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Abstract— Entrainment from a liquid pool with boiling or bubbling is of considerable practical importance in
the safety evaluation of a nuclear reactor under off-normal transients or accidents such as loss-of-coolant and
loss-of-flow accidents. Droplets which are suspended from a free surface are partly carried away by a streaming
gas and partly returned back to the free surface by gravity. A correlation is developed for the pool entrainment
amount based on simple mechanistic modeling and a number of data. This analysis reveals that there exist
three regions of entrainment in the axial direction from a pool surface. In the first region (near surface region),
entrainment is independent of height and gas velocity. In the second region (momentum controlled region), the
amount of entrainment decreases with increasing height from the free surface and increases with increasing gas
velocity. In the third region (deposition controlled region), the entrainment increases with increasing gas
velocity and decreases with increasing height due to deposition of droplets. The present correlation agrees well
with alarge number of experimental data over a wide range of pressure for air-water and steam-water systems.

1. INTRODUCTION

ENTRAINMENT ofliquid by gas flow is often encountered
in various areas of engineering applications associated
with heat and mass transfer. For example, in safety
evaluations of nuclear reactors, entrainment can play
an important role on analyzing heat and mass transfer
processes under both off-normal operational and
accident conditions. There are several different
entrainment mechanisms depending ontwo-phase flow
regimes [1, 2]. For annular dispersed flow, an onse¢ of
entrainment criterion [1], a correlation for the amount
of entrained droplets [3], a correlation for droplet size
and its distribution [4], and a correlation for
entrainment rate [5] have been recently developed
based on the shearing-off mechanism of roll-wave crests
by a highly turbulent gas flow [1, 6]. Coupled with a
theoretical formulation of two-fluid model [7], these
correlations provide accurate predictions of thermo-
hydraulics of annular dispersed flow.

Besides the above-mentioned phenomena, there is
another important mechanism of entrainment. That is,
the entrainment from a liquid pool by gas flow in
boiling or bubbling. Earlier, in the field of nuclear
engineering, this pool entrainment was studied in
relation to radioactive carryover in a boiling water
reactor [8], decontamination factors in evaporation of
radioactive liquid waste in a natural circulation
evaporator [9, 10], and steam generator performance.

T To whom all correspondence should be addressed.

In the first two cases, entrainment has detrimental
effects on reduction of radioactivity.

Recently the importance of the pool entrainment has
been recognized associated with heat and mass transfer
processes during loss-of-coolant accidents (LOCA), in
particular, during the recovery phase of these accidents
through reflooding of a core. In this case, pool
entrainment may improve heat transfer, since droplets
actasaheatsink through droplet evaporation. This will
lead to lower vapor superheat and improved cooling of
fuel pins which is quite important in terms of safety.
Therefore, some research has been carried out on
pool entrainment during LOCA [11] and reflooding
[12, 13]. However, there have been no satisfactory
correlations which predict the amount of entrainment
at a given heat flux (or vapor velocity) and a given
distance from the free liquid surface.

In the field of chemical engineering, pool entrain-
ment has been studied in relation to the efficiency of the
gas liquid contacting equipment, e.g. plate columns, etc.
[14], and fluidized beds [15]. Some correlations have
been recommended in this field [16]. However,
geometry and operational conditions of this chemical
engineering equipment are quite different from those of
boilers and nuclear reactor systems. Therefore, these
correlations may not be directly applied to later cases.

As for the pool entrainment in boilers, some
experimental works have been carried out and several
empirical correlations have been proposed [17-31].
However, these correlations are not based on physical
modeling, therefore their applicability may be limited.
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NOMENCLATURE
Ay projected area of droplet ky deposition coefficient of droplet
Cp drag coefficient of droplet [ms™]
C coefficient in equation (36) l length of liquid ligament
Ce droplet concentration in gas space Ny exponent in equation (48)
[kg m~3] N site density of entrained droplet (in
Cx coefficient in equation (2) equation (14))
Cn coefficient in equation {48) . gas viscosity number,
d deposition rate of droplets Lo/ (p o0/ [o/(gAp)])' 2
[kgm~2s5"1] Ny liquid viscosity number,
D droplet diameter ue/(pro/[o/igAp)])"/
D* dimensionless droplet diameter, P escape probability of entrained
D/\/(6/(gAp)) droplet (in equation (14))
Dy bubble diameter P system pressure
D, critical droplet diameter whose P, pressure around the bubble
terminal velocity is equal to gas Rep, droplet Reynolds number, p,V,D/p,
velocity Re, gas Reynolds number, p, j,Dy/1t,
D} dimensionless critical droplet t time
diameter, D /./(a/(gAp)) ts bubble burst time
Dy hydraulic diameter of vessel v velocity
D} dimensionless hydraulic diameter of g velocity of element of liquid ligament
vessel, Dy//(a/(gAp)) v, gas velocity
D, ax maximum droplet diameter vy dimensionless gas velocity,
DX, dimensionless maximum droplet ve/(ogAp/pZ)'
diameter, Dmax/\/(a/(gAp)) vn(D, j, h) initial velocity of droplet (diameter
Eqq entrainment defined by equation (1) D) necessary to rise more than height
E;(h,j;) entrainment at height h and gas h under gas velocity j,
velocity j, v dimensionless form of v,
Ey(D,j,) entrainment at interface which vy/(agAp/p2)t*
consists of droplets whose diameter v; initial velocity of droplet at pool
are less than D (given by equation surface
(13) v¥ dimensionless initial velocity,
f(D,j)  droplet size distribution function for v/(ogAp/pH'*
Je ¥ dimensionless initial velocity defined
fo frequency of entrained droplet (in by equation (36)
equation (14)) v, relative velocity between droplet and gas
fi interfacial friction factor between gas We,\ax Weber number based on maximum
and liquid ligament droplet diameter defined by equation
Fy drag force acting on droplet (44)
g acceleration due to gravity y vertical position above pool surface
g(v, D, j;) initial velocity distribution function z vertical coordinate attached to the
for diameter D and gas velocity j, liquid ligament.
h height above the pool surface
h* dimensionless height above the pool ~ Greek symbols
surface; h/\/ (6/(gAp)) o void fraction in liquid pool
h¥ dimensionless height defined by d(x) delta function defined by equation
equation (50) (38)
h% dimensionless height defined by Ap density difference between gas and
equation (49) liquid
hy, maximum height of rising droplet &(jg) entrainment rate at pool surface for
Jre superficial velocity of liquid flowing Jolkgm™2s71]
upward as droplet e viscosity of liquid
Je total liquid volumetric flux My viscosity of gas
Jsa droplet volumetric flux (superficial Pr density of liquid
velocity) of falling drops Ps density of gas
Je superficial gas velocity surface tension
i dimensionless superficial gas 7 interfacial shear stress between gas

velocity, j/(agAp/p2)"/*

and liquid ligament.




