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An examination is made of the physical and chemical processes that take place on a bubble surface and in-
tensify scale formation during boiling of salt solutions.

Experimental research [1-3] has established that formation of salt deposits is usually more intense at evaporation
centers than on other parts of a heating surface. It was shown in [4], however, that the increase in salt concentration at
the surface of a bubble is small and evidently cannot be the chief cause of increase in rate of growth of scale during
boiling.

The formation of vapor bubbles on the heating surface is associated with the action of factors whose influence, so
far as we know, has nor hitherto been taken into account. These factors are: a) the increase in the concentration of sus-
pended particles at the base of a vapor bubble, b) the existence of conditions along the vapor-water-wall interface facil-
itating transfer of salt ions to the crystal lattices of scale particles, and c)improved conditions of supply of "fresh” solu-
tion to the growing scale crystals due to the wall layer being made turbulent by the bubbles,

Investigations of boiler water, evaporator water, heater water, etc., show that, in addition to dissolved salts, they
always contain a definite amount of solid particles of various degrees of dispersion, These particles result from crystalli-
zation of part of the dissolved salts in the bulk of the solution and from breakdown of scale (which may occur, for ex-
ample, when the operating conditions of the equipment are changed), particles of which are carried away into the bulk
of the solution. The number and sizes of particles depend on the properties of the water entering the heat exchanger and
on the latter's conditions of operation,

Since the inertia of the suspended particles is greater than that of the water particles, the concentration of these
particles at the surface of a bubble growing on the heating surface must increase with movement of the boundary of the
bubble. The surface of the bubble acts, so to speak, like a net that catches the solid particles and carries them to the
periphery of the active center,

Let us examine a solid particle at the surface of a growing vapor bubble, The boundary of the bubble moves at
velocity w. We assume that the flow of water bathing the particle moves relative to the heating surface at the same
velocity, Under the action of the flow the particle moves with velocity v, which may be determined from the relation
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For a spherical particle (1) may be written as
J{)—:iﬁ.-ﬁw}'—d’czﬂldr. (1a)
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It follows from the graph presented in [5] for the dependence of the diameter of a growing bubble on time that the
greatest rate of growth occurs in the initial period of its existence on the heating surface. According to the data of [6],
this initial period 7y & 0, 25 T¢ep, for boiling at atmospheric pressure,
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During time 7, the bubble grows to the size dy = 0.7 — 0, 75 dg,, The variation of bubble diameter during its
growth to dy is essentially linear, since it may be assumed that in this interval w = const, approximately, Integrating
(1a) and applying this condition, we obtain

w—v=A1r+C. (2
Determining the constant from the condition that when 7 = 0 v = 0, we obtain
v = Aw? /(1 - Awr).

Particles located at a distance r; = 0.7 rsep from the active center at the time the bubble starts to form, traverse
during time 74 2 path of length
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If the particle concentration in the bulk of the solution is co, in the layer é it will be A
¢ = col(dy + BY/[(d; + 28)* — di] = K, co.

Dependence of Coefficient K; for Spherical and Lamellate Particles on Their Greatest Linear Dimension

N/ 2 K sph (upper figure) and K; lam (lowe'r) for I, mm,
, N/m
P 0.3 | 0.2 0.1 0.01 | o001
1-105 2.608 t 2.023 1.464 1.159 1.147
1.473 1.347 1.225 1.147 1.143
5.108 2.083 1.702 1.348 1.151 1.143
1.362 1.279 1.197 1.145 1.142

The table shows the dependence of the coefficient K, characterizing the degree of increase in mean concentration
of solid particles in a layer § around the vapor bubble on the greatest linear dimension, I, of the particle for pool boiling
conditions, Values of the separation diameter of the bubbles were calculated from:

dsep=0.024 Veoly—v").

The value 1., = 0. 008 sec for a pressure of 10° N/m? was taken from the experimental data of [7]. For a pressure of

5 X 10° N/m?, Tsep Was determined from the relation obtained in 161, (dg) 100 N /m2(dott)s. 105N /m?==5, where Tsep Was
taken to be 1/2u,

K, was determined for spherical and lamellate particles of identical mass and cross-sectional area, (The lamellate
particle has the greatest resistance coefficient among particles with the same mass and area, ) The resistance coefficient
for a spherical particle was determined as a function of Re number from the table given in [8). For a lamellate particle,

the resistance coefficient was determined from the relation given in [9], glam/csph'

The specific weight of the particles was assumed to be 26 460 N/m®, At large concentrations fine particles may
cluster to form larger ones, and, since the rate of motion of the bubble boundary decreases substantially beyond ~ 0, 25
Tsepr Solid particles may be deposited on the heating surface in the form of a circular layer around the active center.

