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Abstmci-It is shown that good agreement between predicted and measured ~~p~t-~~~ wall super- 
heats can be obtained with Hoitz’s 143 original superheat model, if two additional factors BT~ taken into 
con~~tion.Tbtfirstaf~~isth:lo~ofinertgerfromth:cavitybetwecn~timeofmaxfmumboifing 
suppression (MBS) and the time of the incipient boiling (IB) event. The suxmd of these is the probabirity 
that the radius of curvature of the liquid-vapor interfaa at IB may be sign&a& d&rent from that at 
MBS. 

Based upon the reomt cxpcrimcntal XB msuks obtained by Chcn [.5j on potassium and those obtained 
by Hola and Singer [E] on sodium, the following tentative conclusions have been drawn : (a) The loss of 
inert gas from an active cavity between the time of MBS and that of the first IR event appears to be negligibly 
small, but it can ha considerabk if a large number of IB events follow a six@ MBS treatment ; (b) Bubble 
radius at IB is about f that at hiBS ; (c) Surface fmish for standard smooth surfWs would not appear to have 
a strong influence on IB superheats; (d) The apparent heat-flux effect oould possibly be in reality an 

inert-gas effect. 

NOMENCLATURE 

quantity defined by term in equa- 
tion (12). It is proportional to the 
inert gas content of an active cavity 
at the time of initial fmg of the 
system [(in. Ibf)pR] ; 
length of conical vapor space in 
idealized cavity [in.] ; 
incipient boiling ; 
number of lb-mols of inert gas in 
cavity at time of nucleation ; 
maximum boiling suppression ; 
partial pressure of inert gas in 
cavity at time of original fEng 
of the system with liquid metal 
[psial ; 
partial pressure of inert gas in 
cavity at time of nucleation [psia] ; 
system (or liquid) pressure at time 
of nucleation [psia] ; 

MBS, 
0 

PP’ 

PG, 

Pt 

tIWWorkWasparformedundertbcauspicasofthe 
U.S. Atomic Energy Commission. 

vapor pressure of liquid at time 
of nucleation [psia] ; 
radius of curvature of liquid-vapor 
interface in cavity at time of nuclea- 
tion [in.] ; 
cavity radius at liquid-vapor inter- 
face at time of nucleation [in.] ; 
cavity radius at liquid-vapor inter- 
face at time of original filling [in] ; 
gas constant [(in. lbf)/(lb mol “R)] ; 
tempcrat~ of bubble (and cavity) 
at time of nucleation c”a ; 

-~kJW; 
same as tL except on absolute scale 
t”R] ; 
temperature of cavity and adjacent 
liquid at time of original filling 
[“RI ; 
saturation temperature com- 
sponding to p,[“F] ; 
temperature of heating surface at 
time of nucleation, c”F] ; 
volume of vapor phase in cavity at 
time of nucleation [in3]. 
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Greek symbols 
a, contact angle measured from vapor 

side (see Fig. 2) [degl 
87 quantity delined by equation (1 I). 

It is characteristic of a given system 
and proportional to the inert gas 
content of an active cavity at time 
of nucleation [(in.)(lb)/“R] ; 

Y, apex angle of conical cavity (see 
Fig. 2) [deg] 

6, surface tension at tL( % t,J [lbf/in.]. 

superscript 
0 represents the value of the particular 

quantity at the time of maximum 
boiling suppression (MBS). 

INTRODUCTION 

WHEN a liquid boils on a heated surface the 
temperature of that surface is always greater 
than the bulk temperature of the boiling liquid. 
we can see that from the simple force-balance 
bubble~qu~lib~~ equation 

20 
P” = PL + -yy 

Thus, in order for a bubble to exist in the liquid, 
pV must be greater than pti The equation is based 
on the assumption of a spherical bubble and the 
absence of inert gas therein. The pressure pv 
represents the vapor pressure corresponding to 
the temperature of the adjacent liquid tL( x t, 
for liquid metals) ; and pL represents the liquid 
pressure, for which tE( = &,J is the corresponding 
saturation temperature. The temperature driving 
force, (tr. - tt), is known as the superheat 
requirement; and since nucleation generally 
occurs on a heating surface, we use the term wall 
superheat and the symbols (t, - t,J. The 
superheat given by equation (1) is the minimum 
value to produce bubble growth, and therefore 
boiling inception. 

Since liquid sodium is used to cool the cores 
and blankets of fast-breeder, nuclear-power 

reactors, there is considerable interest in being 
able to predict incipient-boi~ng wall superheats, 
if and when malfunctioning occurs and the 
system overheats. Incipient-boiling superheats 
of hundreds of Fahrenheit degrees have been 
observed [l-3] with alkali metals. It is thus 
conceivable that large and sudden vapor genera- 
tion rates could occur, which in turn could in- 
crease nuclear reactivity to the point of meltdown 
of reactor fuel. 

Alkali metals, owing to their chemical re- 
duction power, generally wet their containers 
very well. They also wet the larger cavities (in 
normal heating surfaces) and render them 
inactive. Tbis tends to make the incipient- 
boiling superheats for alkali metals higher than 
those for ordinary liquids. There are two other 
reasons why liquid metals tend to give higher 
incipient-boiling wall superheats than those 
of ordinary liquids: (a) they have less steep 
vapor pressure curves in practical temperature 
ranges, and (b) their capacity to dissolve inert 
gases increases, rather than decreases, with 
increase in temperature. The latter characteristic 
causes liquid metals to absorb inert gases from 
potential nucleating cavities. 

The phenomenon of nucleate boiling initiation 
in alkali metals is a very complicated one, and 
the required superheat in a given situation 
depends upon a large number of variables [4,5]. 