Mechanistic modeling of pool entrainment phenomenon

In view of these, a correlation for the pool
entrainment is developed here from a simple physical
model by considering droplet size distribution, initial
velocity of entrained droplets, droplet motion and
droplet deposition. It is shown to correlate a number of
data over a wide range of experimental conditions.

2. PREVIOUS WORKS

In boiling or bubbling pool systems, droplets are
entrained by the mechanisms of bubble bursting,
splashing and foaming near the top of a pool. Some part
of these entrained droplets fall back to the surface of a
pool and the other part is carried away by streaming
gas. The entrainment E;, which is the ratio of the
droplet upward mass flux p ji. to the gas mass flux p, j,
has been measured experimentally by some researchers
[18-31]. Here j;. is the superficial velocity of liquid
flowing as droplets, and j, is the superficial velocity of
gas. Thus the entrainment E;, is defined as

_ Prre
Pule
Theexperimental data show that the entrainment E;,

is a strong function of the gas superficial velocity j, and

the distance from the surface of a pool h. When the
entrainment is plotted against the gas superficial
velocity at a fixed distance h, at least three entrainment
regimes can be observed [17, 20, 31]. In a low gas flux
regime, the entrainment is small and entrained liquid
consists of very fine droplets. In this regime, Eg, is
approximately proportional to the gas flux. In an
intermediate gas flux regime, larger drops are ¢jected
from a pool and Eg, increases with j3~%. At a higher gas
flux, large gas slugs are formed and a pool is highly
agitated. Then a considerable amount of liquid can be

entrained by splashing. In this high gas flux regime, E;,

increases very rapidly with the gas flux, i.e. Eg, oc j7>°.
As for the effect of the distance from the surface of a

pool, there are at least two distinct regions. In the first
region (momentum controlled region), entrainment
consists of larger droplets which rise due to their initial
momentum at the surface and smaller droplets which

are carried away by streaming gas. In this region, E;,

decreases rapidly with increasing distance, i.e.

E;, o h™ 3. In the second region (deposition controlled

region), entrainment consists only of small droplets

whose terminal velocity is smaller than the gas velocity.

Entrainment in this region decreases gradually due to

the droplet depositions. This trend can be expressed as

an exponential decay function of the height.
Although there have been no theoretical methods of
predicting entrainment, several semi-empirical corre-

lations [19, 22, 28] based on variousdata[18, 20,21, 23,

26, 31] and dimensional analyses have been proposed.
Kruzhilin [ 19] proposed a dimensionless correlation

for the intermediate gas flux regime and momentum

controlled region based on a dimensional analysis.

With an assumption that the initial velocity of droplets

¢y

fg
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at the interface is determined by the kinetic energy of
vapor p,jZ/2, he obtained

e ENE) o
P g Pr

Herej} is the dimensionless gas flux (see nomenclature).
In equation (2), Cx must be determined from
experimental data. However, it has been found that the
value of Cy depends on the distance from the interface.
Although equation (2) shows the effects of velocity and
pressure on Eq,, it does not give any information on the
effect of height, which is important in the momentum
controlled region.

Sterman [22] correlated the experimental data of
entrainment for steam—water systems at pressures from
0.1 to 18 MPa, and proposed a dimensioniess
correlation. His correlation depends on the average
void fraction in the pool, therefore, he has also
proposed several void fraction correlations applicable
to the problem. For a reasonably large vessel satisfying
the condition given by

A 0.2
D;<—£> > 260 3)
Pe

where Dj; is the dimensionless diameter of vessel, the
Sterman correlation can be simplified to

~0.26 1.1
. _ p Ap
E.. = 6.09 109*2.76h* 2.3 g N2.2 .
* s <Ap> g (Pr)
@

Here h*is the dimensionless height,and N is the liquid
viscosity number based on liquid viscosity u, (see
nomenclature).

Equation (4) is applicable to the intermediate gas
flux regime and momentum controlled region. The
boundary between the intermediate and high gas flux

regimes occurs at
. _ Ap —-0.2 _ p 0.46
JjE=108x10 5h*°~83<—> N2 A—; .
)

Pq

The Sterman correlation shows a strong dependence of
E;, on the liquid viscosity through the liquid viscosity
number N ;. According to this correlation, entrainment
increases with the liquid viscosity as E oc p?2.
However, experimental data on the effect of the liquid
viscosity on entrainment [24] does not show such a
strong viscosity dependence. Furthermore, equation (4)
fails to predict experimental data of air-water systems
[23].

Rozen et al. [28] proposed a correlation for the
deposition controlled region, in terms of the critical
droplet size. Therefore, for this correlation the size of
droplet should be specified. By matching the settling
velocity of wake regime droplets to the gas flux, this
drop size may be specified [5, 32]. By using this
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approach, the Rozen correlation can be given by

Eyp = 7.6 X 1075 jENLO + 487024 2N%,"}

X\/<M>e—0.23h/DH (6)
Pe

where N, is the gas velocity number based on gas
viscosity u,. The correlation given by equation (6)
shows basically two regimes depending on the value of
j¥. For small j¥, equation (6) can be approximated as

A
Eq, = 7.6x 107 3jN1[5 \/ <l>e‘°-23"/"“. )
Pe
On the other hand, for large j¥ equation (6) can be
simplified to

A
Egg = 0.37j242N0; \/ (i’> e 0-23Dn ()
p

2

The transition occurs at
j¥ =0.071IN ,ﬁf. 9

As shown above, these semi-empirical correlations
based on dimensional analyses are applicable to limited
ranges of operational parameters. Furthermore, some
parametric dependencies predicted by these corre-
lations may not be correct if they are applied beyond the
ranges of the data base. In view of the importance of
entrainment from aliquid pool in various engineering
problems as well as safety analyses of nuclear reactors,
an accurate correlation applicable over wide ranges of
operational parameters is highly desirable. For this
general purpose, the correlation should be based on
realistic modeling of droplet behaviors in the vapor
space and at the liquid vapor interface.

Based on these observations, a correlation for pool
entrainment is developed from mechanisticmodelingin
this study. It takes into account the droplet diameter
distribution, initial velocity of droplets and droplet
motion. Thus the present model reflects more realistic
mechanisms of pool entrainment than those proposed
previously.

3. BASIC EQUATION

When boiling or bubbling occurs in a liquid pool,
droplets are ejected from a pool surface by bursting of
bubbles, splashing or foaming. These droplets have
varying diameters and ejection velocities. Each droplet
goes through its own trajectory depending on its mass,
initial velocity, and drag force exerted by streaming gas.
The entrained droplet flux is determined by the
collective behavior of each droplet, which can be
analyzed by solving an equation of motion of each
droplet using the initial condition at the interface.
However, there are an enormous number of droplets
ejected from the surface of a liquid pool, thus it is
impractical to treat the movement of each droplet
separately. Therefore, a statistical treatment has been
adopted here.

