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Abstract. The phenomenon of the bubble growth at the surface of a heating wall due to boiling of the cooling liquid is studied.
A new and simple method of calculating the superheat temperature of the liquid necessary to initiate boiling as a function of
the surface finish is suggested. A numerical application for sodium is performed.

1. Introduction

Liquid metals are extremely good heat transfer
media. They are therefore used to cool reactors when
the power density is very high. In particular with fast
reactors sodium is very often the primary coolant.
1t is therefore of interest to examine the problem of
liquid superheat necessary to initiate boiling, which is
particularly serious with sodium, and therefore of the
greatest importance, from the point ov view of safety,
in fast reactors.

It has been shown in recent experimental research
{I], [2], [3] that the boiling of a liquid in forced con-
vection in contact with an heating surface does not
occur when the temperature of the surface, and there-
fore the temperature of the liquid in the immediate
vicinity of it, has reached the boiling temperature, but
a certain excess of temperature is required. A portion
of liquid, at least in the immediate vicinity of the
heating wall, is therefore superheated. The amount
of superheat necessary to initiate boiling depends on
the liquid used and on the surface smoothness.

This phenomenon is explained by the following
hypothesis: The boiling is promoted by very small
bubbles of gas or vapor which are contained in micro-
cavities always present on surfaces. Only when the
pressure of the vapor in these cavities is enough higher
than the liquid pressure to allow the growth of the
bubbles against the contribution of the surface tension
of the liquid, can the boiling really start. The wall tem-
perature, at which these bubbles are, must be con-
sequently higher than the saturation temperature of
the liquid.

The problem of the superheat is generally not very
relevant with water. This is because

1. of the small excess of temperature required for
boiling (about 20°C at atmospheric pressure and
standard smooth stainless steel surface),

2. only a small portion of the water near the wall
is superheated due to the very steep fluid temperature
profile in any section, which is characteristic of water
and any other fluid with high Prandtl number (=0.7),

3. at the starting of the boiling the small amount
of steam produced is generally very quickly reconver-
ted in water by the bulk of the water which is remained
in subcooled conditions due to the relatively low ratio
of latent heat of vaporization to specific heat of the
liquid (540° C at 100° C and atmospheric pressure,
against an average value of 3300° C for sodium).

* This paper has been prepared within the framework of
the association EURATOM-Gesellschaft fiir Kernforschung
mbH. in the field of fast breeder development.

** TURATOM, Brussels, delegated to the Karlsruhe
““Fast Breeder Project”, Institut fir Neutronenphysik und
Reaktortechnik.

This is not generally the case with liquid metals
and, in particular, with sodium. We will see in the
later paragraphs that for the same surfaces the super-
heat temperature requested to initiate boiling is much
higher with sodium than with water. Furthermore, due
to the very low Prandtl number of liquid metals
(0.01 =0.005 for sodium) the temperature profile in
any section of the liquid is very flat, so, not only a
small portion of liquid near the wall is superheated but
the whole bulk of the liquid. In addition, the very
high ratio of latent heat of vaporization to specific
heat of the liquid makes negligible the quantity of
energy absorbed by some eventual portion of the
liquid which would be in subcooled conditions. If,
for any reason or another, the heat flux from the
surface increases, or the sodium flow decreases, the
beneficial effect of gradual nucleate boiling, generally
present with water, does not occur with sodium. Two
things are possible: If the surface is sufficiently smooth
the wall temperature increases up to melting point
without any sodium boiling occuring, or, if the surface
is rather rough and high temperature resistant, the
wall temperature increases gradually until the great
amount of energy stored by the superheated bulk of
the liquid is released suddenly producing the instanta-
neous evaporation of a considerable portion of sodium
present with consequent explosion.

In the present paper the phenomenon of the bubble
growth at the surface is studied, a new and simple
method of calculating the superheat temperature
necessary to initiate boiling as a function of the surface
finish is suggested and a numerical application for
sodium is performed.