As mentioned above, alkali metals tend to 
quench (and therefore deactivate) the larger 
cavities and to penetrate (or suppress bubble 
generation in) the smaller ones; and it is now 
generally accepted that the wall superheat 
required to initiate nuoleate boiling, in a given 
situation, depends on the extent to which the 
metal has penetrated the smaller cavities. It is 
thus apparent that in the case of alkali metals. 
bubble growth during boiling incipience occurs 
most probably inside a nucleating cavity. The 
problem then is to determine the effective value 
of r for use in equation (l), in order to predict 
py, and from it, C, Holtz [4] has proposed a 
clever way of doing this ; and the ideas presented 
in this paper represent an extension of his. 
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Let us consider the s~ium/s~nl~s-st~l 
system Before the steel is exposed to sodium, 
it has an oxide coating Tbe sodium soon 
removes the oxide from the superficial surface 
of the steel, but not from the cavities: However, 
as time passes, the sodium begins to penetrate 
the cavities, removing the oxide from their 
surfaces as it advances. The rate and extent of 
penetration will depend primarily upon the 
temperature, the pressure, and the amount of 
inert gas in the cavity. Such a cavity, based upon 
Holtz’s [4] postulate, is shown schematically 
in Fig. 1. While the sodium advances into the 

The partid pressure of the inert gas, pe, may 
vary a good deal, depending on the pressure at 
which the system was lilled with sodium. 
For a freshly charged system pG can be either 
much smaller than, comparable to, or much 
greater than p. ; while for a circulating system 
which has been operating for some time, as, 
for example, the fuel element surface in a sodium- 
cooled reactor, pG could be relatively small. 
For a nonwetting situation, the presence of the 
inert gas is, of course, not required to maintain 
the liquid-vapor interface. At the point of 
farthest penetration, we can rewrite equation (2) 
in the form 

20 
pt - Pb - Pb = --q-z (24 

FIG. 1. Illustration of a cavity which is unquenched under 
subcookd conditiotts and is capable of bcmuing active 
when the temperature is iswxasd The equations represent 
the fora balamm at thermal and me&an&l ~~li~~. 

See text for f&r&m description 

cavity, it is unwetted at the liquid-vapor 
interface, because of the presence of the oxide 
layer. 

A force balance at the vapor-liquid interface 
gives the relation 

where the primes on the symbols represent the 
conditions that then exist, which, in turn, 
constitute the state of maximum boiling sup- 
pression (MBS). 

Holtx [4J assumed that pb was negligibly 
small and recommended that r’ as calculated 
from the above equation be used in equation (1) 
to calculate pp This gives the equation 

Pn - PL c -=- 

Pi - P: ff 
(3) 

from which pu can be solved directly, when the 
temperature and pressureat MBS, and the system 
pressure at incipient boiling are known. The 
superheat is then readily obtained from vapor 
pressure information. Later, Chen [S] included 
p& in equation @a) an& in effec& assumed a value 
for the amount of inert gas trapped in the cavity, 
which enabled him to calculate superheats which 
gave reasonable agreement with forced-convec- 
tion incipient-boiling superheat measurements 
in potassium. Chen’s method of predicting 
incipient-boiling wall superheats is discussed 
briefly later on. In the present paper, the author 
shows that the amount of inert gas in an active 
cavity does not remain constant and that r and T’ 
are most probably not equal. With these changes, 
it is possible to get excellent agreement between 
predicted and measured superheats. 
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Cavities may have different shapes, but they 
are generally considered to be more conical 
than cylindrical. For the sake of discussion, 
let us assume that our ref~nce cavity is a right 
cone. This is shown schematically in Fig. 2, 

\ 

Liquid 

4 I 
r8 

4 c--y Wall 

0 

Y v 
FIG. 2 Idealized rcprcentation of the cavity shown in Fig. 1 
when the liquid-vapor interfhce ia in ita luaximual-wing- 
supprea&ioastataTkpatinrntgcome&ial~arc 

illustrated. 

for the subcooled, MBS condition. We can relate 
r’ to the cavity radius, rk at farthest penetration, 
by the equation 

r’ 3L 
rc 

cos [(r/2) + al 
where y is the apex angle and a is the contact 
angle measured from the oapor side, as illus- 
strated in the figure. The above equation repre- 
senta of course, the so-called “nonwetting” case, 
in which0” < a Q 90”. 

If we assume the perfect-gas law, which is 
quite valid in this case, we can write 

n’RTL 
P;; = v’ 

where n’, TI, and v’ represent the number of 
moles of inert gas in the cavity, the absolute 
temperature of the cavity, and the volume of the 
cavity, at the time of farthest penetration of 
liquid into it. 

If we assume the cavity to be long and narrow, 

which it most likely is, in alkali-metal systems, 
we can neglect the curvature of the liquid- 
vapor interface and simply express the gaseous 
volume of the cavity as 

V’ = $t(r;)%‘, (6) 

h’ = i-;/tan (y/2). 

Substituting equations (5) and (6) into (4), and 
then (4) into (2ah gives 

fi’ = 03) 

and may be considered a characteristic quantity, 
for a given surface-liquid system and a given 
set of boiling-suppression conditions. Thus, in 
calculating r’ by means of equation (7), /?’ can 
be either treated as a parameter or estimated in 
advance from experimental measurements. 

Let us look at Fig 2 again I& at some point 
in time, heating occurs, then, because of an 
increase in ptn the inter&e will begin to recede 
while still concave on its liquid side. It does not 
recede a sigmficant distance before it experiences 
a highly wetted surface, flips over, and becomes 
convex on its liquid side. When this happens, 
we can write the force-balance equilibrium 
equation 

20 
P” + PG - PL = 7 (9) 

In a similar manner as before, we can write 

nRTL and PO = 7 

where, 
V=7& w 
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However, it is logical to assume that r, = r; 
because that is the cavity radius at which the 
spherical interface is the most stable (i.e. requires 
the most superheat for bubble growth), and 
therefore the one at which nucleation occurs. 
Thus, remembering this, and proceeding as 
before, we can convert equation (9) to 

Pi 27 
P”+oJ-PL=T 

Wh6I-C 

3nR tan; 
( > 

8=m (11) 

The largest superheat required for bubble 
growthexist.swhenr= r,; so that when heating 
causes t to increase above this critical value, 
the liquid-vapor interface becomes unstable 
and a bubble of vapor shoots out of the cavity. 