In order to treat the entrainment problem
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statistically, one needs to introduce important physical
parameters and distribution functions at the interface
such as the entrainment rate at the interface, droplet
size distribution function, droplet initial velocity
distribution, and necessary initial velocity of a droplet
to rise more than height, h. The entrainment rate at the
interface, (j,), is the mass flux of droplets at the
interface and is considered to be a function of the gas
velocity. Droplets ejected from the interface have
various diameters represented by the droplet size
distribution function f(D, j,), which is the fraction of
droplets whose diameter lies between D and D +dD.
This function is considered to depend on the gas
velocity. Furthermore, f(D, j,) satisfies the following
relation

j f(D,j)dD = 1. (10)
o]

The initial velocity v,, which is the velocity of the
droplet just ejected from the interface, has its own
distribution function, g(v;, D, j,). This function
represents the fraction of droplets whose velocity lies
between v, and v; + dv; at the interface. It also satisfies

J‘ g(vi’D!jg)dUi = 1 (11)

0

In view of the mechanisms of droplet ejection, this
function is considered to depend on the droplet
diameter and gas velocity.

The velocity of a droplet necessary to rise more than
h, v(D, j, h) can be obtained by solving the equation of
motion of a single droplet with an appropriate drag
coefficient. Thus it should be a function of the droplet
diameter, gas velocity and height from the interface.

Using the above-mentioned statistical parameters,
the entrainment at distance h from the interface can be
given by the following integral

g-(jg J\wJ‘oc
Pelg J 0 J on(D.jg.hy

Efg(h’jg) = .
g(vi’ D’Jg)f(D’.]g) dvi dD (12)

The entrainment given by equation (12) consists of two
groups of droplets. The first group of droplets are the
ones whose diameters are larger than the critical
dropletdiameter D_. Here D, is the diameter of adroplet
whose terminal velocity is equal to the gas velocity.
Therefore, this group of droplets arrive at the height by
the initial momentum gained at ejection. The second
group of droplets have their diameters less than the
critical droplet diameter D . This group of droplets can
be carried away by the streaming gas to any height
unless they are deposited to the wall.

4. DROPLET DIAMETER
DISTRIBUTION AND ENTRAINMENT
RATE AT INTERFACE

The droplet diameter distribution function f(D, j,)
and entrainment rate at interface &(j;) are key factors to
determine entrainment at any height from the pool
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surface. However, these two parameters are difficult
quantities to analyze or measure directly. Thus one
needs to consider a more directly observable par-
ameter. For this purpose the interface entrainment
Eo(D, j,) is introduced. EyD, j,) represents the
entrainment consisting of droplets whose diameters are
less than the stated value D. Then it can be expressed as
Yy PD
Eo(D,jy) =8(—]?) J f(D,jgdD. (13)
pg]g V]
It is noted that Garner et al. [18] have measured
EO(D 7jg)'

Now, instead of using a completely empirical
correlation, a simple model for Eq(D, j,) is developed
by considering the mechanisms of entrainment. By
introducing the droplet site density N, mean frequency
Jfp» escape probability p and drag force Fp, the
parameter Eo(D, j,) may be related to these by

Eo(D,jg) ~ NfppFo. (14)
The drag force Fp[32] is given by
Fp = _%CngvrlvrIAd (15)

where Cp, v,, and A, are the drag coefficient, relative
velocity, and projected area of a droplet, respectively.
For a wake regime (Rep, = 5-1000), the drag coefficient
Cp[5, 32] is approximately given by

2003

Here Rey, is the droplet Reynolds number for a dilute
suspension (see nomenclature). For a simple model, the
following approximations may be used.

vr'vrl ~ .]g

Ay ~ D2 17)

Substituting equations (15)-17) into equation (14) one
obtains

Eo(D,jg) ~ (jgD)"*. (18)

The experimental data of Garner et al. [18] for
Eq(D, j,) are plotted against D*j¥ in Fig. 1. Here j}
is the nondimensional gas flux and D* is the nondimen-
sional drop diameter (see nomenclature). As pre-
dicted by equation (18), experimental data for D < D,
can be well correlated by

Egy(h,j D) = 0.3975(D*j*)*. (19)

However, it should be noted that the correlation given
by equation (19) is based on a data set taken at one
pressure. As equation (14) indicates, there should be an
additional pressure effect through the density ratio
Ap/p,in equation (19). This becomes clear in the latter
analyses and the exponent of Ap/p, is determined to be
—1in comparison with experimental data (see Section
8) [33]. This empirical result is used from this stage in
order to simplify the subsequent analysis. The detailed

Co = 10.67 (16) development is given elsewhere [33].
P ™ Reg* Then equation (19) can be modified and in view of
-3
10 = T T T TTTIT T T T TTOTT T T T TT1g
r GARNER et al. b
- jgm ) ig* 1
L © 04663 0.0744 i
e 0.6949 0.1108
- ‘A 09693 0.1546 A —
v 1.0394 0.1658
4 o 1179 0. 1881 a
10 = —
s I Sy * . % .3/2 I
e EO(D,]g)—0.3975(D ig )
-5
10— -3
: :
o L lanle Lo

Di

10 10

. ®
lg

F1G. 1. Entrainment below stated value Ey(j,, D) vs dimensionless diameter D*j§ for the data of Garner et al.
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equation (13)

.. D
g J f(D,j)dD = Eo(D.j,)
pg]g 0

-1.0
— 248 x 104<A’L;) (D415, (20)

By differentiating equation (20) with respect to D
\/(j_) y)
9Ap ] pei

This is an important correlation relating the
entrainment rate and droplet diameter distribution
function to the gas flux and droplet diameter.

(D,j,) = 372x107*

p —-1.0
e -*I.SD*O.S. 21
g (Ap> & b

5. DROPLET VELOCITY
AT INTERFACE

When the gas flux j, is small, the flow regime in a pool
is abubbly flow. In this regime, discrete bubbles rise up
to the surface of the pool and collapse there. This
mechanism of the bubble burst and subsequent
entrainment have been studied previously and
expressions for the velocity of entrained droplets has
been developed empirically and theoretically [34-38].
According to Newitt et al. [ 35], the initial velocity of an
entrained droplet due to bubble burst is given by

3ty (4o +P
v; == —
2 Dyps \ Dy °

where tg, Dy, and P, are bubble burst time, bubble
diameter, and pressure around the bubble.