2. The physical problem

Consider a microscopic cavity in the heating wall
(see Fig. 1) which contains a certain amount of vapor.
For simplicity we assume that the opening of the
cavity is circular and of radius r,. The angle @ that
the separation surface between liquid and vapor makes
with the heating wall at the moment of detachment
of the bubble from the wall varies with the liquid
and the material from which the wall is made. For
liquids which wet the wall, such as water, sodium, and
other liquid metals with the exception of mercury,
@ is always less than 90°. Liquids which do not wet
the wall are very poor heat transfer media and there-
fore not interesting as practical coolants. If p; and p,
are respectively the liquid and the vapor pressure
and ¢ the liquid surface tension, the equilibrium of the
forces on the separation surface between vapor and

liquid is given by the equation:

20

Po— P1="% M)
{see Appendix I)
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where r is the curvature radius of the separation
surface between liquid and vapor. If 8 is the angle
that the bubble surface makes with the wall surface,
one can write:

Pe= o =0 @)
Therefore
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Fig. 2. Typical temperature profiles in sodium and ina water cooled channel

Heat flux = 300 W/cm?
Channel diameter = 0,8 cm
Liquid velocity = 800 cm/sec

From Fig. 1 is quite clear that § can have any value
between 180°and ©, and because @ < 90° the maximum
value of sinf is for § =90°, then:

(o — P = 2. @)

o

It is important to notice that if the liquid does not
wet the wall, @ >90°, and

20 .
(Po = Prdpax = ’r: sin . (5)
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Eq. (4) was already obtained, using a different reason-
ing, by GrirriTH and WaLris [I] and it explains
physically the reason of the superheat. Only when the
pressure of the vapor in the cavity has reached the

value p, equal to p;-+ 2%7 the bubble can grow up
0

to the position (1) of Fig. 1. After that point the pres-

sure p, is in excess of pﬁ—? because r>r,, and

the bubble increases until detachment, when § has
reached the value ©. Subsequently the vapor remained
in the cavity produces a new bubble and the above
process is repeated all over again. The vapor in the
cavity is obviously saturated, so the temperature T}
of the wall, which is the same as that of the vapor in the
cavity and corresponds to the pressure p,, is higher
than the saturation temperature T which corresponds
to the pressure of the liquid p;. The liquid in the
immediate vicinity of the wall is at the temperature
Ty and it is therefore superheated by the amount
Ty — Ty. The maximum portion of the liquid which can
be in superheated conditions depends on the ratio
(T — T (T — Tt) where 17 is the temperature in the
center of the cooling channel. A typical situation for
water and sodium is shown in Fig. 2. One can see
that while a small portion of water can be in the worst
conditions, superheated, the whole sodium present can
be superheated to a large amount. The comparison is
been made for the same surface finish (the same ry)
and the same heat flux. Fig. 2 shows also that subcoo-
Ied boiling is possible with water, but practically im-
possible with sodium.

3. Previous literature

GriFFrrHE and Watnis {I] and Horrman and
Kraxoviax [3] did not use Eq. (4) for their calculation
of the liquid superheat, but, by means of simplifying
assumptions, transformed it into another more apt
form for numerical evaluation. It is worthwhile here
to report briefly their method. The Clausius-Clapeyron
relation [4] is:

dp hlv

dar = '(v,'; - Tl)T (6)
where p and p+4dp are the saturation pressures
corresponding respectively to the evaporation tem-
peratures T and T +dT, h;, is the latent heat of
evaporation at the temperature 7', and v, and v; are
the specific volumes of saturated vapor and liquid at
the temperature T'.

GrirriTH and WaLris assumed that Eq. (6) is
valid also in finite difference form between the two
temperatures Ty and Tj;-. This is a good approximation
for small differences between 1j, and T, but it is
certainly not a good one for liquid metals where
Ty — T can be of the order of hundreds of degrees
centigrade. How will be shown later. Indeed, one has
uncertainty in knowing at which temperature to
evaluate the second term of Eq. (6). GRIFFITH and
WarLis opted for temperature T and wrote:

P ke ) 1 7
Tw—Tg (”v”‘”; Ty Ty~ @
From Egs. (4) and (7) one obtains:
_ 20 (vw—u .
TW—— TS T ( hyy )TW T“ ) ®)
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HorrFman and Krakoviak [2] opted to evaluate the

second term of Eq. (6) at the temperature 7. With

two other simplifying assumptions: that v, is negligible

in comparison of »,, and that the saturated vapor in

the bubble behaves like a perfect gas, they obtained:
__ 20 ( vy __ 20 RT%

Ty — To= 10 (52 ), Ts=20 2% (9)

7o

ro lop

where R is the gas constant of the vapor considered as
a perfect gas. Of course neither Eq. (8) nor Eq. (9)
isreally exact. We feel that an evaluation of the second
term of Eq. (6) at an average temperature between
Ty and T would have been a better approximation
than the both previous.