The only difference in the expressions for j? 
and jl’ is the number of moles of inert gas present 
in the cavity. Thus, the ratio jS/#’ equals n/n’ 
and represents the fraction of the original inert 
gas remaining in the cavity at the time of bubble 
nucleation. 

Equations (7) and (10) can be used to calculate 
incipient-boiling wall-superheat curves when 
J?‘, p/j?‘, and r/r’ are known or treated as para- 
meters. It is obviously impossible to measure 
these quantities directly ; but, if experimental 
data are taken over sufficient ranges of the 
prime independent variables, the data can be 
matched with the curves to yield a unique set 
of values of @‘, j&‘/3’, and r/r’ for a given set of 
operating conditions. 

The ratio /I//? can generally be expected to 
vary over the range from 0 to 1; but, conceivably, 
it can also exceed 1, under certain circumstances. 
If incipient boiling occurs immediately after the 
suppression condition, /3/p can approach unity, 
particularly if the heat flux and t, are relatively 
low. If, however, incipient boiling occurs after 
a series of prior in~pi~t boilings following a 

single suppr~o~ then /I//P can approach zero, 
pearly if tbe heat flux and tua are both 
relatively high. 

The ratio r/r’, on the other hand, should not 
vary so widely. For a cavity approaching the 
shape of a right cylinder, and for complete 
nonwetting during boiling suppression and 
complete wetting at boiling inception, the ratio 
should approach unity. It is difficult to see how 
r/r’ could be greater than one, becaum, if any- 
thing there is most probably better wetting 
during the nucleation stage than nonw~g 
during the suppression stage, which would tend 
to make r < r’. In the case of conical cavities, 
even with completely nonwetting liquid-vapor 
interface during MBS and a completely wetting 
liquid-vapor interface at IB, th6 ratio r/r’ 

must be always < 1. In the present study, it was 
found to be around @7W75 for a set of experi- 
mental results on potassium. 

Cfteri’s method 
Chen [5J also extended Holtx’s [4] model 

and solved equations (2a) and (9) by assuming 
an idealized conical cavity. In his analysis, he 
assumed that b! equahed 0”, and 16ft P;; to* be 
empirically evaluated from superheat data, On 
this basis, his final equation for evaluating ri was 

(f)3 2a’cosw , 2 
c - p;. _ P; (rc) - (pi fOp;;F(y, (12) 

where 

and where 

G* d% _ 
To 

or a measure of the number of moles of inert 
gas in the cavity at the time the system was filled 
with the liquid metal. 

E 
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Chen recognized that inert gas could diffuse ‘O” 
out of the cavity ; but, in the derivation of his 

tL’=l 18O.F 

WJ- 
equation, he assumed the diffusion rate negli- 

P; =4*25 psia 

gible. On that basis, and knowing r:( = r, =t), 
fl’=l(T’s(inlbf l/OR 

IW- 
pL * 16 pria 

he derived the equation 140- 
1; (e,,,)*t413*F 

P” - PL = 
a(p;. - ~3 Go c- 
0’ as (Y/2) (cl’ L 

120- 

TL or, .$ IOO- x [ [l + 2tan(y/2)] + 6’COS(Y/2). F(y) (13) L 80_ 1 
for (pl, - pL), from which the superheat is 

obtained from vapor pressure information. 
In the above equations, there are two em- 

pirical qirantiti~, and y-because there is 
no way of directly measuring either. As we shall 
see later, Chen found the latter to approach 
zero, in correlating his IB superheat results 0 4 8 I2 16 20 24 28 32 36 

on potassium, which in e&ct makes r = r’. pL , w 

CALCULATED BEsuLTs 
FIG. 4. Incipient-boiling wall supcrhaxta for potassium cd- 
dated from equations (7) and (10) showing the effec@ of 

Equations (7) and (10) were used to calculate changes in p; and inert gas content. The curves are baaed 

the families of curves in Figs. 3-5. To obtain 
on the assumption that f = r’. 

the curves in Fig. 3, fi was taken as a parameter, 

t; =118O*F 
p; = 4.23 pria 

pL =I6 pda 

t; W,J=l413*F 

240 

220 

i 

I80 

e 160 I 
3 

140 

I- I 
3 I20 

I II 1 / 1 ! 1 

$5 0 I2 I6 20 4 8 24 28 32 

P;. psia 

FIG. 3. hvzipicnt-boilinp wall superbcats for potassium 

1 1 1 1 1 
0 4 8 12 I6 20 24 28 32 I 

PL , psi0 

5 

cabdated kom quations (7) and (10) showiug the effects 
ofchangcsiop;andinertgucontsntThccumranbased 

FIG. 5. Incipient-boiling wail superheats for potassium cal- 

on the arrsumption that r = r’. 
c&ted From equations (7) and (lo), showing the effects of 

changes in pi and r/r’. 
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and both the ratios &/?’ and r/r’ were taken as 
unity. The condition of /l//Y = 1 is approached 
when each nucleation is preceded by the sup- 
pression step. It assumes no inert gas loss from 
the cavity between those two events, which may 
not always be true either. However, the con- 
dition of p/p = 1 is a condition that can be 
approached. The calculation procedure was as 
follows: The value of r’ was calculated from 
equation (7), after choosing a value of /P and 
knowing the values of all the other variables in 
the equation. Then, TL was calculated from 
equation (10) by successive approximation, 
since pu and cr depend upon Tb Finally, knowing 
pV and pD we get t, and t, from the vapor pres- 
sure curve. In this study, for potassium, vapor 
pressure and surface tension values were ob- 
tained from the equations of Hicks [6] and 
Cooke [ 71, respectively. 

