the dropping of sphericaf- 
shaped (or near spherical-shaped) droplets of various 
mohen met& into liquid coolants. Transient data are 
also available for the rapid cooling of instrumented 
solid spheres. The anaIytical modei shown in Fig. 1 
includes ali three coupled regions : the hot-metal sphere, 
the coolant vapor film and the surrounding liquid 
coolant. 
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FIG. 1. Metal sphere translating in a 
coolant undergoing film boiling. 

The phenomenon of film boiling around a spherical 
body with a time-dependent temperature field has not 
been solved. Existing literature is limited to cases with 
either the heating”surfa~ tem~rature or the heat flux 
maintained constant with time; the heating surfaces 
are either vertical or horizontal plates or an inclined 
flat plate. For cases of flat plates, cones and certain 
other classes of surfaces (bodies of revolution), simi- 
larity transformation methods are applicable [l].* The 
si~l~ity tr~sformation fails for the spherical con- 
figuration, thus requiring an approximate method. The 
phenomenon of transient film boiling must be solved, 
since this phenomenon represents the initial interaction 
between the molten material and the coolant. The 
subsequent events must be based on the results of the 
transient urn-boiling event. 

ANALYTICAL MODEL 

The complete development of the governing equa- 
tions (conservation of mass, momentum and energy) 
for each region along with the appropriate initial, 
boundary and coupling conditions are presented by 
Hsiao [Z]. However, the basic fo~u~ation is provided 
with supporting discussion and justifi~tion or approxi- 
mations based on experimental observations where 
appropriate. 

Liquid-coolant region 
Since vigorous interaction between molten materials 

and coolants generally occurs only if the coolant is 
significantly subcooled, an understanding of the over- 
all phenomenon must include the influence of the 
liquid-coolant region. The film boiling regime as a 
whole is extremely short. (Say less than one second for 
many cases of interest.) Thermal and momentum 
diffusion lengths E.&r) and J(W)] are ~rres~ndi~gly 
very short (e.g. in water about 1V4m). The effects of 
molecular diffusion of both energy and momentum are 
concentrated in a thin layer near the liquid-vapor 
interface. 

*Numbers in brackets indicate references. 

Velocity distribution. The velocity of the liquid 
around the liquid-vapor interface is assumed to differ 
insignificantly from potential flow, yielding 

where r = RI -1-8; and since 6 CC R, 

u3=3U, 
i ! 

l-f sinQX$tli,sinB (3) 

03 = -3U, Lose 
Bl 

(4) 

where y is the distance from the liquid-vapor interface. 
This assumption is rather common in studies of forced 
convection film boiling. It simply implies that the drag 
of the vapor film upon the adjacent liquid is negligibly 
small. 

Stevens in his photographic studies of transient film 
boiling [6] observed that in highly subcooled water 
the film is quite thin even past the point on the sphere 
where a wake usuaily forms. So, equation (3) is 
applicable over practically the entire sphere surface. 

Temperature distribution. When the hot metal sphere 
comes into contact with the coolant, a liquid-vapor 
interface is formed at the saturation temperature. 
Because of the thin thermal diffusion length, the liquid 
at a distance outside the thermal layer is at its initial 
temperature. If the origin of the coordinate system is 
located at the liquid-vapor interface, then the govern- 
ing energy equation is 

where 
r=Rl+&+yz Rl+y. 

Substituting equations (3) and (4) into (5) gives 

The liquid coolant is initially at a uniform temperature 
r, which is below the saturation temperature tsat. At 
large distances away, the coolant temperature is un- 
affected. The initial and boundary conditions can be 

written as 
t3(y, @,O) = tm when t = 0 (7) 

t3(0,0,z) = t,,[ at y = 0 (8) 

tj(co, 0, t) = t, at y = 0o. (9) 

The solution of equation (6) for conditions (7)-(P) is 
given by Chao [3] 

t3--to3 1 
f3=-=“: 

l+A 
sin2 0 

r,,t -f, 
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A2 = ww3Q)M~2P2C2)1 (11) 
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Using ~2 at the liquid-vapor interface as given by 
equation (18), the pressure gradient described by 
equation (22) becomes 

where : 

1 

Bz 

- E exp[ -3(Pe)Y] 

(12) 
1+ E exp[ -P(pe)f] 

S = cr,zlR: 
- 
Pe s 2U, R&s. 

The heat fiux at the liquid-va~r interface is 

(13) 

(14) 

q’j= __k3 !_!? 
[ 1 ay y=. 