However, for pool entrainment, the bubbly flow
regime is limited to a very small gas velocity. For
example, in an air-water system at atmospheric
pressure, the flow regime transition from bubbly
to churn turbulent flow occurs at j, in the order of
10 cm s~ ! [39]. Applying the drift flux model [40]
to a bubbling system and using the transition criterion
from bubbile to churn turbulent flow regime [41] given
by a ~ 0.3, the transition gas flux becomes

12
jt = 0.325(”3> .
Ps

This indicates that the churn turbulent flow may be the
most dominant flow regime in a bubbling pool. In the
case of churn turbulent flow, the initial velocity of
entrained droplets is not determined by the bubble
burst mechanism, but by a momentum exchange
mechanism suggested by Nielsen et al. [42].

This momentum exchange mechanism is shown
schematically in Fig. 2. It is assumed that droplets are
generated by shearing-off of film like liquid ligaments
and the shear stress due to streaming gas has a
dominant effect on this shearing process. The equation

2y

(23)
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POOL
INTERFACE

F1G. 2. Schematic diagram of droplet entrainment.

of motion for an element of the liquid ligament is given
by
dy

L = 1,—ApgD

D
Pr dt

(24)

where v is the velocity of an element of a liquid ligament
atz. And theinterfacial shear stress 7, is given in terms of
interfacial friction factor f; as

T, = fi3pe%- (25)
When the gravity term is negligible compared with the
interfacial term, equation (24) can be rewritten as

B S
1/2pe/p(I/DV 02—~ o

Atz = [ this velocity is equal to the initial velocity of the
droplet, that is

(26)

vlz =) = v, @7

Integratingequation(26)from z = Oto/, onecan obtain

3pe0iD = 3 fip il (28)

Equation (28) implies that the kinetic energy of the
droplet entrained is equal to the work exerted on the
element of a liquid ligament by gas flow.

The ligament of liquid at the pool interface, as shown
in Fig. 2, can be regarded as a sequence of several
droplets which are about to be entrained. Therefore, the
interfacial shear stress may be related to the drag
coefficient for a dropletin the wake regime, i.c. equation
(16), thus

fi~ Cp~ Rep©3. 29)

The length of the liquid ligament is assumed to be
proportional to the width of the ligament which is of the
order of the droplet diameter in analogy with the

Rayleigh instability of a liquid jet. Then
I~ D. (30)

Substituting equations (29) and (30) into equation (28),
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one obtains

2

1y
b ~ UEISNI[DA" 1/4(5’£) (31)

Pr
where v and v} are the dimensionless initial velocity
and gas velocity.

The gas velocity v, is related to the superficial gas
velocity j, in terms of void fraction a in the liquid pool as

v, =, (32

Then equation (31) can be rewritten as
1/2
of ~ AT N YA ‘/4(ﬁ> K

Ps
Equation (33) is derived from the consideration of the
momentum exchange mechanism at the interface.
However, there are some experimental data for v,
which support the dependence of v; on j, and D as given
by equation (33).

Akselrod and Yusova [43] and Cheng and Teller
[14] measured indirectly (calculated from the
maximum height of a droplet) the droplet initial
velocity in an air-water system at atmospheric
pressure. In their experiments, the liquid level is very low,
i.e. 5-6 mm for Akselrod and Yusova [43] and 38 mm
for Cheng and Teller [14]. Under these conditions, a
steady gas jet should form at the pool interface as
observed by Muller and Prince [44]. For this case « is
almost independent of j,. Therefore, in Fig. 3, the ex-
perimental data of Akselrod and Yusova [43] and Cheng

TjITTTII LA Tjﬁll

PRESENT CORRELATION

) B N |

B AIR - WATER
- 0.101 MPa
— jg(rn s')
g —_——
= 4
:'_l—\ 10— ° 03 —
- E . 3
=k ® 0% L akseLron & vusova 3
o B a 07 q
A ~
. [ 0 031 cienc & TELLER -
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9
T
i

v}/{i

T TﬁlTTq
.O
[ l_i_LL\l
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Fi1G. 3. Initial velocity of droplet in the

DTN 0y 2} vs D

planefor the data of Akselrod and Yusova [43] and Cheng and
Teller [14].
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and Teller [14] are plotted in the of/{j¥3*N}*
X (pg/pe)**} vs D* plane. It can be seen that the
experimental data for the initial velocity of droplets are
well correlated by

p 1/2
ur=205jg3/4N;g4D*-1/4<—8) )

P

There are no data which can be used to determine the
dependence of v; on « directly. It is expected, however,
that v; depends on « as predicted by the present model
given by equation (33).

For asystem with a much higher liquid level, which is
of considerable practical importance, the void fraction
is a function of the gas superficial velocity j,. For this
case a correlation between a and j, is necessary. The
void fraction in a liquid pool generally shows lower
values than those predicted by the one-dimensional
drift-flux model. This is mainly due to the recirculation
ofliquid in the pool. Some empirical correlations for the
void fraction are available for this kind of flow [45—48].

These void fraction correlations have been reviewed
in detail [17, 33], and it appears that the following
relation is most appropriate for pool entrainment [33]

p —~0.153
o ~j:2/3D§—0.28<ﬁ> .

(35)
Substituting equation (35) into equation (33), one
obtains

1/2
o} = CiFHNID* 1/4(@

XD*O-Zl(&)_O.u .
H Ap =15,

Here C is a proportionality constant which should be
determined in collaboration with experimental data.

It is noted here that actually the initial velocity of a
droplet at the poolinterface should haveits distribution
as discussed in Section 3. However, apparently no data
are available due to experimental difficulties. Therefore,
as a first approximation, only the mean value of the
initial velocities expressed by the above correlation is
used in this analysis. This may also be justified for the
simplicity of the model which can be checked by
experimental data. Then the droplet velocity distri-
bution function, g(v;, D, j,) is given by the delta function
in the following form

(36)

9(v;, D,jg) dv; = (v} —o¥) doft (37

where

Jw é(x)dx =1 l

—

(38)

d(x)=0 for x#O.}

In other words, the initial velocity distribution over the
same size droplets is neglected.
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6. MAXIMUM HEIGHT OF
RISING DROPLET

The maximum height which can be attained by a
rising droplet in gas flowing vertically upward can be
calculated by solving the equation of motion of the
droplet by specifying the drag coefficient [33, 49]. An
analytical solution for a practical range of the droplet
Reynolds number (Rep, = 5-1000) has been obtained
[33]. From the maximum height of a rising droplet, the
droplet velocity v,(D, j,, h) necessary to rise more thana
height h can be calculated as an inverse function.

The equation of motion of a droplet in a gas stream is
formulated by

T = =g Co= "t o~v) o0,

with initial condition, v = v, y =0at t = 0. Here v, ¢,
and y are the droplet velocity, time, and height from the
pool surface.