With reference to Fig. 3, it is instructive to 
examine Table 1 to see how the respective 
dependent and independent variables varied, 
in the calculation of the different curves. As 
Chen 151 already showed, at low suppression 
pressures, the incipient-boiling wall superheat 
is independent of the amount of inert gas trapped 
in the cavity. On the other hand, as Fig. 3 
strikingly shows, the superheat is extremely 
sensitive to the amount of entrapped gas, at 
high MBS pressures. The reason for this is that 
at low values of p6 r’ is large, and ‘pG remains 
small ; whereas at high values of pi the reverse is 
true. Still referring to the table, it will be noticed 
that the values of r‘( =r) are typical of those 
generally estimated from booing-alkali-meal 
superheat data. 

Returning to Fig. 3 again, we se-e that at high 
values of 8, the incipient-boiling superheat goes 
through a maximum as pi is varied. This is due 
to the fact that at high VaheS Of pi and #6 pG 
becomes large because r is small ; and since pG 
is large, pv does not have to be so great to pro- 
duce nucleation. The curves in Fig. 3 produce an 
explanation of why superheat data have some- 
times been so “wild” and “unmangeable” 
in the past, when all the pertinent variables were 

not carefully controlled and accounted for in 
the correlations. Even if there were good control 
and aozurate measurement of the various 
pertinent parameters, we see from the curves 
that there are certain inert gas contents where 
@Iv - t& does not change markedly for moder- 
ate changes in pi and other inert gas contents 
where an increase in pi produces a decrease in 
0, - t&---the opposite to what one would 
normally expect. 

Figure 4 shows the effect of loss of inert gas 
from a cavity between the time of maximum 
boiling suppression and the time of bubble 
initiation. As in Fig 3, and for the same reason, 
we see that at low values of pL the incipient 
boiling superheat is unaffected by inert gas loss. 
The p//Y = 0 curve is lower than the /I = 0 
curve in Fig. 3 because the Fig. 4 curve is based 
upon a larger r’ ( = r). As in Fig. 3, the curves in 
Fig. 4 are based on the assumption that r = r’. 

Figure 5 shows the effect of varying the ratio 
r/r’ for the situation where j3’ = lo- ls and 
j3 = 5 x 10-16 , i.e. half of the inert gas escaping 
from the cavity between the times of rn~~~ 
boiling suppression and incipient boiling. Un- 
like the parameters j9’ and j&l’, the parameter 
r/r’ is about equally influential throughout 
the whole pi range, i.e. its relative effect at 
low values of pi is the same as that at high 
values of pi. 

From the curves in Figures 3-5, it is pos- 
sible to choose the correct combination of 
jl’, /3/j?‘, and r/r’ to produce a curve which will 
correlate a set of experimental results, ifthey were 
obtained over a society wide pi range. If the 
experimental results are sufficiently precise to 
define a definite curve, there is only one com- 
bination of J? vs. pi relation, /l//l’, and r/r‘ which 
can satisfy them. There are only two sets of 
incipient-boiling superheat data reported in the 
literature where all the prime variables were 
controlled and their values reported--the potas- 
sium results reported by Chen [5] and the 
sodium results reported by Holtz and Singer [ 8 1. 
We shall now examine these results and show 
that equation (7) and (10) can correlate them. 
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Potassium 
The only available ~~pi~t-bo~~ wall 

superheat results, where all the important 
variables were controlled and measured, are 
those recently reported by Chen [S]. Using a 
vertical 0622 in. i.d. cylindrical channel, he 
determined the independent effects of p;S ti, 
and pr. for forced, vertical flow of potassium. 
The linear velocity through the channel was 
held constant at 02 ft/s, and the heat flux was 
also held fairly constant at ~50,000 Btu/ 
(h *ft2). The test section was made of Haynes 25 
alloy, and its inside surf&x had a smooth gun- 
drilkd surface, with a range of cavity sizes of 
10-s-10-2 in. 

Pate 

t; =I180 
p; -4.25 pia 

pL* 18.0 psi0 

f; = 1413 *F 

EquatiJn(31 

Esporimntal 
\ 

wnditiam 

/ 

WG. 6. Incipient-boiling superheat results obtained by Chcn 
(51 compared with Cbcn’s and Hokz’s theoretical curves. 

Figure 6 presents some data obtained by 
Chen [ 51 showing the effect of pion the incipient- 
boiling wall superheat. Although there is appre- 
ciable scatter in the data points, nevertheless 

they are probably the most precise superheat 
results yet reported on a liquid metal. Two 
theoretical curves are also shown-that by 
equation (3), which was originally proposed by 
Holtz [4], and that by equations (12) and (13), 
proposed by Cbea [5 J. The former is actually 
the same as the fi = 0 curve in Fig. 3. The latter 
is a best-fit curve produced by taking y equal 
to zero and Go equal to 8 x 10-r’ (in. 1bflPR. 
The great improvement in the Waltz model by 
allowing for the inert gas content is obvious, 
but it is also apparent that there is still room for 

04 

fiG. 7. Comparison between the incipient-boiling superheat 
results of Chcn [5] and two theoretical curves each based 
upon equations (7) and (10). Values of p and r/r’ were chosen 

to give best fits to the exp&rmntal points. 

