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An approximate method is presented for the determination of the tem-
perature difference across the liquid~vapor phase interface in a vapor
bubble, during boiling in a large volume,

Particular attention is being devoted in recent times
to the problems of the mechanism of boiling, in con-
nection with the development of new technology and in
view of the fact that many aspects of this development
have not yet been subjected to quantitative evaluation.

Fig. 1. Standard physical model.

Among the factors which have not been studied in
great detail we find the magnitude of the discontinuity
in the temperature ¢ at the boundary of separation
between a superheated liquid and the vapor space of a
bubble in boiling within a large volume. We will re-
strict the stated problem to an examination of the dif~
ference between the temperatures 4 observed between
the surface of the wall and the vapor space of the bub-
bles which have not yet separated from the heated sur-
face.

Experimental data show that the vapor bubbles ap~
pear first at the microscopic roughness elements of
the heating surface. The most probable sites for the
formation of the vapor phase are the microscopic de~
pressions [1].

The widely held opinion that microscopic protuber-
ances served as such foci was not confirmed [2]. The
liquid in the wall layer must be superheated relative
to the saturation temperature for the vapor over the
flat surface, i.e., Ty > T*".

It is our opinion that we can assume that the gen-
eration of vapor bubbles in an active hemispherical
depression occurs in the following manner.

When a vapor bubble separates from the surface it
intensifies the turbulization of the liquid within the
depression and promotes the influx of colder liquid

volumes from the main core. The liquid temperature
within the depression drops to Ty, which is the tem-
perature at the beginning of the period referred to by
Hsu [3] as the "waiting period" 1;, which is the time
needed to heat the liquid within the depression to T¢.
When the heating is stopped, the heat flow is directed
toward the center of the sphere. Because of the small~
ness of the volume of the system, the transfer of
energy is accomplished by heat conduction which in-
volves some inertia. The depression can be treated
as a portion of a sphere with uniformly distributed
heat sources and a sink of the total heat flow at the
center of the sphere when the liquid is heated at an
instant that is close to the steady-state value (i.e.,
the equilibrium value; this state is not attained, since
the process proceeds without equilibrium within a
fraction of a second). The calculations of [10] demon-
strate that the temperature at the center may rise.
Consequently, the particular shape of the depression
(of the hemisphere), the nonsteadiness of the heating,
and the presence of inertia set up conditions favorable
to the concentration of molecules with elevated energy
at the center of the depression, i.e., favorable to the
elevation of temperature within this region. The pres-
sure in the system is constant; there is therefore no

£

Fig. 2. Scheme of temperature field along

beam AE; & is the thickness of boundary

thermal layer around gas bubble, accord-
ing to [12].

" further superheating of the liquid, and we have a new

phase—a vapor phase. This phenomenon can be ex-
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plained in the following manner. Because of the above-
noted factors, a nonuniform temperature field appears
at the center of the sphere. This state of the system
is unstable. The evening out of the temperature field
occurs in the subsequent period (rye1). The minimum
possible relaxation time can be defined as the time for
the propagation of elastic waves within the ligquid:

Rer

Tret = w ) 1)

For water w~ 1500 m/sec, while for p" = 98.1 bar,
Rer = 0.12-107% m.

Under these conditions 1re] = 0.8 1071 gec.

According to [4], the thermodynamic properties of
the substance may be affected by these fluctuations,
whose period of existence is greater by an order than
the quantity h/kT, i.e.,

h

ol = ———. (2)
Trel T

For the conditions under consideration

L 10—34
ko 662-10 —0.82 - 10-Usec .

kT 1.38 - 10— - 582.5

Hence we can see that the time during which tem-
perature fluctuations are present at the center of the
sphere is sufficiently long to alter the thermodynamic
properties of the substances within this region (i. e.,
to achieve conversion of liquid into vapor). It can be
demonstrated that the above-described scheme for
the appearance of vapor nuclei in real liquids proceeds
in the presence of additional conditions: a solid par-
ticle must be present at the center of the sphere at
the instant at which fluctuations in density appear (in
industrial liquids, large amounts of such particles are
present), or a gas bubble has to be present.

However, regardless of the conditions for the gen-
eration of the vapor, as demonstrated by experiment,
in normal boiling we find the formation of vapor bub-
bles at the heating surface. Beginning our analysis
from this confirmed fact, let us determine the mag-
nitude of the temperature difference across the inter-
face between the super-heated liquid and the vapor
space of the bubble in the case of boiling within a large
volume on a horizontal heating surface. The generated
vapor bubble exhibits a finite radius Ryp. During the
initial period of growth in 7, the bubble is close to
spherical in shape (Fig. 1). Prior to separation from
the surface, the bubble assumes a mushroom shape.
Ithasbeenestablished in [5] that the rate of growth for the
vaporbubble reaches a maximum in the initial period r,.
For theboiling process at atmospheric pressure[6]

Ty =2 0.25 Teep. (3)
During this period the bubble grows from dey to d;,
dy = 0.7—0.75 dgep. (3a)

Let us determine ¢ precisely during the period 7, in
which the bubble is attached to the heating surface at
one point.
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The difference in ¢ of interest to us is a component
part of the curve for the temperature field of the en-
tire system. To derive a more general curve for the
temperatures, the distribution of this quantity along
the ray AE (according to Fig. 1) is established in Fig.
2, and we find that the aforementioned ray passes
through the center of gravity for the vapor bubble with-
out coinciding with the vertical.