4. The new method

In reality once one has Eq. (4), it is not necessary
to use the Clausius-Clapeyron relation to evaluate the
liquid superheat 7}, — 7. It is possible to obtain
Ty — Ty as a function of Ty and ry directly from Eq. (4).
To explain this method more clearly we will present
it with an example in the case of sodium, but this
method is perfectly general and valid for any liquid.

Fig. 3 shows the vapor pressure of sodium versus
temperature. All the sodium physical properties are
from [5]. In the diagram the ratio 2g/r, is also plotted
for various values of r,. Starting from a certain
temperature Tj- in abscissa one can read in ordinate
the value of p, from the vapor pressure curve* and
the ratio 2¢/r, for a certain value of r,, where, quite
clearly, ¢ must be evaluated at 7} because this is the
temperature of the liquid at the surface of the bubble.
The difference p, — .’ra
on the diagram gives otrhe pressure p; [see Eq. (4)].
From the value of p; in ordinate one can read from
the vapor pressure curve the value of Ty and then
obtain the corresponding value Ty — 7. The results
of this procedure are reported in Fig. 4. One can see
that the amount of superheat is fairly high especially
for Jow values of ry. Practical values of r, can be
obtained from the experiments with potassium of
Horraan and Kraxoviak [2]. Their experimental
results are reported in Fig. 5, which shows also the
theoretical curves according their and our methods.
Our curves were obtained using values of o for potas-
sium from [6], [7], [8] and temperature vapor pressure
relationship given by [9].

The difference in estimating the value of T} — T
according to the two different methods is not very
great in the range 400 < 7 < 750° C. This is especially
true considering the uncertainty in the value of ¢ for
potassium. However, for higher Ty the difference be-
comes considerable. By evaluating the Hoffman and
Krakoviak experimental points with the present,
more exact, theory one finds that for a normal smooth
stainless steel surface ry is 0.25 p, while for a porous
surface the group of minimum ry’s lies in the region of
1o =0.75 w and the majority of pores is in the range
10 =50 .

* In this, one must assume that the cavity is filled with
sodium vapor and not another vapor or gas. This is quite
acceptable because, due to the very good wetting qualities
of sodium, after a while practically all the surface cavities
will be filled by sodium, liquid or vapor, and in any case the
greater part of vapor which goes to increasing the volume of
the bubble cannot come other than from the nearby sodium.

which can be read directly
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Fig. 3. Sodium vapor pressure and 2o/r, ratio versus wall temperature
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Fig. 4. Sodium liquid superheat as function of saturated temperature and
surface finish (ry)
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Fig. 5. Potassium liquid superheat as function of saturated temperature
and surface finish (ry). -r=--m--- according to HOFFMAN and KRAKOVIAK;

- -~ according to present calculation. Experimental points {9]: A
smooth surface, O rough surface
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Fig. 6. Sodium ligquid superheat as function of saturated temperature
and surface finish (ry), according to HOFFMAN and KRAKOVIAK
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For sodium the difference between our and Horr-
MAN and KRAROVIAK’S approach is very relevant.
Fig. 6 shows the curves T}, — Ty versus. Ty obtained
with the Hoffman-Krakoviak method [Eq. (9)]. One
can see that the introduction of their simplifications
makes a great difference; ie. at T3 =960°C and
1o =0.25 n Eq. (9) gives T}, — Ts— 620° C instead of
204° C obtained with the present method.

Nukleonik

The reason why the Hoffman-Krakoviak approx-
imation applies better with potassium than with
sodium is that the superheat 7}, — 7 with sodium is
considerably higher than that whith potassium, thus
the approximation of replacing an equation in differen-
tial form [Eq. (6)] with another in finite difference
form [Eq. (9)] is obviously less exact.