The same data points are shown in Fig. 7 
where two other curves are drawn, each ob- 
tained from simuhaneous solutions of equations 
(7) and (10). Curve A is based on the assumption 
offl=j?‘==5 x lo-l6 (in. lbf),PR and r=r’. 
It is the best fitting curve that can be obtained 
from equations (7) and (lo), when loss of inert 
gas from the cavity is not considered and when 
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the radius of curvature of the liquid-vapor inter- 
face at the time of bubbie growth (under wetting 
conditions) is the same as that at the time of 
maximum boiling suppression (conning con- 
ditions). It is therefore not smprising that curve 
A is practically identical with the lower curve in 
Fig. 6. 

CurveBinFig7isthebestonethatcanbe 
obtained horn equations (7) and (Xl), when 
r/r’ is allowed to vary, still keeping /I equal to 8’. 

40 

PL, Psi0 
FIG. 8. Correlation of Chcn’s incipimt-boiling superheat 
results by cqwions (7-l and (10). ‘lb ratio r,h’ was taken 
equal to @70, and &=B’) was taken aa tepnsented by the 

second ame shown in the figure. 

It is apparent that neither of these curves gives 
as good a ftt to the data points as that in Fig. 8. 
That curve was obtained by taking one additional 
variable into consideration, i.e. the ratio of j3 
to /I’, or the gradual loss of inert gas from the 
cavity. The data in Fig 8 were obtained by (a) 
heating the test section to 8SO’F, (b) evacuating 
to @3 psia, (c) charging the potassium, (d) 
maintaining the system at 2180°F and a low 
pressure (pt3 for two hours and (e) measuring 
t, at boiling inception for a system pressure (pL) 

of 16 psi,+ Then a succession of data points was 
obtained by repeating steps (d) and (e), carrying 
out step (d) at successively higher pressures. 
It is thus logical to conclude that, over this 
period there was some gradual loss of inert gas 
from the active cavities. The curve in Fig. 8 
was calculated for an original value of 8’ of 
3.1 x lo- “s (in. lbf)/“R and a gradual reduction 
of @‘( = B) with time. This reduction is indicated 
by the Jo’ curve in the figure. The increasing 
negative slope of this curve with increase in 
pi (or time1 is very reasonable, because the 
greater loss of inert gas would naturally occur 
at the higher walI temperatures. 

The curve in Fig 8 represents a unique solu- 
tion of equations (7) and (101, where & = ,El, and 
r/r’ are specified. Only an r/r’ value of0*70 and the 
fl curve as shown will produce that curve. Over 
the time period during which the data points in 
Fig. 8 were obtained fl dropped from 3.1 x 10”’ ls 
to 2-O x lo- Is, indicating that approximately 
4 of the original inert gas content of the cavity 
had escaped, which is not a high fraction. 
Consequently, for any single given value of 
pi (at which the MBS condition was imposed) j’ 
was assumed to be equal to 8’. It is seen that the 
superheat curve in Fig, 8 is higher at the lower 
values of pi and lower at the higher values of 
pi than the curves in the two previous figures. 
In calculating the last curve, the first difference 
is due to the fact that r was not taken equal to r’, 
while the second difference is due to the fact that 
p was not assumed constant. Thus, in calculating 
the superheat curve in Fig. 8 from equations (7) 
and (lo), only two inde~ndent variables had to 

be arbitrarily varied to give a good fit to the 
data : the values of ,3’( = jl) and r/r’. 

Figure 9 shows some more of Chen’s experi- 
mental results on potassium. It shows the effect 
of boiling pressure on the IBS for an MBS 
temperature and pressure of 1166°F and 120psia, 
respectively. Curve A represents equations (7) 
and (lo), while curve B represents equations 
(12) and (13). The slightly better fit of curve A 
is due to the fact that r/r’ was set at the particular 
value of @74. As we can see from Figs. 3 and 4. 
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in the lower range of pi, fl has relatively little (7) and (lOl, on 
effect on (t, - tW). Thus, curve A (and pre- 2 x 10-l ’ < fi 
sumably curve B also) in Fig. 9 is not sensitive < 074. 
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the basis of @’ = 3 x 10-r5, 
Q 3 x lo-“, and 0.70 Q r/r’ 

Curve A 

p=#=3x10m’“(inIbf )/OR 

Go=BxKT”fin Ibf )hR 

Pi , psi0 

32 

FIG. 9. Effect of boiling pressure on incipient-boiling wall 
superbcats for potassium. Comparison between Chen’s 
experimm~I ramIts and theor&& curve A based upon 
equations (7) and (10) and -ad curve B based upon 

equations (12) qd (13). 

to /3 or /3’. The present author therefore simply 
chose /J’ equal to 3 x 10’ 15, approximately the 
same as that in Fig. 8, and assumed fi was equal 
to /i’ at all values of pP It is therefore apparent 
that, at low values of p;J the superheat curve is 
affected primarily by r/r’, and not by /L 

Figure 10 presents some further experimental 
results obtained by Chen [S] showing the effect 
of variation in ti on the incipient-boiling 
superheats. Here again, the experimental points 
are well represented by curve B which is the 
one, calculated from equations (7) and (10). 
Since the MBS pressure was low, the curve is not 
very sensitive to B. It is based on 8’ = 3 x lo- 15, 
/I = /T, and r/r’ = O-72. 