In Fig. 4, the maximum height calculated based on
equations (39) and (16) for v/j, = 1, v/j, = 2, and
vi/j, = 10 is plotted against the diameter ratio D/D,
where D_ is the critical diameter having the terminal
velocity equal to j,. Here it is noted that in the region
above the pool, the liquid fraction is small. Thus
v, is approximately j,.

As mentioned above, the initial velocity of a droplet
necessary to rise more than a height h is obtained as a
function of D, j, and h. It is a complicated function,
therefore, the analytical solution is not presented here.
However, calculations based on equations (39) and (16)
indicate that the eflect of j, is not so strong for the
practical range of j,. From this observation, therefore,
vy(D,j,, hymay be approximated by the following simple
expression for the range of j, corresponding to bubbly

‘2'——1' L Yj’l|l‘] T T T T TT1TT]
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FI1G. 4. Maximum height of rising droplet for wake regime.
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or churn turbulent flow

v, =0 (D <D,

\/<2gh %> (D= D,).
Pe

This equation can be obtained from a balance between
the kinetic energy and potential energy by neglecting
the work done by the drag force for D = D.. As
mentioned above this assumption can be justified as a
first-order approximation where the magnitude of v/ j,
is of the order of unity. Equation (40) can be rewritten in
a dimensionless form as

(40)

It

Uy

vF=0 (D* < D¥)
p 1/2

o = J(zh*)(-“) (D* > DY)
P

f

(1)

where v} and D¥ are the dimensionless form of v,and D,
(see nomenclature). For the wake regime DY is given by

D¥ = 4j*N3. 42)

7. CORRELATION FOR
ENTRAINMENT AMOUNT

In previous sections, the entrainment rate and
droplet size distribution at the pool interface, initial
droplet velocity, and velocity necessary to rise more
than a height h, are obtained. Now the amount of
entrainment can be calculated using the basic
expression for entrainment and these results. Hence by
substituting equations (21), (37), and (41) into equation
(12) one obtains

E(h,j,) = f J ¥ - x3.72x 1074
4] u;

-1.0
x <&) JHISD*OS dyF dD*. (43)
Ap

Droplets have finite diameters, therefore, the range of
the integration over D* will be limited by the maximum
diameter of droplets D,,,,. D,... is often correlated in

terms of the maximum droplet Weber number [50, 4]
defined by

DoaxPeis .
ao- eE = D;ax]:Z

We ., =

max

(44)

where D¥_ is the dimensionless maximum droplet
diameter. For example, for falling droplets [50] the

maximum droplet diameter is given by
Wepae =22 or DX, =22/*72 (45)

On the other hand, in annular-dispersed flow, the
maximum droplet diameter is given by [4]

PAREETIALE
We,..x = 0.03 1Re§/ 3(—g> (—g) (46)
Pt K

where Re, is the gas Reynolds number. Equation (46)
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shows that D*

max

can be scaled by

* & —4/3
Dmax ~ ]g .

(47)

In view of the entrainment mechanism discussed in
previous sections, the maximum droplet diameter in
pool entrainment is assumed to be given by a form
similar to equations (45) and (47). Thus

=C

jk —na

Dy, m/

max

(48)

where C,,, and n, should be determined in collaboration
with experimental data in the absence of a detailed
hydrodynamic model of the droplet generation.

Integrating equation (43) with equation (48), one
obtains the following resuits.

For
CZ 1 p —-0.23
* S . -*(n4+1)/2N1/2D*—0.42 s = h*
< ek we H <Ap> :
p. \ 10
Efg(h,jg) =248 x 10_4C},;5j;‘1'5_3"“/2 X‘—
0
49)
For
CZ B 0 —-0.23
h* ; TN‘L/;D:[ 0.42<ﬁ> = halk
p. \ 10
Egglh,jg) = 1.9 x 10‘3j;;‘3N,§(!2(ﬁ> . (50)

For
h¥ < h* < h¥

Eyfh,jp) = 3.10 x 107 5CSj*3h* ~3NLS
p —-0.31
pptas( L) L (51
i (Ap) (51)

Equations (49)-51) show that there are three regions
in terms of the height from the pool interface. The first
region (near surface region) is limited to small A. The
entrainment and limit on height are given by equation
(49). In this region, entrainment consists of all droplets
which are entrained at the pool interface. The second
region (momentum controlled region) is limited to
intermediate A. In this region, entrainment consists of
droplets which can attain height h due to the initial
momentum of droplets. As the correlation given by
equation (51) indicates, the entrainment amount
increases with increasing gas velocity and with
decreasing height in the second region. The third region
(deposition controlled region) applies to large A. In this
region, entrainment consists of droplets whose terminal
velocity is less than the gas velocity. Equation (50)
indicates that E;, is independent of h. In the actual
system, droplets can deposit on the vessel wall and thus
E, should decrease gradually with increasing height.

In Fig. 5, the general trend of the entrainment E;, is
shown schematically. Indeed, the same trend is also
observed in various experiments [25, 26]. Equations
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(49)+(51) indicate significant dependence of the
entrainment amount on the height above the pool
surface and gas velocity. The behavior of entrainment
characteristic significantly changes as a function of
height asindicated by the existence of three regions. For
practical applications the proportionality constants
and effects of physical properties of liquid and gas
reflected in exponent n, should be correlated in
collaboration with experimental data.

8. ENTRAINMENT AMOUNT IN
MOMENTUM CONTROLLED REGIME

Several experiments have been carried out to study
entrainment amount in a bubbling or boiling pool.
Most of the experimental data fall in the momentum
controlled region which is most important in view of
practical applications. Itis also noted that in this region
the entrainment is a very strong function of the height,
whereas in the other two regimes the effect of height is
not very important. In view of these, the entrainment in
this region will be discussed first.

Among available data, those of Kolokoltsev [31]
(steam—water, 0.129 MPa), Garner et al. [18] (steam—
water, 0.101 MPa), Sterman and co-workers [21, 22]
(steam—water, 1.72-18.7 MPa), Golub [26] (air-water,
0.101 MPa)and Styrikovich et al. [23] (air-water, 0.11—
5.0 MPa) are used for the present correlation purpose
because in these experiments the gas velocity and
measurement location above the pool surface have
been varied systematically. The key parameters of these
experiments are summarized in Table 1.

