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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

considerations of each of the coupled regions (the hot sphere, the vapor shell and the surrounding liquid

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

NOMENCLATURE
A,  constant, equation {11);
B, constant, equation (12);
b, constant defined by equation {A16);
G specific heat;
D,  constant, equation (34);
E, energy;
£, energy rate;
hye,  latent energy;
k, thermal conductivity;
i, mass flow rate;
n, integer;
Nj, dimensionless parameter, equation (Ad);
Nz, dimensionless parameter, equation {A3);
N3, dimensionless parameter, equation (A8);
Ni, dimensionless parameter, equation (A9);
Ns, dimensionless parameter, equation (A10});
N, dimensionless parameter, equation (38);
A pressure;
Pe,  Peclet number, equation (14);
Pe,  Peclet number, equation (A3);
q", heat-transfer rate per unit area;
R;,  radius of sphere;
Rz, liquid-vapor interface;
R(x), R,sin#®,
7, radial coordinate;
t, temperature;
U, velocity;
%, tangential velocity component;
v, normal velocity component;
X, curvilinear coordinate;
Y, auxiliary variable, equation (A6);
i normal coordinate.
Greek symbols
&, thermal diffusivity;
5, vapor-film thickness;
s viscosity;
I8 density;
T, time;
i, dimensionless time, equation {13);
il dimensionless time, equation (A2);
4, angular coordinate,

*Currently with M, W, Kellogg, Houston, Texas, U.S.A,

+Professor and Chairman.
IProfessor.

Subscripts
g, initial condition;
1, sphere;

2, coolant vapor;
3 liquid coolant;
oo,  free stream;

b, control volume;
w, sphere surface;
sat,  saturation.

INTRODUCTION

IN RECENT vears, significant progress has been made
in understanding the physics of a liftle-known but
highly important phenomenon—esplosive vapor for-
mation, or as the overall phenomenon is sometimes
called, the vapor explosion. Although there is still some
controversy regarding the exact nature and sequence
of events that characterize the phenomenon, there is
agreement that the initiating event involves intimate
contact between hot molten material and liquid
coolant. Generally, the hot molten material has a
sufficient level of energy such that the initial {ransient
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. Eventually, the cooling
of the hot region leads to instability 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
of interest {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 analysis was motivated from
knowledge attained from considerable laboratory ex-
perimentation; tests involved the dropping of spherical-
shaped (or near spherical-shaped) droplets of various
molien metals into Hquid coolants. Transient data arg
also available for the rapid cooling of instrumented
solid spheres. The analytical model shown in Fig. 1
includes all three coupled regions: the hot-metal sphere,
the coolant vapor film and the surrounding lquid
coolant.
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F1G. 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-surface temperature 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 [1]* The
similarity transformation 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 film-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 [2]. However, the basic formulation is provided
with supporting discussion and justification or approxi-
mations based on experimental observations where
appropriate.

Liguid-coolant region

Since vigorous interaction between molten materials
and coolants generally occurs only if the coolant is
significantly subcooled, an vaderstanding 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 [\/(xt) and \/(vt)] are correspondingly
very short (e.g. in water about 107 *m). 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.
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Velocity distribution. The velocity of the liquid
around the liquid-vapor interface is assumed to differ
insignificantly from potential flow, yielding

RB

Uz = L730<1 + »;—})siné‘ {1
R3

by = —Uw<1—7;)cos0 2)

where r = R, +3J; and since é « R,

3 =*}Um<1~§)sinf}z%b’m sinf 3

by = —3U, %}»«0059 @)

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 usually 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

Otz uj Oty 0f3 52t3
e T = ©)
where
r=Ry+d+y=Ry+y
Substituting equations (3) and (4) into (5) gives
6{3 t3
- —3U, 9
" 3U, cos R, ay
i 3i3 5213 .
+3U, smf)R1 0 0135;2"- 6)

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

13(y,0,0) =1, when 1=0 ¥
t3(0a 9: T) = tSﬂ[ at y = O (8)
t3(00,0,T) =1, at y = c0. 9)

The solution of equation {6) for conditions (7)-(9) is

given by Chao [3]
T
fc{‘/(?; 0 sin? g

I3 = ls l_er
x%[ﬁ-cos()-%ﬁ’*»f—%cos%]“*} (10)
1

T lai—tn 1+4
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where:
A2 = [(kapsca)kz p2ca)] (11)
1—cosf —
-~ exp| —¥{Pe)t

o lizzg p[—HPe)t] .

