DETERMINATION OF THE FIRST CRITICAL THERMAL
FLUX ON FLAT HEATERS

Yu. A. Kirichenko and P, S, Chernyakoyv UDC 536.423.1

A relation is derived for the first critical thermal flux as a function of the contact angle when
a large volume of liquid boils at a flat heater surface. Theoretical results are compared
with experimental ones.

A hydrodynamic theory has been developed in [1-7] concerning the critical stages of boiling in a large
volume. The hypothesis about the hydrodynamic character of the critical stages was first stated by S. S.
Kutateladze in [1], where the processing of experimental data by the methods of similarity theory yielded
the following relation:
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The hydrodynamic theory, which involves the theory of hydrodynamic stability during the critical
stages in boiling, has been further generalized in [2-4] and, as a result, the following expression was ob-
tained for qgp.:
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It has been shown in [2] that ¢ is a function of pressure and varies from 0.13 to 0,2, Much work has
been done to obtain a more accurate value for the constant ¢ and to determine how it depends on the physical
properties of the liguid as well as on the modal parameters of the boiling process; in some articles the
expression for g, is derived analytically in a form approaching that of expression (1) [5-13]. On the basis
of expression (1) and using the theory of thermodynamic similarity, V. M. Borishanskii has obtained a
relation for ¢ as a function of pressure [2, 5]. A variant of expression (1), containing instead of ¢ a quantity
slightly varying with viscosity, was obtained in [6]. The first critical boiling stage is seen here as result-
ing from a disturbed hydrodynamic equilibrium of the liquid jets surrounded by vapor streams.

For the first time q,, was determined analytically in [2, 7] and it was determined there accurately,
except for a constant based on experimental data. According to the procedure proposed in [6, 7], N. Zuber
has established Aoy for the case of potential flow [8]. Articles [9, 10] further develop the ideas of article
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The dependence of the critical thermal flux on the viscosity of the liquid has been derived in [11, 12,
13] with the assumption that the diameters of the liquid jets are proportional to the bubble diameter before
separation ag well as to the ratio of areas occupied by the liquid and the vapor on the heater surface, The
expression for qop given in [11, 12, 13] contains three constants which are determined by test. Certain
experimental resuits [14] indicate a rather strong dependence of the first critical thermal flux on the con-
tact angle, but there is no theoretical interpretation for this to be found in articles on the critical boiling
stages [1-13], We will subsequently explain this relation between 4., and contact angle 6. The present
article is an extension of the work done in [2, 6-13].

We consider the boiling of a liquid at the surface of a heater located inside an infinitely large volume
of this liquid.
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We assume that 1) the liquid flow and the vapor flow are

y potential flows, 2} the liquid and the vapor are incompressible
media, 3) the process occurs with continuous vapor columns, We
will solve the given problem starting out with a boiling pattern
similar to that shown in [2, 6, 7]. At thermal flux densities near
Qcyps Vapor columns rise from the heater surrounded by descending
liquid jets. At a thermal flux density equal to q.p, the vapor
columns merge and an unstable vapor film forms on the heater

' d surface. This is brought about by a loss of stability in the two-
Fig. 1. Schematic diagram for the phase flow. In order to determine gcy, it is necessary to calculate
caleulations: 1) liquid, 2) vapor. the critical diameters of vapor columns and of liquid jets along

with the critical velocities of both the liquid and the vapor. The

critical diameters will be found considering that they are deter-
mined by the instability of the horizontal liquid —vapor interface which is formed when vapor bubbles merge
at the heater surface, i.e., they are determined by the Taylor instability [8, 9, 10]. Let us consider the
stability of the liquid--vapor interphase boundary according to Taylor. The flat heater is assumed to be
covered with a vapor film whose thickness is equal to the breakaway diameter of the bubbles and which is
surrounded by an infinitely large volume of liquid (Fig., 1). The breakaway diameter of bubbles will be
calculated by the Fritz formula [4]:
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Let ¢ and ¢, be the velocity potentials of the perturbed liquid and vapor flows. The equations for ¢, and ¢,
are
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We seek
¢, = Cexp (ot + thx — ky),

@, = exp (of + ikx) (Aexp (ky) + B exp (— ky)). (9)
Inserting (9) into (4) and (8), we have
¢, =4 (1 —exp (2kh)) exp (wf + thx — ky),
@, = 2A exp (of + ikx) ch ky,

E=— 24k exp (of + ikx) shkh. (10)
[0}
Having inserted (10) into (6) and (7}, we find

p= M exp (of + ikx) shkh (0® + gh),
o
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TABLE 1

9"[10‘20]30'40150‘60‘70'80

[} l 0,406 l 0,294 ' 0,248 . 0,224 ‘ 0,209 } 0,199 l 0,193 i 0,189

(1)

P, = 20,4 exp (of -+ ikx) [o® ch kh + gk sh &h].
(O]

Inserting next (11) and (10) into (5) yields

01 sh kh (0? -+ gk) — p, (0 ch kh + gksh kh) = —;? shkh (hR? — 1),

Using the principle of stability change [15] and also expression (2), we find k:
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The wavelength of perturbations A is determined by the formula
A = 2n/k.