In Figs. 6 and 7, some typical experimental data for
the entrainment are plotted against a parameter j¥/h*.
However, Fig. 8 shows the data of Golub [26] in the
Ey,/j¥*vs h* plane. This is because in his experiments h*
has been varied extensively, and in this plot the
dependence of E, on h* can be easily examined. It is
noted that his data also include the entrainment
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Table 1. Summary of various experiments on entrainment amount from liquid pool

Height
Vessel above pool
diameter surface, Pressure
Reference Fluid Dy(m) h(m) (MPa) Jdms™h
Kolokoltsev [31] Steam-water 0.30 0.5-0.6 0.129 1L.0-1.7
Garner et al. [18] Steam-water 0.30 0.5-1.0 0.101 0.3-1.3
Sterman and co-workers
[21, 22] Steam-water 024 0.5-09 1.72-18.7 0.01-1.3
Styrikovich et al.
[23] Air-water 0.10 0.26-0.72 0.11-5.0 0.1-1.7
Golub [26] Air-water 0.20 0.1-22 0.101 0.5-2.0
Rozen et al. [29] Air-water 0.20 0-0.35 0.101 0.6-3.0

amount in the deposition controlled region. Figure 8
verifies the dependence of the entrainment on the height
above the pool surface as predicted by equations (49)-
(51) and indicated schematically in Fig, 5.

As shown in Figs. 6 and 7, the entrainment amount
increases with the third power of j¥/h*, which is also
predicted by the present model by equation (51). In
collaboration with these experimental data, the
proportionality constant C in equation (51) is
determined. Then the final form of the correlation for
the entrainment in the momentum controlled region is
given by

Egh,jp) = 542 x 105*3%* ~3N1.S
p -0.31
x D,’g“S(Z;;) . (52

It should be noted that this equation corresponds to
equation (4) given by Sterman [22]. However, equation

F‘T_mﬂ“ﬁ T T_FT_TTTT" L B
}
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F1G. 6. Comparison of experimental data of Sterman and co-
workers [21, 22] with predicted entrainment at 18.7 MPa.

(4) does not agree with air-water experimental data,
whereas the present correlation agrees with both
steam-water and air—water data. This is because the
present correlation includes the effect of the gas
viscosity through N, which is important for the
transport of droplets in the gas phase.

Figure 9 shows the comparison of various data to the
above correlation in the E/{N}.>D¥'2%(p,/Ap) 3!}
vs j¥/h* plane. As can be seen from this comparison,
equation (52) satisfactorily correlates the wide range of
experimental data for entrainment in the momentum
controlled region. Further comparisons of data to the
correlation are shown in Figs. 6 and 7. This correlation
applies to the intermediate gas flux regime.

Figure 9 shows that at low values of j¥/h*, the
dependence of the entrainment on j¥/h* changes. This
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F1G. 7. Comparison of experimental data of Styrikovich et al.
[23] with predicted entrainment at 0.3 MPa.
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F1G. 8. Comparison of experimental data of Golub [26] with
predicted entrainment at 0.101 MPa.

change is caused by the flow regime transition in a
liquid pool. As mentioned in Section 5, when the gas
velocity is small, the flow regime becomes bubbly flow.
The discrete bubbles rise up to the pool interface and
collapse there. This is different from the mechanisms
under which equation (52) is derived. In this bubbly
flow regime, the droplet size distribution and initial
velocity distribution may be quite different from those
predicted by equations (21) and (37). This regime
corresponds to the low gas flux regime previously
mentioned. The change from the low to intermediate
gas flux regime occurs approximately at j¥ predicted by
equation (23) which is derived from the criteria for the
flow regime transition from bubbly to churn turbulent
flow in a pool.

Althoughdata arescarce and considerable scattering
is observed, the entrainment in the low gas flux regime
may be correlated by

-0.31
Eq(h,jp) = 2.21N;51);1-25<ZL;> JERETL(53)
In Fig. 9, overall comparisons between the various
experimental data and the above correlations are
shown.
From equations (52) and (53) the transition criterion
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between the low and intermediate gas flux regimes can
be obtained, thus
Sz

£ —6.39x107%

.- (54)
This criterion gives a higher value of j¥ than that
predicted by equation (23) over the range of h*
appeared in the experimental data. This is because in a
boiling or bubbling pool system the void fraction is
generally lower than those predicted by the standard
drift flux model due to the significant internal
circulation of liquid in the pool. Here h* appears in the
criterion due to the fact that the information at the
interface to reach h* requires a certain gas flux.

Figure 10 shows the various experimental data for
entrainment in the

Eqg Vs (3/h%) NESDE (0, /Ap) 10

plane. The solid line in this figure represents the
correlation given by equation (52). This figure indicates
that the correlation generally agrees well with the data,
however, there is a systematic deviation at high values
of j§/h*. This actually signifies the appearance of the
high gas flux regime. This transition occurs
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approximately at

Ji P 2
<h—*)=5.7x10 N5 (Ki) (55)

or at

Epy ~1.0%x1073, (56)

In the regime where (j¥/h*) exceeds the value given
by equation (55), the entrainment increases with (jF/h*)
very rapidly as given by

Egg oc (jE/H*)2°. (57)

The transition from the intermediate to high gas flux
regime may be attributed to a flow regime transition in
the liquid pool. The transition from churn-turbulent to
annular, pseudo-jet or fountain flow [2, 51, 527 is
indicated.

It may be possible to make a dimensionless
correlation based on experimental data for this case.
However, such a correlation is not very useful because it
may give an unreasonably high value of entrainment at
large j¥ due to its high power dependence on j}.
Although no data are available, there should be an
upper limit for entrainment in this regime. Here, as a
first approximation, it is assumed that all the droplets
produced at the pool surface are carried away. This
limit is also predicted by the basic formulation given by
equation (43) at j¥ — oo with the condition given by
equation (48). Thus, the limit is obtained as

845521
Eh,jg) ~ lim f J o(v¥ — o)

jgmw

x3.72x 10 ( ) " i213D%05 qup dp*
Ap

-1.0
= 248 x 107 4CL %S~ 3"4/2<pg> NG
Ap

This value is identical to that in the near surface regime
which is given by equation (49). Therefore, for practical
purposes, the entrainment amount in the high gas flux
might well be estimated by the correlation for the near
surface region.

Now, based on the above analysis and correlation
development, some of the underlining assumptions are
reexamined. First, from equations (51} and (52), the
proportionality constant in the correlation is now
identified as

C=7471. (59)

Furthermore, the coincidence of the exponents between
equations (51) and (52) indicates that the assumption of
the exponent of Ap/p, in the interface entrainment
equation, equation (20), (in Section 4), can be justified.

9. ENTRAINMENT AMOUNT IN
DEPOSITION CONTROLLED REGION

As shown in Section 7, beyond a certain height from
the pool surface the entrainment consists only of the
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droplets having the terminal velocity less than the gas
velocity. This phenomenon is also observed in some
experiments [25, 26]. By neglecting the effect of the
droplet deposition, the upper limit of the entrainment
in this region can be expressed by equation (50).

