THE APPEARANCE OF THE VAPOR PHASE ON
A HORIZONTAL HEATING SURFACE

A.I. Leont'ev and A. G. Kirdyashkin UDC 536.423 .1

We investigate the conditions under which the vapor phase appears on a heating surface; this
investigation is carried out from the standpoint of the theory of convection heat transfer.

Numerous references [1-5] are devoted to the study of the conditions under which the vapor phase
appears at a heating surface.

References [2, 4] deal with the problem of the limit dimensions for active centers of vapor formation
by analyzing the nonsteady heating of layers of liquid adjacent to the heat-transfer surface. However, the
great indeterminacy in the selection of the thickness for the liquid layer that is being heated and the fact
that the convection heat flow are neglected makes it impossible to regard the results derived in these ref-
erences as definitive.

Reference [5] describes an investigation into the conditions prevailing in the onset of boiling in flows
moving at rather high velocities, at which the variation in temperature near the wall, at height of the vapor
nucleus, is assumed to be linear.

An attempt is made in this article to approach the analysis of this problem from the standpoeint of the
theory of convection heat transfer, for the case of free convection.

According to [6], the transfer of heat from a horizontal heat-exchanger surface to a liquid in the
case of free convection is accomplished primarily by a system of paired vortices, which forms near the
surface. Within the range of variation for the Rayleigh number from 1700 to 10° the flow in the horizontal
layer exhibits a cellular structure. When Ra > 10°, as well as within a large space, the cellular structure
is preserved only near the heat~transfer surface, in which case the Rayleigh number calculated from the
thickness of the vortex layer near the wall, according to our experiment, is equal to ~3100.

We will assume that the heat-transfer intensity under these conditions depends primarily on the veloc-
ity of liquid circulation within the cellular layer which exists near the heat-transfer surface. In this case,
the problem can be reduced to the calculation of the thermal boundary layer which forms at the surface of the
body as a consequence of the interaction between the paired vortices forming the cellular structure of the
liquid flow. We will also assume that the lift forces are primarily responsible for the liguid circulation
velocity in the cells and exert no significant influence on the development of the thermal boundary layer. In
first approximation, we will assume that the vortex flows exist in the form of eylindrical shafts.

Unlike [7], we assume that the flow of the liquid at large Ra numbers can be treated as a flow with
constant vorticity within the core of the shaft where the viscosity forces are negligibly small [8]. Thefriction
forces make their appearance only in the thin boundary layer about the perimeter of the shaft (Fig. 1a).

The solution for the equation

U A

0x? T oy? -0

for the boundary conditions y = 0 at the edges of the shaft has the form
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Fig. 1. Diagram of the liquid flow near the heating surface in a thin layer (a)
and in a large space (b).

Fig. 2. Graphical solution of Eqs. (4) and (9) for water when P = 1 atm abs.
and for Atg,n, = 3°C: 1-4) calculation results from (4) and (8); 5) after (9); for
1 we have At = 6°C; for 2 we have 8°C; for 3 we have 10°C; and for 4 we have
‘15°C.
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where A =nw/1.

Limiting ourselves to the first term of the series, for y = 0 we have

u0=vosinnTx . (2

Using the integral momentum and energy relationships and the laws governing friction and heat trans-
fer for the boundary layer which appears at the surface of the body as a consequence of the vortex, it be-
comes possible to derive a closed system of equations and an analytical solution for the problem of heat
transfer in the case of free liquid convection in horizontal layers and in a large space. The results of the
solution are given in [6] and agree well with available experimental data on heat transfer.

We will assume that the proposed scheme for the liquid flow will remain intact until the instant that
the vapor phase appears.

1t is presently regarded as having been established that a vapor bubble is formed in a depression. The
equilibrium condition for the vapor phase can be written in the following manner:

T,
Ty—T, = 28075 (3)
n'r,
According to [2], we assume the following relationships between the height (h) of the bubble nucleus,
its radius (ry), and the radius of the depression (rg):

G
h=c1rd, f = Coly, h:carb, 03:7,
2

where ¢; = 2,¢3=1.25,¢3 =1.6.
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Fig. 3. Region of existence for active centers of vapor formation: I) boiling of pentane when P = 1 atm
abs. and at the saturation temperature, according to (4) and (9); II) boiling of diethyl ester when P =1
atm abs. and at the saturation temperature, according to (4) and {9); 1, 2) after [11]; rq, #m, and At,
C.