From the foregoing discussion, it is quite 
apparent that Chen’s [5] experimental results 
on potass?um are well correlated by equatious 

V” 

60 I 70 

60 

Lt.0 
3 
b ! 40 

~~~~~~~*~ ~~~~~ 

0 SO IO0 160 200 250 

MBS subcooling, &f, ‘, F* 

FIG. 10. Comparison between Chen’s [5] experimental 
results and two theoretical curvea Cum A is baaed upon 
equations (12) and (X3), whik curve B is based upon qua- 

tions (7) and (10). 

SOdiU??l 
The only incipient-boibng wall superheat 

results reported in the literature for sodium, 
where all the rekvaut variabks were controlled 
and measured, are those recently reported by 
Holtx and Singer [ 8). They measured superheats 
in pool boiling of sodium in a vertical cylindrical 
vessel whose id. was 1.610 in. and whose heated 
length was 625 in. It was made of type 304 
stainkss steel, and the inside sur&e was 
polished to an average roughness of 8 @n. 
The vessel was heated with tightly wrapped 
electrical-resistance heater wire, and the inside 
wall temperature was determined from the 
readings of thermocouples inserted in the wall. 

Prior to filling with sodiunn, the entire appara- 
t~w~e~~t~toap~s~of2 x 10e6mm 
Hg and the system was then held at a pre- 
determined temperature and pressure for some 
period of time to effect the MBS condition. 



1414 0. E. DWYER 

The length of time, however, was not given in 
the reference. The MBS pressure, pk was 
increased with each successive MBS treatment. 
The heat fluxes were low-in the 8700-18.000 
Btu/l# range. 

FIG. 11. ~~~~t-~~~ sup&cat results reported by 
HOID! and Singer f8] for pool boiling of sodium. 

Figure I1 is a reproduction of Fig. 11 in 
Hoitz and Singer’s paper. It gives the results of 
their meas urements, showing the effect of 
saturation temperature (or boiling press- p3 
on the incipient-boiling superheat. The MBS 
conditions were 400°F and 41.2 psia Pre- 
sumably, a single MB!3 step was followed by 
four series of incipient boiling even& the first 
series being carried out at a heat flux of 8.7 Btu/ 
(hft2), and the succeed@ ones at fiuxes of 11.4, 
144, and 183, in that or&r. These are actnatty 
very low heat fluxes compared with those in a 
reactor core, for example ; but heat flux pet’ se 
is not believed to af&ct the incipient-boiling 
wall superheat. It will be noticed that the four 
curve3 in the figure have the same general shape 
as curve A in Fig. 9. 

It should be pointed out that the data points 
which gave the curves in Fig. 11 had consider- 
able spread, averaging roughly +25 F” for two 

of the curves and -+SO for the other two. Thus, 
the data points for the four curves bad ex- 
tremely large overlaps. 

Ft~.12Thtonaticatprcxiicfionafincipient-boiliryiwallsupu- 
beats for sodium, based upon apatkms (7) and (lot. The 
superheat curves B and D arc based upon the 8 curves b and 
d, respectiveiy. The calculated values of r’ were 7.43 x 
lo- s in. and 7.30 x IO- ’ in. for curves B and D, raspectivcfy, 

and r was assumed equal to r’. 

Figure 12 shows two calculated superheat 
curves which roughly bracket those in Fig. 11. 
They are based on the same MBS conditions as 
the experimental curves. Curve B represents a 8’ 
value of 6 x lo-” (in. IbQ/“R, with fl values as 
given by curve b. It will be noticed that it was 
~~~t~~~~l~ofi~~g~~- 
tween the time of the MBS condition and the 
first incipientiboiling event which was pre- 
sumed to have occurred at the low end of the 
t_ scale. It will be further noticed that the rate 
of loss of inert gas, as indicated by the slope of 
curve b, is actually not very great, when it, is 
realized that a large number of incipient boiling 
events had occurred in covering the t, range. 
This therefore justifies the above assumption. 
The apparent low rate of inert gas escape 
from the cavities is consistent with its very low 
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solubility in liquid metals. For example, the 
present author estimated an atom fraction of 
only l-86 x lo- 8 for the solubility of argon 
in sodium at 1000°F and 1 atm, from the recent 
solubility results reported by Veleckis et al. 191. 

The calculated value of r’ for curve B was 
7.43 x 10e5 in., and r/r’ was assumed equal to 
unity. There was no way of determining the 
true value of this ratio, because there was no 
experimental curve similar to that in Fig. 8 
for potassium, i.e. (t, - f,) vs. pi. One needs 
to have such a plot, covering a relatively wide 
range of pi. As explained earlier, data at low 
values of pi are more important in determining 
r/r’ than those at high values. In carrying out the 
calculations reported here, the vapor pressure 
and surface tension of sodium were taken from 
Ditchbum and Gilmour [lo] and Golden 
and Tokar [ 11 J, respectively. 

Superheat curve D in Fig. 12 was obtained by 
taking @’ equal to 5.5 x lo-“, and then using 
curve d to evaluate /3. The calculated value of r’ 
was 7.30 x low5 in. It is seen that a big change 
in the position of the superheat curve was brought 
about by only a slight change in the inert gas 
content. We can therefore conclude that the 
spread in the curves in Fig. II might well have 
been due to varying,amounts of inert gas in the 
active cavities rather than variation in heat flux. 
In progressing From the lower to the higher heat 
fluxes, it is logical that there should have been 
inert gas losses from the cavities, because of the 
many incipient-boiling events that had taken 
place. 

As mentioned above, there were insufficient 
data taken in the study reported by Holtz and 
Singer to evaluate the ratio r/r’. Therefore, both 
~~pi~t-~il~g superheat curves in Fig. 12 
were based on the simple assumption that r/r’ 
equalkd unity. To see what the difference would 
be when r/r’ was something less than unity, 
the curves in Fig. 13 were calculated. The super- 
h~t~ein~s~~~~t~~~~eB 
in Fig. 12. It will be noticed that, in this case, 
the j? curve is higher and has a steeper slope. 

It is thus apparent that there is an infinite 

\ 
Sodium 

fp25GF 
p~-3xlO~“pio 

FK+. 13. Theo- prcdktion of incipient-boiling wall 
supcrlIalts for sc%hl?, bad upon a-paticma (7) and (10). 
The curve is based upon p x lo-“, r/r’ = &75, and the 
gradual dccrcaec inBrursivmbytb:Bcurve.Thevalueofr’ 

was cahlated to be 8.2 x lo-” in. 

number of combinations of F, @ curve, and r/r’ 
which will give the same superheat curve for 
the MBS conditions of 41.2 psia and 400°F. 
But, if data had been tak.en over a range of pi 
rather than at a single value, then there would 
be only one combination of these parameters 
that would allow equations (7) and (10) to 
correlate the results, as we saw in Fig. 8. 