J 3% 
k&t-t,) n = 

2Ri 
_ sin2 @ 

l+fi 

x [B-cose+4cos3e-:B3J-~. (15) 

Vapor-jilm region 
Velocity distribution. The momentum equation for 

the vapor film flowing around a sphere can be written as 

= -g+,2% (16) 

a? 

A curvilinear x-y coordinate system is used in equation 
(16) with x coinciding with the sphere surface and y 
being normal to the surface. In free convective cases 
the pressure gradient term would represent the hydro- 
static pressure head. However, in this case, where flow 
effects are dominant over bouyancy and hydrostatic 
head, the pressure gradient along the sphere surface 
will be related to the velocity field in the liquid around 
the sphere, as will be shown later. At the surface of 
the sphere, 

tiz(x, 0, z) = u2(x, 0,T) = 0 (17) 

and at the liquid-vapor interface 

uz(x, 6,~) = u3 = :U, sin 6. (18) 

Following the results of Witte [4], inertia effects in the 
vapor film can be neglected so that the moments 
relation reduces to 

ap a2u2 

~=p2v’ (19) 

Equation (19) can be integrated twice with respect to y 
to provide the velocity dist~bution in the vapor film. 

u2(x,y,7) = !IU,sin0i++-g(y2--ra). (20) 

The variation in pressure in the x-direction can be 
evaluated from Bernoulli’s equation (neglecting elev- 
ation effects) 

so that 

PO = P+*pzuZ = constant (21) 

ap au2 
-jy+P’U’ax=o. (22) 

8P 9 PZG 
- -*-CosBsinf?. 

ax- RI 
(23) 

Substitution of equation (23) into equation (20) will 
yield the vapor velocity distribution in terms of both 
angular and y-direction dependence. 

Temperature distribution. For the case of film boiling, 
the temperature and velocity boundary-layer thick- 
nesses coincide. If the convection terms are neglected 
in the energy equation, the temperature distribution 
in the vapor film is 

t2tY, 4 2) - tsat 
Lv - L,t 

=1-i (24) 

where 6 varies with time and angular location and 
t, is the interface temperature between the sphere and 
the vapor. 

Metal-sphere region 
Any circulation in a hot molten material is relatively 

small and internal momentum consideration need not 
be included. 

Temperaturedistribution. Theenergy equation for the 
cooling sphere with conduction only in the radial 
direction is 

a% 2 at, 1 at, 
g+;z=-- ctt. at (25) 

where the sphere is initially at a uniform temperature 
to1 which is above the saturation temperature tsat of 
the surrounding coolant 

tl(r, 0) = t0l 

The solution of equation (25) is 

(26) 

tl(r,r)---01 RI m -_- Z-i c erfc (h-t l)Rl - r 
L- to1 r n=~ 2 JCQ T) 1 

Using this temperature distribution in the Fourier’s 
relation, the heat flux from the sphere becomes 

4; =$(tol-tw) 

Vapor-film thickness 
The difference between the energy transferred from 

the sphere to the vapor film q’f and the energy trans- 
ferred From the vapor film to the surrounding liquid q; 
represents the rate of change of the energy level of the 
vapor film. The net energy flow to or from the vapor 
region can involve a change in the sensible energy of 
the vapor film and the latent energy associated with 
evaporation (or ~ndensation) of coolant at the liquid- 
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FIG. 2. Energy balance for a control volume in the vapor 
film. 

vapor interface. If an elemental volume of the vapor 
film is selected as shown in Fig. 2, an energy balance 
can be written which can be used to relate the vapor 
film thickness to both position and time. The change in 
the mass flow rate of vapor between x and x + dx is 

The energy rate into the control volume can be 
expressed as 

and the energy rate out of the control volume is 

s 

d 
&,, = R(x)q’;dx-t-R(x) pzuzcztzdy 

0 

the rate of energy change in the control volume is 
given as 

Equations (30)~(32) can be combined to provide the 
energy-expression for the vapor film. Equation (24) 
provides the variation of tz and equation (20) involves 
the application of thin film concept (6 <<RI), i.e. 
equation (3). Calculations show that the film gets 
relatively thick between 170 and 180 degrees on the 
sphere surface. This has very little effect, however, on 
the totai heat flux from the sphere, since only a small 
fraction of the total area is involved. Rigorously, how- 
ever, the solution is limited to angles less than about 
170 degrees. Equation (29) can be substituted for q; 
and equation (15) can be substituted for 41;. 