* 1+cosf exp[ ~3(Pe)i]
7= a31/R} (13)
P_e' = 2Um Rl/oc3. (14)

The heat flux at the liquid-vapor interface is

3
= Pe
k3(tsat"tw) \/75 202
= 5in* g
2R, 1+4

x [B—cosf+4%cos®0—1B%]7%. (15)

Vapor—film region

Velocity distribution. The momentum equation for
the vapor film flowing around a sphere can be written as

6&2 Buz aﬁz _ apP azﬂz

Pz(g"'uzg;‘f'vz 5;) = —5;+ﬂz 2
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,

(16)

t2(%,0,7) = 02(x,0,71) =0 {n
and at the liquid-vapor interface
Uz(x, 8,7) = u3 = 3U, sinf. (18)

Following the results of Witte [4], inertia effects in the
vapor film can be neglected so that the momentum
relation reduces to
oP _ 62142
ax 2 ayr’
Equation {19) can be integrated twice with respect to y
to provide the velocity distribution in the vapor film.

(19)

.,y LaP
=3U, sin0%+— —(y2—yd). (20
uz(x,y,7) =3U sm(96+2M2 p (»*—yd). (20)

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

ation effects)
Py = P+4p;uj = constant 2n

so that

(22)
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Using u, at the liquid—vapor interface as given by
equation (18), the pressure gradient described by
equation (22) becomes

opP _ gszozo
-4

cossind. (23)

ox R,
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

¥

t2(y, 0,7) —te =127

24
tw— Lsat 5 ( )

where & varies with time and angular location and
tw 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.

Temperature distribution, The energy equation for the
cooling sphere with conduction only in the radial
direction is

o= %)
where the sphere is initially at a uniform temperature
to1 which is above the saturation temperature tg of
the surrounding coolant

t1{r, 0) = toy 26)
The solution of equation (25} is
hnt—ton Ry & [(2n+1)R1—r]
—_ = rfc| —————
tw—to r n;) {e 2 /(1)
(2n+ DR, +r]}
—erfe} ~— . @7
¢ [ 2 J@0) @)

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

k
i = R—ll(tor’tw)
R1 = "'an%
x[——-m\/(mﬂ)<1+2n§0exp< e )) —1] {28)

Vapor-film thickness

The difference between the energy transferred from
the sphere to the vapor film g7 and the energy trans-
ferred from the vapor film to the surrounding liquid g3
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 condensation) of coolant at the liquid—
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FI1G. 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

2 &
dm = 5_)(4 [R(X)j‘ Pauy dy} dx.

o

(29

The energy rate into the control volume can be
expressed as

a
Ein = R(x}q’{ (j)(?"f".R(.XT}Jv Patacats dy+ Calsat dm (30)
o

and the energy rate out of the control volume is

]

Equ = R(x)q3 dx+ R(x) J pauzcatady
Q

a a
+5;[R(x)j PatinCals dy}dx%-h}gdm 31)
R o

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

oF 0 4
(?> = M[R(x)f pacaity wtsat)dy:‘dx. (32)
T Jov. OT 0

Equations (30)-(32) can be combined to provide the
energy- expression for the vapor film. Equation (24)
provides the variation of ¢, and equation (20) involves
the application of thin film concept (6 < Ry), ie.
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 total 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 g7
and equation (15) can be substituted for ¢3.
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Equation (24) expresses ¢, in dimensionless form
involving the interface temperature between the sphere
and vapor, t,; this interface temperature can be
estimated by the relation

t(}l = Lsat
Lw—lsat = O

(33)

where

(34)

This estimation of the interface temperature [4] is
based on conduction when two bodies with initial
temperatures of to; and f.,, 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

06 Uy { 3h;, D } a

5—“; * 2R(x) calter —teat)} Ox [5R(X) o B]

=2\/(C(1(X2)[ R1 w—]]-—- k35
Ri | Jun | Riprcs

y {B—cos—~4B3>+%cos®9) "t
1+4

x(‘““_‘w> \/<6U®Rl)sin26‘ (3%)
for —tsat o3

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

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

kl(tOI‘tsat)B*l R%
1= — —1 36
4 R; D [\/(7{&'1’1’ ( )

which can be approximated by
q1 R,

11 4R
ki(toy ~tsar) =Ne [ﬁ; \/<TC“1 1')—- 1] a7

38)

where
N_ & = 5* 1.
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 numerous 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 thermat
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, N,
through N are used in the parametric study but the
influence of N, and N; 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, C3Hg and C;Hg) 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
(T <107%) the growth is dominated by purely con-
ductive effects(i.e. 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
[6].