In an actual system, the entrainment amount
decreases gradually with height h due to the deposition.
The mass balance equation in the deposition controlied
region is given by equation (60) assuming that there are
no phase changes between liquid and gas, and no
additional entrainment from the liquid film

dE,, 4 d

dh DH pgjg~

(60)

Here d is the deposition rate of droplets (kg m~2 s %)
and related to the mass concentration of droplets in the

gas Cg(kg m™°) by
d = k,Cg (61)

where k, is the droplet deposition coefficient (ms ™) [2,
5]. When the velocity of droplets is approximately
equal to the gas velocity, the droplet concentration Cg

is given in terms of Ey, as
Cr = pEey (62)

Substituting equations (61) and (62) into equation (60)
one obtains

dE,, (kd )
= —4 E
d(h/Dy) W)

Integration of equation (63) leads to an exponential

(63)
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decay characteristic given by

Efg oc e~ 4kalin)/(h/Dr) (64)

In view of equations (50) and (64) experimental data
ofentrainment for the deposition controlled region [18,
26] are plotted in the E¢ /{j¥* N3, (p,/Ap) ™' -°} vs h/Dy
planein Fig. 11. Although the data scatter considerably
due to experimental uncertainties, they can be

correlated by

Egglh,jp) = 7.13 x 10~ 43NS,

p -1.0
x (—‘) exp(—0.205(h/Dy)) (65)
Ap

and kg = 0.051j,.

The deposition coefficient calculated from equations
(64) and (65) gives higher values of k4 than those
observed in normal annular dispersed flow [53]. It is
considered that droplets entrained from a bubbling or
boiling pool have higher random velocity in the lateral
direction when they are entrained. The deposition
coefficient should increase due to this initial random
momentum in the lateral direction. This situation is
similar to the case where droplets are injected from a
nozzle [50] into a pipe. In the latter case, the very high
deposition rate near the injection nozzle is well known
[2,5, 54].

Comparing equations (52) and (65) the height above
the pool surface at which the momentum controlled
region changes to deposition controlled regime is given
by
h* exp (—0.068(h*/D¥)) = 1.97 x 103

3

. \02
xl\{gfz’Dﬁo'“(ﬁ) . (66)
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When the droplet deposition is small, equation (66) can
be approximated by
Pe

0.23
h* ~ 197 x 103N2330;;°-“<Z—) ()
p

10. ENTRAINMENT AMOUNT NEAR
SURFACE REGION

In the near surface region, entrainment consists of all
the entrained droplets from the pool surface. It is given
byequation(49). Measuring the entrainment amountin
this region is difficult because the pool surface is highly
agitated. Therefore, the discrimination of entrained
droplets from the agitated pool is quite difficult. The
only data available in this near surface region are those
of Rozen et al. [27, 28] who have obtained the data by
extrapolating the measured entrainment in the
momentum controlled region. The data are for an air—
water system at atmospheric pressure. Their results
show no dependence of E, on j, and are given by

Ep~ 4. (68)

In view of equations (49) and (68), one obtains the
correlation for the near surface region as
p -1.0
; -3
E¢y(h,jg) = 4.84x 10 (ﬁ) . (69)
Equation (69) indicates that C,, and n, in equation (49)
are given by

C,=724 and n,=1. (70)

From the above results, the maximum drop size
correlation given by equation (49) can be rewritten as

DY, =724 (71)

Equation (71) implies that the maximum droplet size is
fairly large, however, such large droplets only exist in
the near surface region and their lifetime is considered
to be very short.

From equations (52) and (69), the transition point
between the near surface and momentum controlled
regions is given by

0.23
h*=1.038x103j;N2§5D§°'42<£;;) )

Since equation (69) is obtained from a limited number
of experimental data, further experimental works may
be needed to verify the validity of the correlation given
by equation (69) at high pressures.

11. SUMMARY AND CONCLUSIONS

Correlations for the droplet entrainment and
carryover from a bubbling or boiling pool by streaming
gas have been developed based on a simple mechanistic
model of entrainment in collaboration with experi-
mental data.

The analysis reveals that there are three regions of
entrainment depending on the height above the pool
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surface. For each region the correlation for the
entrainment amount has been developed in terms of the
dimensionless gas velocity j¥, height above surface h*,
gas viscosity number N, vessel diameter D{, and
density ratio (p,/Ap). The results for the entrainment
amount are summarized below.

11.1. Near surface region (0 < h* < h%)

This region is limited to the vicinity of the pool
surface. In this region, entrainment consists of all
droplets entrained at the pool surface and is given by
equation (69).

11.2. Momentum controlled region (h§ < h* < h¥)

This region is limited to the intermediate height
range. The entrainment consists partly of the droplets
which attain height 4 due to the initial momentum and
partly of droplets whose terminal velocity is less than
the gas velocity. This region is subdivided into three
regimes, depending on the gas velocity :

(a) low gas flux regime, equation (53),
(b) intermediate gas flux regime, equation (52),
(c) high gas flux regime, equation (57).

11.3. Deposition controlled region (h* = h¥})

In this regime, the deposition becomes the main
factor determining the amount of entrainment. In this
regime, the entrainment consists of droplets whose
terminal velocity is less than the gas velocity. Eg,
decreases gradually with h due to deposition and is
given by equation (65).

11.4. Entrainment rate and droplet size distribution

From the above development for entrainment, it is
now possible to obtain the entrainment rate and
droplet size distribution at the pool surface. By
integrating equation (21) over D with the limit given by
equation (71), one gets

. © -1.0
4y J f(D,j)dD = 484 x 10-3(&) TR
Pele Jo Ap

In view of equation (10), the entrainment rate becomes

-1.0
. - P
&Jg) = 4.84x 10 3pg]g<A—gp> .

Thus the droplet size distribution becomes

£(D.j)) = 0.077j¥1:5p*0:5 \/ (f’—ﬁﬁ) (75)

D¥,, where D¥ =727

(74)

which applies to D* <

11.5. Total droplet flux

In this work, the entrainment is correlated in terms of
the upward droplet flux j;.. This parameter itself is very
important in studying the carryover droplet mass.
However, itis noted that the total liquid volumetric flux
J¢ may be different from the upward droplet flux j;, due
to the droplets and liquid film which are falling back to
the pool. For quasi-steady-state conditions, it is

I. KATAOKA and M. IsHn

straightforward to extend the present analysis to
obtain the total liquid flux as discussed below.

For simplicity, the effect of the deposition is
neglected. In this case, it can easily be shown from the
continuity relation that the total liquid flux can be given
by the droplet flux at the end of the momentum
controlled region, thus from equation (50)

P —3:%3 0.5(p8>_
—=20x10" ¥ N> =
Pele ¢ T Ap
This is because all the droplets arriving at the end of the
momentum controlled region are fully suspended and
cannot fall back without deposition. Then the droplet
volumetric flux of the falling drops are given by

1.0

(76)

Jea = Je—Jse (7

which is generally negative in the near surface or
momentum controlled regions. This indicates that
there are a definite number of droplets falling
downward in these regions.