Equation (24) expresses t2 in dimensionless form 
involving the interface temperature between the sphere 
and vapor, t,; this interface temperature can be 
estimated by the relation 

to1 -bit 

where 

This estimation of the interface temperature [4] is 
based on induction when two bodies with initial 
temperatures of fol and E,,~ come into contact. The 
interface temperature is independent of time. If the 
energy integral equation is integrated with respect to y, 
the resulting differential equation for the vapor-film 
thickness is 

x (~)~(~)sin~~ (35) 

the solution of equation (35) provides the transient 
response of the vapor-film thickness. The solution is 
outlined in the Appendix. 

The heat Aux from the surface of the sphere can be 
estimated from equation (28) expressed in terms of tsat 
rather than t, as 

which can be approx~ated by 

qlR1 = G[kJ(Z)- 11 (37) 
kl(tol --tsat) 

where 

NUMERICAL RESULTS 

Because all three regions (liquid, vapor, and sphere) 
are coupled in the solution, there are many factors 
influencing the transient growth of the vapor film. The 
possible combinations of factors, which could have an 
influence on the results, are too n~erous to include 
in a realistic manner. For example, the thermal dif- 
fusivities of all three regions could be important in the 
development of the vapor film. Fortunately, the thermal 
diffusivities of the vapor and the liquid coolant are 
uniquely related, i.e. the vapor and liquid are different 
phases of the same substance and hence dependent 
upon the temperatures and pressures involved; one is 
not completely independent of the other. 

The numerical results are presented in terms of 
dimensionless parameters which arise naturally in the 
development of the governing equations as shown in 
the Appendix. In some instances, the physical meaning 
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of the parameters is obvious (e.g. N3 represents 
relative importance of the sphere and vapor region 
diffusivities on the transient growth). Other parameters, 
however, are more complex and any physical meaning 
is complicated. The objective of the calculation is to 
investigate the influence of these parameters on the 
vapor growth around a spherical region. Actually, m, 
through ms are used in the parametric study but the 
influence of N, and iV2 is included along with the 
additional influence of velocity represented by the 
Peclet number. When possible, comparison to experi- 
mental observations are made to show the applicability 
of the model to the actual case. There is, however, 
rather a dearth of directly comparable experimental 
data for this particular phenomenon. The parameters’ 
ranges are selected to encompass the experimental con- 
ditions for several investigations involving the dropping 
of molten aluminum, bismuth, tin, mercury, lead, and 
zinc into water, liquid sodium and liquid nitrogen; 
several hydrocarbons (CH4, C3Hs and C2H6) con- 
tacting water could conceivably be included in the 
parameter ranges. 

Figures 3 and 4 show the angular dependence of the 
vapor film calculated at specific time intervals. In both 
cases, it is apparent that in the initial growth stages 
(Z < 10T5) the growth is dominated by purely con- 
ductive effectstie. the thickness is not dependent upon 
angle). However, as the film develops, the vapor film 
becomes tear-drop shaped surrounding the sphere, 
indicative of the influence of convective effects. This 
shape is in agreement with experimental observations 

[a 
The Peclet number is 1400 for both Figs. 3 and 4, 

so no velocity effect is represented by a comparison 
between the two figures. However, the parameters m3, 
m4 and Rs are varied between the two plots. Figure 3 
represents a case where the thermal diffusivity of the 
sphere material is the same as the vapor while Fig. 4 
represents the case where sphere thermal diffusivity is 
considerably higher than that of the vapor region; the 
effect is a dramatic decrease in the time required for 
the development of the film. The effect of increasing 
N5 for this particular situation can be interpreted 
physically to represent an increase in subcooling of the 
surrounding liquid. This effect also tends to cause the 
film to develop faster and to be thinner at any time 
after the initiation of the growth. A comparison of 
Figs. 3 and 4 show that this trend is indeed the case. 

Further investigation of these effects are shown in 
Figs. 5 and 6. Figure 5 clearly demonstrates that 
increasing the liquid subcooling causes a thinner liquid 
film (especially over the forward portion of the spherical 
region). The effect of diffusivity in Fig. 6 suggests that 
perhaps the subcooling of the liquid has a stronger 
effect upon the thickness of the film. It should be noted, 
however, that Fig. 6 describes a time at which con- 
vective effects are beginning to dominate in the vapor 
and liquid regions. 

Figure 7 demonstrates the effect of the variation of 
the parameter [h fs 2 ,,1 - tsat)] which is contained in /c (t 
R4; this represents the effect of changing the sphere 

5- \ 
(10‘9 

(4 
(lo-3- 
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(lo-9 
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(lo-9 

(lo-9 I I I I I I I I _ 
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FIG. 3. Transient vapor-film thickness variation for Ff, = 1. 
N, = 500, N, = 0.5 and Pe = 1400. 