Fig. 4. Boiling of water at the saturation temperature: I} according to (4) and (9) for P = 1 atm abs.;
1) according to (4) and (9) for P = 0.14 atm abs.; 1) after [12], P = 1 atm abs.; 2) after {3], P = 1 atm
abs.; 3) after [12], P = 0.14 atm abs.; dg, 4m, and At, °C.

Let us introduce the dimensionless coordinate n = y/ 6 and the dimensionless temperature ® = (T
— T/ Ty — Ty

From (3) we will then have
2407

5
ry’ C—t Ty —To) s

3

0, =8, 4
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According to the diagram of the liquid flow near the heat-exchange surface that we have assumed here,
the vapor nucleus must be situated in the boundary layer at a height A.. In first approximation, considering
the instability of position for the vortex cells at the surface, we define the thickness of the boundary layer
as the average thickness along the length of the cell, which is close to the thickness of the boundary layer
in the descending flow and according to [9] (see Fig.1b)is equal to

a=2.4< AL )W, (5)

kUO /

where k = 7 when x = 0. In the range of variation for the Prandtl number from 0.5 to 20 we can assume
[10] that

8/8, = Pro-4.

From the solution of the system of equations desecribing the process of convection heat transfer at
a horizontal surface we have [6]

Re, = 0.85 Ral”2 Pr—0.8, {6)
where
3
Re, = % Ra= 2P0 _ 5100,
v av
Consequently,
8 /11 = 0.195, (N
whence
av 173
=2.88 . 8
& ( Atpg ) ©
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The temperature distribution over the cross section of the boundary layer is approximated by a
fourth-degree parabola

6=1—2n+ 2P — 1~ (9

We will assume in first approximation that the conditions for the growth of the bubble nucleus will be de-
termined by the simultaneous solution of (4) and (9). The graphical solution of these equations for the case
of the bhoiling of a subcooled liquid is shown in Fig. 2.

In Fig. 2 curves 1-4 have been derived from (4) and (8) for various values of the temperature differ-
ence between the temperature of the wall and that within the liquid volume, when the heated liquid volume
exhibits a temperature which differs by 3°C from the saturation temperature at a pressure of 1 atm. abs.
The point at which curve 1, calculated from (4) and (8), comes into contact with curve 5, which corresponds
to the temperature profile (9) in the layer near the wall, corresponds to the conditions for the onsget of liquid
boiling at the heating surface.

Point A corresponds to the minimum temperature differences between the wall and the liquid volume
at which it is possible to generate active centers of vapor formation. The points of intersection for curves
2-4 with curve 5 determine the minimum and maximum values for the radii of the depressions within which
a vapor bubble may form.

Figures 3 and 4 compare the proposed solution with the experimental data of various authors. The
experimentally established dimensions of the active depressions in the boiling of water, pentane, and di-
ethyl ester are found to be in qualitative agreement with theory.

However, for definitive conclusions as to the validity of the adopted assumptions, we need more ex~
tensive experimental material on the effect of various factors on the process of vapor-phase formation.

NOTATION

is the maximum value of the velocity in the midsection;
is the stream function;

is the height of the cellular layer;

is the vorticity of the shaft core;

is the thickness of the thermal boundary layer;
is the kinematic viscosity;

is the coefficient of thermal diffusivity;

is the specific weight;

is the coefficient of volumetric expansion;

is the acceleration due to gravity;

is the coefficient of surface tension;

is the heat of vapor formation;

is the temperature within the liquid volume;

is the saturation temperature, °K;

is the dimensionless subcooling temperature;
is the thermal equivalent of mechanical work;
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At = Ty — Ty;

ty and t, are the temperatures of the bottom and top heat-exchange surfaces of the horizontal layer;

o4 and 0 are the heat-transfer coefficients at the bottom and top heat-transfer surfaces of the hori-
zontal layer;

Q, and Q, are the heat flow through the bottom and top heat-transfer surfaces in the horizontal layer;

ty is the temperature of the liquid in a large volume.

Subscripts

cr denotes critical;
W denotes the wall;
! denotes the liquid;
" denotes the vapor.
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