It may be wondered why the inert gas content 
made such a big difference in Fig. 12 but a 
negligible difference in Fig. 9. The answer is 
that in Fig. 9, pG was negligible compared with 
pII, whereas in Fig. 12, the reverse is true. This is 
seen by comparing the & values in Tables 1 and 
2. 

It may also be noticed that the j? values for 
both the potassium results and the sodium results 
were found to be of the same order of magnitude, 
even though the filling pressures were widely 
different in the two sets of experiments. However, 
Holtz and Singer’s experimental superheat 
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results were actually very much lower than those 
predicted by equation (3), indicating the probable 
presence of considerable inert gas. 

EFFECTOF- 

From what has been said so far, it might be 
inferred that flow rate would have little effect 
on the IB wall superheat. But actually, on the 
basis of limited experimental data. the effect 

The mechanism by which flow rate af%ets IB 
superheats is not clear, since the locale of the 
MBS-IB phenomena, according to Holtz, is 
located inside the cavities or, at worst, at the 
inner boundary of the socalled laminar layer- 
well isolated from the turbulent core of the 
flowing stream However, it is now well known 
that eddies do exist right up to- the wall, that 
rapid local temperature fluctuations of the 

Table 2. Summary ofboth MBS and IB coffin pertaini~ to curves B and D in Fig. 12 

~t(-Ld 900°F 11OO”F 1300°F 1500°F 

Pi [psi4 
2%. bsial 
r; [“Fl 
Curve B 
/I’ [(in. Ibfi/“R] 
~b bial 
r’ ( = r) [in.] 
B Z(in. IbWRl 
P. EPA 
PO [Pa 
PL tP4 

tL(==tJ [“Fl 

dew - k5cfm 

Curve D 
8’ [(in. lbf)/“R] 

/b bial 
r’ (= I) [in.] 
1, [(in. lbt)/“R] 

P. bid 
PO [psi4 
PL [psi4 
tL(=tw) [“Fl 
(L - &,a) WI 

41.2 41.2 41.2 41.2 
neg’l neg’l neg’l neg’l 

400 400 400 400 

6.00 x 10-l’ 6.00 x 10-l’ 6.00 x lo-l5 6.00 x lo-” 
12.58 12.58 12.58 12.58 

7.43 x lo-$ 7.43 x 10-5 7.43 x 1o-s 7.43 x lo-’ 
6-00 x lo-” 4.97 x 10-‘S 3.87 x 10-l’ 2.51 x 10-l” 

034 135 4.50 13.45 
225 20.56 17a 12.62 
0052 @42 2-15 7.70 

1075 1235 1410 1600 
175 135 110 100 

5.so x lo-” 
12.13 

7.30 x lo-’ 

5+o x,r 
22.30 
0052 

1122 
222 

S-50 x lo-‘S 5.50 x Io-~5 5.50 x lo_- l5 
12.13 12.13 12.13 

7.30 x 1o-s 7.30 x lo-s 7.30 x lo-’ 
4.48 x 1O-‘s 3.23 x 1O-‘s 1,7s x lo-‘5 

1.87 6.15 16.60 
19.97 1590 9.41 
@42 2.15 7.70 

1280 1460 1640 
180 160 140 

appears to be considerable. For example, Logan, 
Landoni, and Baroczy [12] observed that the 
IB bulk superheat decreased from ~50 to WF 
for sodium flowing vertically upward in a 
stainless-steel annular test section, as the linear 
velocity was increased from 24 to 4.5 ft/s. The 
bulk superheat would, of course, be significantly 
less than the wall superheat. Pinchera et al. [ 133 
recently reported similar results for forced- 
convection Row ofsodium past a heated stainless- 
steeIclad vertical rod. 

heating surface do occur, and that pressure 
ffuctuations are transmitted to the wall. Thus, 
time-average values of t, and pr_-the types we 
have been considering in equations (9) and 
(lo)--may not be relevant under turbulent-flow 
conditions. ‘Ibis probably explains why super- 
heats measured under forced-flow conditions 
generally vary from measurement to measure- 
ment considerably more than those measured 
under nongow conditions. 

There is another possible contributory reason 
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why IB superheats are found to decrease sharply 
as the flow rate is increased: high stream velo- 
cities can, in certain situations, result in seal gas 
entrainment, which in the limit could conceivably 
reduce the IB superheat to zero. 

Much additional work is required before the 
effect of flow rate on IB superheats is understood. 
On’the basis of present information, however, it 
appears that under normal flow conditions, 
IB wall superheats would be negligibly small in 
a sodium-cooled-reactor core ; but in the event 
of a loss-of-flow incident, it is the no-flow or 
very-low-tlow situation that is relevant. 

In the two sets of experimental results dis- 
cussed in this paper, velocity effects were not of 
great consequence. Holtz and Singer’s data 
were taken under pool-boiling conditions, and 
Chen’s data were taken at a linear velocity 
of only O-2 ft/s, which corresponded to a 
Reynolds number of 3200. This is barely turbu- 
lent flow, which means that the results should 
not be greatly different from those for either 
stagnant or natural-circulation conditions. 

CONCLUSIONS 

Incipient-boiling wall-superheat data for 
liquid metals can be well correlated by equa- 
tions (7) and (10) if the correct values of /I’, 8, 
and r/r’ are used. The correct values can be 
determined from the data if they were ob- 
tained over a sufliciently wide range of pi 
or ti. Under such conditions, there is only 
one combination of these parameters that 
allows the equations to correlate a given set 
of data. 
The loss of inert gas from an active cavity 
between the time of the maximum boiling 
suppression and the time of the first incipient- 
boiling event appears to be negligibly small. 
However, for a large number of IB events 
following a single MBS condition, it is 
possible to lose the majority of the inert 
gas from an ,active cavity. 