We will assume the temperature T} within the va-
por bubble to be approximately identical throughout
the entire volume; T\')VR denotes the temperature of the
liquid surrounding the bubbles. The pressure plna of the
saturated vapor in the bubble is uniquely associated
with the temperature Ty of the saturated vapor. A
necessary condition for the generation and growth of
the vapor bubble is the superheating of the liquid rel-
ative to the temperature T' of the saturated vapor
above the flat surface [7] to a temperature T, = TyR.

We know that the equilibrium coexistence of the va-
por and liquid phases is movable, i.e., the number of
molecules leaving the liquid is equal to the number of
molecules absorbed by the liquid surface. The process
of vapor production in boiling is without equilibrium.
The apparent generation of vapor is caused in this case
by the fact that the number of molecules remaining
within the vapor space is larger than the number of
molecules absorbed by the liquid. According to kinetic
theory, a temperature jump occurs at the boundary of
separation between the phases in this case (Fig. 2).
The magnitude of this jump can be determined by means
of the condensation coefficient. The latter serves to
evaluate the number of molecules captured by the lig-
uid. It can range in value from zero to unity.

We will treat the vapor as an ideal gas, and we will
assume the processes of molecule release from the
liquid and of molecule absorption to be independent of
each other. On the basis of concepts from kinetic the-
ory [8], for vapor condensation we then have

2k ( P
2—k 2a R'T"

i= S ) )

V2 R'T,

We will assume in approximate terms that (4) is
also valid for evaporation from a curvilinear surface.
The process of vapor formation in boiling is always
accompanied by the transition of some of the molecules
to the liquid.

According to [8], the intensity of vapor formation
can therefore be calculated from the condensgation for-
mula

2k ( PR Pur

— =1 5
2~k \VoRT, Vin R”TZ;R) ! ®

Neglecting the work of the forces of surface tension
and adhesion, we can assume that all of the heat trans-
mitted by the heating surface represents the heat of
phase conversion

q=ri,

whence

j=-Z. (6)
.
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We can express the density of the heat flow in terms
of the rate of growth for the vapor bubble [5]:

dR
=rp’ . (7)
LA

On the basis of (6) and (7), for the intensity of vapor
formation we can write

" d R

j = . 8
f=0 (8)

Let us substitute this expression into (5):

2 (  pr per dR
: e | =P .
2—k \V2aRT, VmRT, dv

9)

The unknown in Eq (9) is the magnitude of the va-
por temperature TR within the bubble. The pressure
pR of the saturated vapor within the bubble is uniquely
associated with the temperature TR and can be deter—
mined from tables listing values for the saturated va-
por.

Having specified the value of the temperature T
= TR for the superheating of the liquid, and having
used the tables to determine the saturation pressure
corresponding to Ty, we can calculate the vapor
temperature from (9) in a bubble of radius R. How-
ever, since Eq. (9) also includes the pressure pﬁ of
the saturated vapor, which is associated with the un~
known Tln%’ the calculation of the latter is accomplished
by the method of successive approximations, i.e.,
initially we assume a tentative magnitude for the vapor
temperature TR w1th1n the bubble, then we take the
saturation pressure pR corresponding to TR from the
tables, and finally, the sought temperature TR is cal-
culated from Eqg. (9). The calculation is concluded as
soon as the initially adopted temperature value coin-
cides with the found value. The value of T% is deter-
mined most easily for the initial period 7, of vapor-
bubble growth. The time-variation of the bubble di-
ameter in the initial period follows a law that is close
to the linear [5, 6). It may therefore be assumed in
approximate terms that for the period 7, the constancy
of the first derivative is characteristic:

dR
dt

= const.

According to [10], the time for the bubble growth is

” 2
Toep=——1 O d | 1 (—m—d" ) ) (10)
B A Touper vy

The quantity dgep is determined from a familiar
formula; if we know Tgep, with (3) and (3a), we can
find the values of r; and R,. Consequently, the rate of
bubble growth in the first period is defined as

dR R,
dv T

(11)

The quantity ATgypey in formula (10) is understood
to refer to the ratio between the superheating of the
liquid surrounding the vapor bubble and the tempera-
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ture T" of the saturated vapor above the flat surface at
a specified pressure in the vessel (we neglect the hy-
drostatic pressure), i.e., ATgyper = Ty — T" or,
what amounts to the same,

A Tsuper = TZ;JR - T (12)

For the injtial period r; Eq. (9) thus enables us, in
approximate terms, to calculate the magnitude of the
temperature jump

8 =Tor — Ths (13)

which occurs at the ligquid-vapor interface in the bub-
ble in the thin wall layer at the heating surface. The
solution of Eq. (9), with the aid of seven~place loga-
rithmic tables prepared by the author for water, dem-
onstrate that the quantity 4 at the interface is small
for the above-described conditions. Thus, for p" =
=0.981-10° N/m? and ATgyper = 5° K, & assumes a
value equal to 0.015° K, while for p" = 98.1°10° N/m?
and ATgyper = 25°K, ¢ = 0.01° K.