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 N,
N4 and N 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,/c2(to1 — tsar)] Which is contained in
N,; this represents the effect of changing the sphere
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F1G. 3. Transient vapor-film thickness variation for N3 =1,
N4 =500, Ns = 0-5 and Pe = 1400.

2(107")

(107"

4
N (1073
(2]

(|o'3)F—

5(1072) | | | L1
0 20 40 60 80 100

1| |
120 140 160 180

8, degrees

F1G. 4. Transient vapor-film thickness variation for
N3 =4,N,=15000, N5 = 15 and Pe = 1400.

initial temperature for a given liquid coolant pressure;
or conversely, it would also represent the effect of a
pressure change on hy,. For either case, the results are
consistent with physical reasoning; if the temperature
difference across the film is increased, N4 decreases, and
the conductive effects are high (yielding a thicker film
especially over the forward portion of the sphere). Like-
wise, an increase in hy, 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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Fi1G. 6. Dependence of vapor-film thickness on the N,
parameter for N,=15000, N =15 Pe=1400 and
o, 1/R3 = 7-5(1074).

The heat flux from the sphere surface is given by
equation (37) and is a function of only N3 and Ns
(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 N; and N¢. 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.
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F1G. 7. Dependence of vapor-film thickness on
the N, parameter for Ny = 4, N5 = 5, Pe = 1400
and a, 7/R} = 7-5(10™%).
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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 (35), 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 wall temperature
spherical region.

Solutions to the equations (for a range of parameters
limited to values typical of prior experiments) show
consistency with physical reasoning and experimental
observations. Stevens [6] for example, estimated the
vapor-film thicknesses around 2-54-cm dia silver sphere
during transient boiling, He found that the thicknesses
were on the order of 25 x 10”2 ¢cm. Calculations by
the model for a 2-cm sphere and for the same con-
ditions as Stevens’ data yield a range of film thicknesses
from 107 * cm at the stagnation point to about 10 % 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 ilm over
the front portion of the sphere.

Acknowledgement—The authors express their gratitude to
the USAEC for support of this work under contract
AT-(40-1)-3936,
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APPENDIX A

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

8(3/R1) NiPe d <5 n’Q)
Ry

ar* Sing 30

2 z(f"‘)i Na:(Pe)tBsin®8 (A1)
= —2f—} - e)* B sin
Jay e z
where
™ = qy1/RY (A2)
Pe=Ry Hmfhz {A?)}
. 3Dhy, ]
Ny 14—l Ad
! %[ ea(tor —Lsat) (449
52
ks fay *(fsaz“fm)
Ny=-——22 P I AS
? 1+4 kz(aa) foy —lsat @3
If an auxiliary variable Y(8, t*) is introduced
Y(8, 7*) = sin’ 0[5((;; )] (A6)
1

and employed in equation {A1}, the expression for the vapor-
film thickness becomes

8Y oY
e +N4sm9—é-é~
= —N;sin® 8+ 2 sin®* 8 ——
3 Jr {*)

~Ns[B—cos 8—4B%+4cos* §] ¥sin*0. (A7)

where
N = E_l.
Ny= 2\{/(%> {A8)
Ni=N,Pe {A9)
N5EN2\/(PQ). (Al())

The auxiliary variable Y(6, T*) must be an even function with
respect to the angular coordinate, i.e. Y(6,t%) = Y(—6,7*).
The first-order partial differential equation {A7) is solved by
equation by the method of characteristics. Equation {A7) can
be transformed into the corresponding characteristic system

d(t* dé ay
(1 - Naosinf 2sin? 0 (A1)
4 - N3sin? 0 + ——— — Nssin* [ B ~cos § ~ 45> + 4 cos® 6] #
Jmr*)
which can result into two equations. The first equation to be solved is
d{r*) d8
i 2 Al2
1 N4sin@ (A12)
which has the solution
}n(tan %) = g+ Nat* {A13)
where & is an integration constant. The second equation is
d *
(; ) 2sin’ o (A14)
~Nasin?8+——— \f'{ *} —Nysin*8[B—cos §—4B% —Fcos* #]*