On the basis of the limited data examined in 
this study, it appears that the most stable 
radius of curvature of the liquid-vapor inter- 
face, r, during superheat conditions (or, in 
other words, that at the time of nucleation) 
is smaller than the radius of curvature of the 
interface, r’, at the time of maximum boiling 
suppression. The data indicated that r was 
about 3 of r’. 
It was found in the present study that the 
value of r’ (and also r) was of the same order 
of magnitude for both Chen’s potassium 
results and Holtz and Singer’s sodium results, 
even though the heating surface was pre- 
sumably much smoother in the latter situa- 
tion. This corroborates Holtx’s [4] original 
hypothesis that the size of an active cavity is 
determined primarily by the MBS conditions 
and not by the surface roughness. 
The apparent effect of heat flux on the in- 
cipient-boiling wall superheat could be ex- 
plainad, in part, at leas& in terms of inert-gas 
loss from the active cavities, rather than an 
inherent effect of heat flux itself. 
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SURCHAUFFES PARIETALES AU DEBIT DE L’EBULLITION DANS LES METAUSE 
LIQUIDES 

EnrborrntJIlr~~~~ar~~~rCantsdIBobfsnur~Chen[Sjsurkpotorriumctccux 
obtanus par Hohz et Singer [Sj sur k sodha on a essay6 de tirur la conclusions suivantas : 

(a)Irpcatsdegrrzinsrrci~d’unecoviteoctivecntrele~dsMBQatosl~duprrmiaIBsemble 
Cre n@ligaab&, mais aIk peut &re consid&abk si un grand nombre d’tvtncments IB suivent un seul 
traitcment MBS; 

(b)lerPYolldCIPbUUCPIBertglvir~3/4decoluiBMBS; 
(c) lc tini de la surbx pour dea sufaa?a lisaes moyenna nc sembkrait pas avoir une forte influence sur 

k3 5urclltl~IB; 
(d) l’diet apparent de Ihu da chakur pourrait &a an r6alitc un c&t de gax inerte. 

(a) Dar Varlust an Inertgas tines aktiven Kcims in der Zeit zwischen MBS und dam erstan IB scheint 
ema&huiSbar klcin au sain; cI kami aber batrikhtlich wcrdcn wcnn h&uBgc 15Zust&uie einuu ein- 

&ten MBS-Zuand folgsn; (b) Der s ‘us bei IB ist etwa 3 dam bai MBS; (c) Oborgpcbcn- 
bchandlungbsinormal#atren G&r&henschehwkcitwOrogwnEhifIussaufdieIBUherhitauqIzu 
haben; (d) Dar augaw&inlichs EinBuss da W&matrooa kam m&&hcrw& in Wiiklichkeit ein 

Eirdluss des Iwtgams sein. 

AnnoTaqns-IIoKaaaHo, 'ITO C noMouIbi0 0peniHanbHoP rffo,7e.w neperpesa Sonqa (4) 
MO~HO nonywrrb xopomee coornewrmie ueHcAy pacsernbrnu dn_raMepesru~nn neperpesaws 
CTeHKW npH Ha'iUIe KllReHHR C )"ieTOM ABJ’XAOllOJIHHTt?JIbHHX f#aHTOpOB. nepBEdH #aKTOpOM 

IB.lIReTCR. IlOTepR WiepTHOrO l'8aaH8 CIOHOCTHB IlepilOAMe?KJJy MaKCUMaJlbHkUA IlOAaBiTeHXeM 

KWlleHkiR W HaqaJtOM KUIleHAR. BTOPEJM $aKTOpOM HBJIIleTCR BepOHTHOCTb TOrO, 'IT0 pagsfyc 
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KpMBl4aHhI nOBepXHOCTu paaAeJla NiAKOCTb-nap npu Ha'IaJIe KuneHUFI MOmeT aHaWfTeJIbH0 

OTJIAYaTbCK OTpaguyCa upu MaKCuMaJIbHOM nOAaBJleHUM KulleHuR. 

Ha OCHOBe HeAaBHUX pe3yJlbTaTOB npu Ha'iaJle KuneHuR, nOJIyYeHHblX qeHOM (5) AJlfi 
KaJIUU, U pe8yJIbTaTOB )iO~~au~UHrepa(8)AJIRHaTpuKMO~HOCAe~aTbC~eAylo~ueB~BOl[ar: 

(17) OKaWBaeTCR, 'IT0 nOTepK UHepTHOrO ra3a'u3'aKTUBHOti nOJlOCTu B nepUOA Mt3KA.y 

MaKcmanbHbm nofiaBneHueu KuneHm u KaqanoM Kanerim npeHe6pemmo pdana, HO 0Ka 

MOmeT 6bITb i3HaYUTeJIbHa, eCJfu HeCKOJIbKO CJlygaeB Ha'luHalO~erOCH KAneHUH CJIeAyeT 88 

O~HUM cnysaerd MaKcmfanbHoro noAaBseHurr mnemm; (6) pwyc nyabIpbKa npu nasane 

KUneHUfl COCTaBJIKeT 4 paUyCa AJIR CJIyYaR MaKCUMaJlbHOrO n(iAaBJIeHUK KUlleHUfi; 

(e) OKaabIBaeTCR, YTO o6pa6oTKa nOBepXHOCTU &JWi 06bFiHbrX rJIaAKUX UOBepXHOCTeft He 

BmfieT cunbtio Ha neperpeB npu Hasme KuneHm; (2) KamyxqeecK mumiue TennoBoro 

nOTOKa B AdftCTBuTeJlbHOCTU MOHIeT 6bITb BJlURHUeM UHepTHOrO raaa. 