9. The consequences in a sodium cooled core

In a sodium cooled reactor the sodium pressure at
the core outlet could be as low as 2 Atms. This pressure
corresponds to Tg=961° C. If the fuel elements have
smooth stainless steel surfaces, r,==0.25u and the
maximum possible Ty, — Ty is 204° C (see Fig. 4). If
now for any reason, for instance fuel rods bending due
to thermal stresses, the cross section area of the
cooling channel decreases, the coolant velocity de-
creases and the fuel element surface temperature can
increase up to 1165° C without any boiling occuring.
Consider for instance the extreme case that the sodium
velocity is reduced to zero. The surface temperature
and the temperature of the whole sodium present in
the cooling channel cross section, increases until
1165° C at which time the fraction 204°C/3300°C =
6.2% of the sodium present vaporizes, 3300° C being
the average ratio of latent heat of vaporization to
specific heat of sodium. In the other extreme, but
less practical case, in which the sodium maintains
the nominal velocity and the sodium beiling is pro-
duced by excessive heat flux, the vaporizing fraction
is slightly lower. Consider for instance the case, typical
of a fast sodium cooled reactor, of a sodium mean
velocity of 8 m/sec, a channel hydraulic diameter of
0.8 cm and a nominal heat flux of 300 W/ecm?2. When
the temperature T, of the sodium, due to excessive
heat flux in the upstream portion of the channel,
reaches 1085° C, T, is 1165° C and the boiling occurs.
The average difference between the sodium temper-
ature and 7;=961°C is 164° C, where the sodium
temperature profile is considered, with good approxi-
mation, to be a parabola of second degree. The sodium
vaporizing fraction is therefore 164°C/3300°C =4.9%.
In practice the real case will lie between these two
extremes.

These percentages, although in absolute not very
high, are already sufficient to give to this vaporization
the character of a real explosion. That is the production
of 4.9% and 6.2% vapor at 961° C means an increase
in volume 65 and 80 times, respectively, with respect
to the initial liquid only volume.

The problem of sodium superheat is particularly
serious because sodium, and other alcali metals, wet
surfaces so well that only very small cavities are not
filled by liquid. The use of a rough surface does not
reduce the danger of a liquid superheat very much.
For instance if one uses a rough surface similar to that
used by Horrmax and KRAKOVIAK, cavities with
7o=0.75 u are still active. This corresponds to a
superheat of 120° C for sodium at 2 Atm and to an
increase in volume of 47 times for the case of boiling
occuring due to stoppage of sodium flow. Thus the
improvement due to the use of a rough surface is only
that of reducing the maximum possible wall tempera-
ture from 1165°C to 1081°C and the increase in
volume due to vaporization from 80 times to 47 times.
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6. Conclusion

The amount of liquid superheat required to initiate
boling in sodium is very high. With the method pre-
sented in this paper it is possible to calculate this
superheat as a function of liquid pressure and heating
surface finish. The previous approximated formula
suggested by HorFFmaN and KRAKOVIAK gives super-
heat temperatures which are in certain cases, as much
as three times in excess.

For sodium at 2 Atm and a smooth surface, the
liquid superheat is 204° C and the wall surface temper-
ature would reach 1165° C before the nucleate boiling
would start. At this temperature the great amount of
energy stored in the superheated sodium is released
suddenly producing the instantaneous evaporation of
about 5% of the sodium present with consequent
explosion. This happens unless the fuel element
does’nt melt before reaching that temperature.

The problem of sodium superheat is particularly
serious, because sodium wets surfaces so well that
only very small cavities are not filled by liquid sodium.
The use of a rough surface does’nt significantly reduce
the danger of a liquid superheat. According to our
calculation the presence of a rough surface would only
reduce the increase in volume due to vaporization from
80 times to 47 times with sodium at 2 Atm.
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Appendiz I
Calculations of the static equilibrium equation of a bubble

Consider an imaginary section across a spherical
bubble of radius r (see Fig. 7). Each of the two sections
of the sphere must be in static equilibrium. Consider
for instance the section the center angle «, of which is
<2 90°. This is subjected to the pressure p, — p;, which
for symmetry results in a force directed along the
axis of the section and given by:

%o
[ (p,—p) 2mrsinarda coso = (p, — p;) w r2sin® oy

This force is balanced by the surface tension ¢ which
for symmetry is constant along the border of the sec-
tion and tangent to the sphere. Thus the resultant
of the ¢ forces is also directed along the axis of the
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section and is given by:
27 r sin oy 0 cos (90 — o) == 27ro sin? g
and the equilibrium is given by

(pe — Py tr?sinoy =2 wrosinte,.

rsinol
doc 7SnO

< _\o

Fig. 7. Equilibrium of the forces for a spherical bubble

Therefore
20
Pe— 1= "- .

r

The reasoning is perfectly analogous for «,>90° and
gives the same results.
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