Vol 8 Nn 17 o
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Using trigonometric relations involving 6/2 and equation (A13), equation (A 14) becomes
dY —4Njexp[2a+N,t*] 8exp[2(a+ N,m)] —16Nsexp[4a+N4t)] (1 ~exp[ —3Pe+2a+ 2N 1*]
A 1rexp[2a+ Nat*] | Jar)[1+exp[2@+ Nst]] - [1+exp(2a+ Nat}]* {mf‘m
I—exp[2(@a+Nat*)] | 1—-exp[2@+Nat)] [1-exp[—3+2a+2N,o*] )¢
T T+exp[2a+Nat] §1+exp[2(ﬁ+ﬁ4r*)]_j[l+exp[——3+2&+2ﬁ4t*]]} (A13)

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

b=F(&):F(——Nu*ﬂn[tanﬂ). (Al6)

The initial condition is based on the vapor-film growth beginning with t = 0
5(6,0) = 0. (A17)

If equation (A15) is integrated, if the integration constant b 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

Résumé—Un modéle analytique est développé afin de décrire la suite des phénomeénes transitoires qui

accompagnent le mouvement d’une sphére chaude dans un liquide froid lorsqu’un matelas de vapeur

entoure la sphére. Des considérations énergétiques et dynamiques relatives a chacune des régions couplées

(la sphére chaude, I'enveloppe de vapeur et de liquide froid environnant) précisent augmentation

transitoire de I’épaisseur du film de vapeur et de flux thermique sur la sphére chaude. Ce phénoméne est

étroitement lié aux intéractions entre des matériaux fondus chauds et des liquides de refroidissement qui
peuvent réprésenter un facteur important dans le phénoméne de vaporisation explosive.

INSTATIONARES FILMSIEDEN AN EINER BEWEGTEN KUGEL

Zusammenfassung— Es wird ein analytisches Modell aufgestellt zur Beschreibung der aufeinanderfolgenden

instationdren Ereignisse, wenn sich durch eine kalte Fliissigkeit eine heiBe, von einem Dampffilm umgebene

Kugel bewegt. Energie- und Impulsbetrachtungen fiir jeden der gekoppelten Bereiche (die heiBle Kugel,

der Dampffilm und das 4uBere fliissige Kithlmittel) fihren zu Ausdriicken fiir das instationdre Wachstum

des Dampffilms und fir den Wirmestrom von der heiBen Kugel. Dieses Phénomen ist eng mit den

Wechselwirkungen zwischen heiBen, geschmolzenen Materialien und fliissigen Kiihimitteln verkniipft und
kdnnte einen wichtigen Faktor bei Dampfexplosionsphdnomenen darstellen.

HECTALIMOHAPHOE IJIEHOYHOE KHUITEHUE HA NEPEMEINAIOUENCS COEPE

Annotaumus — Paspabotana aHanuTHeCKass MOAENDb JNA ONMCAHMS DPANa HECTALMOHAPHBIX NpO-
LIECCOB, NMOC/IE0OBATENLHO MPOTEKAIOLIMX NIPH MEPEMELUEHHH ropadel cepbl B XOJIONHOM KHAKOCTH
¢ o6pa3oBaHueM BOKPYT Ctepbl MapoBOH OOOJIOYKM. YYeT 3HEPrHH M KOJNHYECTBA IBHXKCHHSA AJIS
Kaxaoit M3 BlaumomeiicTByrownx obnacteit (ropakasi cdepa, maposass o60s04Ka M OKpyXKarolas
XOJ1I04HaN KHUIKOCTb) HO3BOUI ONPENEIHTh POCT TONIUKHBI NAPOBOH MIIEHKH ¥ M3MEHEHHE HHTEH-
CHBHOCTH TEIJIOBOTO NMOTOKA OT ropsyeit cdepol. ITO ABIEHHE GIM3KO K B3IaNMOIEHCTBHIO TOPAYUX
pacniaBoB € XHAKHMH OXJIAIMTEIAMH H MOXET CIYXHUTh BaXHbIM (AKTOPOM B BO3HMKHOBEHMHU
ABJIEHHA MAPOBOIoO B3PhIBA.