The influence of the evaporation process on the rate of formation of scale is also seen in the fact that conditions
for transfer of salt ions to the crystal lattice of the scale particles from the surface of a vapor bubble are more favorable
than from the bulk of the solution. It is known that crystal growth takes place under the influence of molecular attrac-
tions, when ions of dissolved substances from the liquid phase surrounding the crystal enter the surface field of the crys-
tal, are oriented by attraction, and, on being attracted, attach themselves to the crystal lattice.

An ion at the surface of a crystal experiences the attraction of the crystal Fp and an opposing attraction due to the
surrounding molecules and ions of the solution F; (resultant of the forces of attraction). The possibility of transfer of the
ion to the crystal lattice is determined by the relative values of these attractions.
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Fig. 1. Working element for heating water in an annular gap: 1) unheated ring; 2)
disc; 3) detachable sleeve; 4) thermocouples; 5) tube of working element; €) chamber
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Let us consider the same ion, located at the same distance from the surface of a crystal but on the surface of a
vapor bubble, Since the interaction of the ion with the vapor is negligibly small, the resultant F; of the attractive forces
on the ion due to the solution and the vapor is directed toward the solution, not normal to the crystal surface, but at some
angle to it, It is evident that, in this case, the force F{ opposing the attraction due to the crystal will be less than it was
in the case considered above, and there is therefore a greater probability of the ion being transferred to the crystal lat-
tice. Finally, because of the turbulence of the boundary layer created by the vapor bubbles, there is an improvement
in the influx of salt ions into the "crystallization range" of the growing scale crystals, which leads to an acceleration of
their growth,

It may be assumed that the effect of vaporization on the rate of growth of scale is influenced by all the factors
enumerated,

By way of illustration to confirm the supposition that conditions for transfer of salt ions to the crystal lattice, and
hence for formation of scale, are more favorable along the vapor-solution-wall interface, the following fact may be ad-
vanced. We ran a test in which sea water was heated in the
annular gap, 6 = 0,6 mm, between a tube of outside diam-
eter 24 mm and a detachable sleeve (Fig. 1), Inside the tube
there was an electric heater, which produced a specific heat
flux that was constant along the tube, The working element
was mounted in a chamber into which the sea water was fed.
The water flowed out through a flange on this element. The
tube wall temperature was measured with thermocouples. The
test was conducted at a pressure p = 5 X 10° N/m?, the spe~
cific heat flux was 9 x 10* W/m?, and the water flow rate
through the annular gap was 7, 8 X107® m?%/sec.

The outward appearance of the working element and the
inner surface of the detachable sleeve after the test are shown
in Fig. 2. The arrow indicates the direction of motion of the
water, It may be seen on the photograph that the profile of the
deposit on the inner surface of the sleeve accurately reproduces
the deposit on the tube of the working element, This phenom-
enon may be explained as follows, The temperature of the
tube wall in the annular gap exceeded the boiling temperature
at the pressure at which the test was performed. At this pres-
sure the maximum bubble diameter, dy;,5 = 0.8 to 1 mm [10],
is greater than the size of the gap 8. The bubble must there-
fore touch the inner surface of the detachable sleeve, Since enhanced conditions for transfer of salt ions to the crystal
lattice are created at the points of contact along the vapor-water-wall interface, scale is deposited strongly on the in-
side surface of the sleeve, in spite of the fact that no heat was supplied to it.

Fig. 2. External view of working element
and detachable sleeve after test,

In other tests, carried out under similar conditions but with a much larger gap between the tube and the unheated
sleeve (§ ~ 25 mm), there was no deposit of scale on the unheated surface. It should also be noted that in the test des-
cribed above (6 = 0. 6 mm) there was no deposit of scale on the inside surfaces of the unheated ring and disc. The gap
between the tube and the ring was 20 mm, i.e., much greater than the maximum bubble size.

NOTATION

m-—particle mass; ¢{~resistance coefficient; F—midsection area of particle; y, yz—specific weights of liquid bath-
ing particle and particle material; d—particle diameter; d;, —bubble diameter at separation; Tsepwtime from beginning
of formation of bubble to its separation from surface; K;—coefficient determining the rate of increase of mean concen-
tration of solid particles in a layer § around the bubble; I—greatest linear dimension of particle; #--contact angle; o—sur-
face tension at the liquid-vapor boundary; y' and y"—specific weights of liquid and vapor; u—bubble separation frequen-

cy.
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