The comparison of the above entrainment corre-
lations with a large number of data showed good
agreement over a wide range of pressure. This indicates
that the present mechanistic model is accurate.
Furthermore, it explains the basic physical processes of
pool entrainment and the existence of the different
regions and regimes of entrainment. Therefore, the
present results supply valuable information which has
not been available previously.
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MODELISATION MECANISTE ET FORMULATION POUR LE PHENOMENE
D’ENTRAINEMENT EN RESERVOIR

Résumé—L’entrainement d’un liquide par I'ébullition en réservoir est trés important en pratique dans
I’évaluation de slireté des réacteurs nucléairesdans les cas transitoires hors norme ou dans les accidents tels que
la perte de réfrigérant et la chute de débit accidentelles. Des gouttelettes qui quittent la surface libre sont en
partie enlevées par un courant gazeux et en partie renvoyées sur la surface libre par gravité. On développe une
formule pour’évaluation de Pentrainement basée sur un modéle simple mécaniste et sur un certain nombre de
données. Cette analyse révele qu'il existe trois régions d’entrainement dans la direction axiale depuis la surface
libre. Dans la premiére région (prés de la surface) I'entrainement est indépendant de la hauteur et de la vitesse
du gaz. Dans la seconde région (contrélée par la quantité de mouvement) le débit d’entrainement décroit
quand la hauteur augmente et croit avec la vitesse du gaz. Dans la troisiéme région (région contrélée par le
dépot), Pentrainement croit avec la vitesse du gaz et diminue quand la hauteur augmente a cause du dépot des
gouttelettes. La formulation s’accorde bien avec un grand nombre de données expérimentales, dans un large
domaine de pression pour des systémes air—eau et vapeur d’eau—eau liquide.

EIN MECHANISTISCHES MODELL UND KORRELATIONEN FUR
BEHALTER-ENTRAINMENT-PHANOMENE

Zusammenfassung —Entrainment aus einem Flissigkeitsbehilter (beim Sieden oder Sprudeln) ist von
beachtlicher praktischer Bedeutung fir Sicherheits-Berechnungen von Kernreaktoren unter abnormalen
Ubergangszustinden oder Unfillen wie KiihImittelverlust oder Stromungsstillstand. Tropfen, die von einer
freien Oberfliche suspendieren, werden teilweise durch ein stromendes Gas abtransportiert und kehren
teilweise durch die Schwerkraft zur freien Oberfliche zurlick. Fir die Entrainmentmenge im Behalter wurde
eine Korrelation entwickelt, die auf einem einfachen mechanistischen Modell und einer Anzahl von Daten
basiert. Diese Untersuchung verdeutlicht, daBl drei Bereiche des Entrainment in axialer Richtung oberhalb der
Fliissigkeitsoberfliche existieren. Im ersten Bereich (nahe der Flissigkeitsoberfliche) ist des Entrainment
unabhingig von der Hohe und der Gasgeschwindigkeit. Im zweiten Bereich (impulskontrollierter Bereich)
sinkt die Entrainmentmenge mit zunehmendem Abstand von der freien Oberfliche und erhoht sich mit
steigender Gasgeschwindigkeit. Im dritten Bereich (durch Abscheidung kontrollierter Bereich) steigt das
Entrainment mit steigender Gasgeschwindigkeit an und nimmt mit zunechmender Hohe entsprechend der
Tropfenabscheidung ab. Die vorliegende Korrelation stimmt gut mit einer groBen Anzahl von experi-
mentellen Daten iiber einen weiten Druckbereich fiir Luft-Wasser- und Dampf-Wasser-Systeme iiberein.

MEXAHUCTUYECKOE MOAEJIUPOBAHHUE U OBOBUIIEHHOE OINMUCAHHE
SABJIEHHUA YHOCA B BOJIbIIOM OBBEME XHUAKOCTH

Aunnoramms—HccnenoBande yHoca U3 6ojbuioro o6beMa KHMAKOCTH NPH KHIIEHHM WK Dapboraxe
HMeeT OGOAbLIOE NPAKTHYECKOE 73HAYEHHE /I8 OLEHKHM O€30nacHOCTH $EPHOrO peakTopa I1pH
OTKJIOHEHHH OT CTAIIMOHAPHOI'O PEXHMd paboThl MM 4BAPHUAX C YTEYKON TEIIOHOCHTESA MM TerJa.
Karnu, Haxoasiuuecs BO B3BELIEHHOM COCTOSHHM Haa CBOOOJHOM 1OBEPXHOCTBEO, Y4CTHYHO YHOCSTCH
IIOTOKOM Td3d, & Y4CTHYHO BO3BPALLAIOTCA Hd CBODOIHYHO MOBEPXHOCIb 104 JAEACTBHEM CHIIbI
TskecTH. Ha 0CHOBE NPOCTOro MEXdHUCTHYECKOTO MOJEIMPOBAHMS M PAd IKCIEPUMEHTA/IbHBIX JAHHBIX
IIPEASIOKEHO COOTHOLLEHHE LIS ONPEeIC/IeHHs KOJMYECTBA YHOCHMOIO BEILECTBA. AHAJIN3 [10KA3bIBAET,
YTO MOXHO BBIAEJIMTH TPH OO/NACTH YHOCA B OCEBOM HANPABICHHM OT [IOBEPXHOCTH KHMIAKOCTH.
B nepsoit 06aactu (y 1MOBEPXHOCTH) YHOC HE 3dBHCHT OT PACCTOSHUA OT [OBEPXHOCTH M CKOPOCTH
raza. Bo BTopoi#t (onpeneisieMoil NEPEHOCOM HMMIIYJIbCA) KOJIMYECTBO YHOCHMO#M JKMIKOCTH YMEHb-
LIaeTCA C YBEJIHYEHHEM CKOPOCTH rada. B TpeTbelt (KOHTpOSMpYEMON oOCaXIEHHMEM Kalleslb) YHOC
YBEJIHYHBAETCA C POCTOM CKOPOCTH T'a3d M YMEHBLIAETCS ¢ YBEJIMUEHHEM DPACCTOSIHHS OT NOBEPXHOCTH
M3-3a4 OCaXAeHHs kaneib. [losyueHHOE COOTHOILEHHE XOPOLLO COTIacyeTcsi ¢ OOJIbUIMM  YHMCIOM
JIKCIIEPUMEHTAJIbHBIX JdHHBIX B LIMPOKOM AHANA3OHE H3IMCHECHHMS J4BJICHHS [UIS CHCTEM BO3IOYX-BOJd
M 1ap—BOJA.