It follows from here that the liquid—vapor interphase boundary tends to expand into square area cells with
the sides equal to A. Let it be assumed that at each such element with an area equal to A? there appears a
liquid jet whose diameter is equal to @ [9] according to the formula

A 7 (13)

The dimension thus chosen is somewhat arbitrary but within the correct order of magnitude, It follows
from (13), indeed, that the areas ratio (A, occupied by vapor and A, occupied by liquid) is equal to 4,092,
From the law of conservation of matter we have:
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A, 1—x,

It has been shown in [16, 17] that x, = 0.8; in our case the areas ratio correspondstoan 80.3% volume content
of vapor in the wall layer. Thus, the magnitude of a liquid jet diameter determined by the formula in [16]
agrees with experimental data, Therefore, the critical diameters of liquid jets descending toward the
heater can be calculated by the formula:
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We will now determine the critical velocity of the vapor. A precise determination of this velocity
can be made by considering the stability of the composite systems which consists of vapor columns (dia-
meter d) ascending at a velocity U" and water jets (effective diameter a) descending at a velocity U. With
the relation between U, U", d, and @, which has been derived by analyzing the stability of such a system,
and with the law of continuity as well as with formulas (12), (13), (14) we can calculate the magnitude of
the first critical thermal flux. For this purpose, as has been done in [6-13], we will solve the following
simplified problem: let a cylindrical liquid jet descend toward the heater while the vapor inside this jet
flows at a velocity U", The length of this cylindrical jet is assumed to be infinite. In order to find the
critical velocity of the vapor, we make use of the solution to the problem concerning the stability of a cy-
lindrical jet [18]. The following equation has been obtained in [18] for the increment of interphase boundary
fluctuations:

ok (l—kng) 11(kLo)+ szzu”z K, (kLy) . i (RLy)
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a? =

where Ly = 0.5a,
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Let the wavelength of the interphase boundary fluctuations be A. Then, expression (13) and (15) togeth-
er with the principle of stability change [15] will yield an expression for the critical vapor velocity U™

v = l/ ok, (16)
0y

The magnitude of the first critical thermal flux [9] becomes

where d, = 0.77.
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Inserting (13}, (14), and (16) info (17) gives
) 4
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The following values of the first eritical thermal flux ¢, in dimensionless units ,asa function of the contact
angle 6 have been calculated by formula (18).

With the aid of this relation between ¢ and 6 we can determine the first critical thermal flux for water
and we will compare the calculated results with the test results obtained in the experiment [14] (Fig. 2). It
is evident from Fig, 2 that the results of calculations and tests are in close agreement for water within the
practically important range of contact angles 20° < 6 < 60°, One must note that formula (18) has certain
limitations. It is obviously not applicable to contact angles close to 0°, since, according to it, 1(}3)1 der = .

This is connected with the fact that the Fritz formula does not apply to the breakaway diameter of a bubble
in the case of small contact angles. Furthermore, the numerical factor 0.171 on the right-hand side of
the equality is somewhat too high. Relation (18) and, particularly, the numerical factor can be determined
more accurately with a sufficient amount of experimental data on the breakaway diameter of vapor bubbles
and on the critical thermal flux as a function of the contact angle.

NOTATION

X,y are the Cartesian coordinates;

h is the thickness of vapor film;

pi, Py  are the liquid and vapor pressures;

@1, ¢ are the liquid and vapor velocity potentials;

t is the time;

£ is the excursion from the free equilibrium surface in the normal direction;
g is the gravity acceleration; '

k is the wave number;

w is the frequency;

P1s Py are the liquid and vapor densities;

o is the surface tension;

6 is the contact angle;

A is the wavelength;
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a is the diameter of liquid jet;

d is the diameter of vapor column;

Ay is the area occupied by vapor;

A, is the area occupied by liquid;

Xy is the volume content of vapor in the wall layer;

LO =4a / 2; .

U, uv are the critical velocities of liquid and vapor respectively;
o ig the increment of fluctuations;

der ig the critical thermal flux;

L is the latent heat of evaporation;

4
@ = dop/LVpyV oloy—pyg.
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