For the second case, here we assume in approxi-
mate terms that (3) is valid. To determine the con-
densation coefficient we turned to reference [11].

In the first example k = 0.54 when TR = 378.135°K.
In the second example k = 0.712 when T} = 607.67° K.

The temperature of the vapor within the bubbles
cannot be measured experimentally at the present
time. However, there exists an indirect method of de-

. termining the accuracy of the results obtained. When

the vapor bubble is floating, it increases in volume,
absorbing heat from the superheated liquid. Relative
to the temperature of the saturated vapor over the
flat surface, the superheating of the liquid is deter-
mined from the familiar formula

26T
ro"R )

With an increase in the radius, the medium need
not be as intensively superheated for vapor bubbles to
exist within it. A vapor bubble leaving the liquid ex-
pands in the limit to R =, so that AT gypey — 0, and
for the limit case the liquid temperature becomes
equal to the vapor temperature T". Consequently, the
absolute equilibrium magnitude of the vapor tempera-
ture within the bubble in the upper layers of the liquid
is smaller than in the lower layers. Simplifying the
actual processes somewhat, we see that when the bub-
ble begins to float (thus increasing in volume) a vapor
mixture begins to form within the bubble.

The components include liquid vapors of various
temperatures. I we know the volume of the vapor
within the bubble at the instant of its separation from
the heating surface and on leaving the surface of the
liquid, we can calculate the temperature of the mix~
ture. We can use Eq. (9) to determine the vapor tem-
perature within a bubble whose diameter hasreached
the size required for separation. For this we have to
use the average integral value of Ty R of the surround-
ing liquid. In first approximation, assuming the tem-~
perature of the last vapor portions formed prior to
departing the liquid surface to be equal to T", we can

AT,

S

(14)

uper — TwR —T" =
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tentatively derive the average actual vapor tempera-
ture which should be found in a vapor bubble of radius
R near the evaporation surface (in a liquid). Accord-
ing to our calculations, for the conditions of the Yakob
experiment [13], thistemperature is equalto 373.75°K
(100.6° C). Consequently, the surrounding liquid should
exhibit the temperature

Tor = Tr + 9.

In the case of water, for p" =0.981bar, 4 =0.015°K.
Extending the data from the solution of Eq. (9) to the
upper layers of the liguid, we find that

T} = Twr = 373.75 4 0.015 = 373.765°K.

From the data of [13], in the upper layers of the
liquid we have Ty = 373.55° K (100.4° C). For approx-
imate calculations, the derived results may be re-
garded as sufficiently accurate. Generalizing the re-
sults of this work, we should point out that the "apparent"
magnitude of the temperature difference for the liquid-
vapor system is of a different order of magnitude. In
the wall layer at the heating surface it is estimated at
0.01~0.015° K for water. In the upper layers of the
liquid we have ¢ = 0.4~0.6° K (for a height of 0.06 m).

NOTATION

Ty is the instantaneous temperature of the boiling
fluid; tpel i1s the relaxation time; Rey and R are
the critical and instantaneous radii of the vapor bub-
ble; h is the Planck constant; k is the Boltzmann con-
stant and condensation coefficient; j is the intensity of
"apparent” condensation and intensity of "apparent"
vapor generation, kg/m?- sec; 1 and Tgep are the
initial period of vapor-bubble growth and the period of
its growth up to dgep; R" is the gas constant for the
vapor; w is the velocity of elastic-wave propagation;
pY, is the pressure of the saturated vapor at the sur-
face temperature (of the condensate film); R, is the
radius of the vapor bubble at the end of the initial pe-
riod 745 pyR is the pressure of the saturated vapor at
a liquid temperature T{R on surface of the vapor bub-
ble with radius R; p} is the pressure of the saturated
vapor in the vapor bubble with radius R at vapor tem-
perature T%; TYR is the wall temperature of the va-
por bubble with radius R (liguid temperature on bub-
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ble surface); Ti'% is the mean temperature of the satu-
rated vapor in the bubble; g is the density of heat flux;
T is the heat of vapor generation; dgp, dy, and dgep
are the vapor bubble diameters: minimum-corre-
sponding to initial period separation; p" is the density
of the saturated vapor; A is the thermal conductivity
of the liguid.
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