5(10-") I I I I I I I I 
0 20 40 60 60 100 120 140 I60 

8, degrees 

FIG. 4. Transient vapor-film thickness variation for 
IV, = 4, iV4 = 15 000, rJ, = 1.5 and Pe = 1400. 

initial temperature for a given liquid coolant pressure; 

or conversely, it would also represent the effect of a 
pressure change on h,,. For either case, the results are 
consistent with physical reasoning; if the temperature 
difference across the tim is increased, Ni~q decreases, and 
the conductive effects are high (yielding a thicker film 
especially over the forward portion of the sphere). Like- 
wise, an increase in h,, indicates that more energy is 
required to form the vapor; the vapor is thinner and 
no doubt convective effects dominate more quickly. 
Figure 7 verifies this situation. 
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d 
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0 20 40 60 80 100 120 140 160 180 

8, degrees 

FIG. 5. Dependence of vapor-film thickness on the 
TV, parameter for N3 = 4, jV4 = 10000, Pe = 1400 

and CI~T/R~ = 4.5(10m4). 

8, degrees 

FIG. 6. Dependence of vapor-film thickness on the W3 
parameter for W, = 15000, W = 1.5, Pe = 1400 and 

a&R: = 7.5(10-4). 

The heat flux from the sphere surface is given by 
equation (37) and is a function of only N3 and me 
(i.e. the heat flux is controlled by the thermal properties 
of the vapor and spherical region during the rapid- 
growth phase. Figure 8 illustrates the variation of heat 
flux for wide ranges of IiJ, and f16. The heat flux rapidly 
decays with time. This, in conjunction with the in- 
creasing dominance of convection as time proceeds, 
accounts for the growth and then the decrease in thick- 
ness of the vapor film. 

0 20 40 60 80 100 120 140 160 0 

8, degrees 

FIG. 7. Dependence of vapor-film thickness on 
the N4 parameter for N, = 4, P, = 1.5, Pe = 1400 

and ct,~/Rf = 7,5(10e4). 

(lo-7 (lo-? (lo-9 (10-3) 

FIG. 8. Heat flux at the metal sphere sur- 
face for N3 = 1 and TV, = 6 for liJ, = 10e3, 

10m4 and lo-‘. 

SUMMARY 

The transient growth of vapor adjacent to a surface 
(which is above the temperature at which film boiling 
occurs) has been modeled, including the coupling of all 
three regions of importance. Equation (39, which 
describes the transient growth of the vapor, reverts 
(in the limit for long times) to the formulation for 
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steady-state boiling from a uniform wail temperature 
spherical region. 

APPENDIX A 

Solutions to the equations (for a range of parameters 
limited to values typical of prior experiments) show 
insistent with pbysicrtl reasoning and experimentat 
observations. Stevens 161 for exampIe, estimated the 
vapor-film thicknesses around 2-S4m dia silver sphere 
during transient boiling. He found that the thicknesses 
were on the order of 25 x lo-‘cm. Calculations by 
the model for a 2-m sphere and for the same con- 
ditions as Stevens’ data yield a range of film thicknesses 
from IOU3 cm at the stagnation point to about W2 cm 
over the rear portion of the sphere. The average of 
these two values is very close to Steven’s estimate, The 
importance of liquid subcooling is very apparent from 
the calculations. Subcooling causes a quicker develop- 
ment of the vapor region into a stable, thinner film over 
the front portion of the sphere. 

Equation (35) can be written in terms of dimensionless 
parameters as 

- ~&%)*Bsin” @ (Al) 
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If an auxiliary variable Y(@, r*) is introduced 
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R4=ElPe fA9f 

X, = N2 J(Pe). (A101 

The auxiliary variable Y(@, z*) must be an even function with 
respect to the angular coordinate, i.e. Y(e, .r*) = Y(- 8, t*). 
The first-order pa&a1 differential equation $A’?) is solved by 
equationby the method of characteristics. Equation (A71 can 
be transformed into the corresponding characteristic system 

d(z*) d6 dY _ 
1 -msinB= 

-FIssir?f?+ 
2sin’ e 
-------W5sin4e[B-case-fB3+fcos30]-* 
JW) 

which can result into two equations. The first equation to be solved is 

d@*) dB --=~ 
1 rJ, sin e 

which has the solution 

where ii is an integration constant. The second equation is 

db*) -= 
1 

dY 

(All) 

6412) 
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Using trigonometric relations involving 8/2 and equation (A13), equation (A14) becomes 

dY -4&i, exp[2ij + Nq T*] 8 exp[2(Z + m,r*)] -16N5exp[4(Z+m4r*)] l-exp[-3Pe+2Z+2f14r*] 

d(r*) - 1+exp[2ii+mar*] +J(nr*)[1+exp[2(cl+m,r*)]]‘x [l+exp{2(Z+m.+r*)}]” l+exp[-3Pe+Xw 

1 -exp[2(Z+&i,r*)] 1 l-exp[2(li+N4~*)] l-exp[-3+21i-t2Wqr*] -+ 

-1+exp[2(Z+R4r*)]+31+exp[2(Z+~4r*)]-’ 1+exp[-3+2ii+2N45*] 
(A15) 

Equation (A15) can be integrated with respect to dimensionless time yielding another constant of integration b. The general 
solution of equation (A7) is of the form 

(A161 

The initial condition is based on the vapor-film growth beginning with r = 0 

s(e, 0) = 0. (A17) 

If equation (A15) is integrated, if the integration constant 6 is substituted from equation (A16) and if the initial condition 
equation (A17) is employed, the vapor-film thickness is obtained. The integration is performed numerically by the 4-point, 
Gauss-Legendre quadrature. 

EBULLITION EN FILM TRANSITOIRE SUR UNE SPHERE EN MOUVEMENT 

R&m&Un modele analytique est developpt afin de d&ire la suite des phtnomtnes transitoires qui 
accompagnent le mouvement dune sphere chaude dans un liquide froid lorsqu’un matelas de vapeur 
entoure la sphere. Des considerations energbiques et dynamiques relatives a chacune des regions couplt?es 
(la sphere chaude, I’enveloppe de vapeur et de liquide froid environnant) precisent I’augmentation 
transitoire de f%paisseur du film de vapeur et de flux thermique sur la sphere chaude. Ce phenombne est 
Ctroitement lie aux interactions entre des matQiaux fondus chauds et des Iiquides de refroidissement qui 

peuvent representer un facteur important dans le phenomene de vaporisation explosive. 

INSTATIONARES FILMSIEDEN AN EINER BEWEGTEN KUGEL 

Zeammenfassung-Es wird ein analytisches Model1 aufgestellt zur Beschreibung der aufeinanderfolgenden 
instationlren Ereignisse, wenn sich durch eine kalte Fltissigkeit eine beige, von einem Dampffilm umgebene 
Kugel bewegt. Energie- und Impulsbetrachtungen fur jeden der gekoppelten Bereiche (die he& Kugel, 
der Dampffilm und das augere fltissige Kiihlmittel) fuhren zu Ausdriicken fur das instationlre Wachstum 
des Dampffilms und fur den Warmestrom von der heit3en Kugel. Dieses Phitnomen ist eng mit den 
Wechselwirkungen zwischen heigen, geschmolzenen Materialien und fliissigen Ktihlmitteln verkntipft und 

konnte einen wichtigen Faktor bei Dampfexplosionsphanomenen darstellen. 

HECTAIJMOHAPHOE fIJIEHOYHOE KMl-fEHME HA l-fEPEMEBJAFO~EI?CI CQEPE 

.4nrroramnr - Paspa6oratta auanarurecxaa MOnenb mu3 onkicamix pxna uecraunonapubtx npo- 
ueccoa, nocnenoearenbno nporexarouuix npa nepeMerqenwa ropavek c+epbI B xononnog ~HAKOCTU 

c 06pa3OBaHHeM BoKpyr c+epbr napoeoil o6onouKn. Yqer 3Heprm II rconmrecraa nanxceriua nnrt 
KaxnOfi H3 B3aHMO~ekCTBymUlHX o6nacTeti (rOpRYa5i C@pa, napoeaa o6onoYKa R OKpyxaforuax 

XOnOAHaR XWlKOCTb)n03BOnHn OIlpeAenHTb pOCT TOnLLIHHbI IlapOBOii IlneHKki II 3i3MeHeHHe HHTeH- 

CWBHOCTH TennOBOrO KlOTOKa OT rOp5iYd CfjlepbL3TO IlBJleHHe 6nwsko K B3aWMO~eiiCTBHlO ropnYAx 
,XiCFInaBOB C XWIKWMH OXnaLIHTen5iMI4 H MOXCeT Cny%HTb BaxHbIM @KTOpOM B B03HRKHOBeHHH 

RBJIeHHfl napOBOr0 B3pbIBa. 


