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Abatrac-In experimental studies which measure the amount of liquid superheat required to nucleate 
the liquid alkali metals, a considerable amount of conflicting and for the most part, unexplained data have 
been presented. The incipient superheat has been shown or postulated to IX. affected by the pressure- 
temperature history, liquid velocity, pressure, heat-flux, liquid purity, dissolved gas content, surface 
conditions, particle radiation, heating method, length of a time of operation, and perhaps others. This 
paper presents a theoretical study of the effect of inert gas on incipient superheats and illustrates that 
among other things, the gas diffusion from surface cavities into the liquid solution accounts for the so-called 
“heat-flux effect”. On the basis of this study, it was determined that almost all of the published data do not 
include sufficient information to adequately characterize the experimental systems. The non-specification 
of the inert gas partial pressure in the gas cover blanket, for example, can cause an uncertainty in the 

incipient superheats as large as 100°C. 

NOMENCLATURE 

A, constant appearing in Henry’s 
Law, equation (28); 

B, constant appearing in Henry’s 
Law, equation (28); 

c A> molar concentration of inert gas 
in liquid solution ; 

c Al, molar concentration of inert gas 
in liquid solution at start of 
heating ; 

G, molar concentration of inert gas 
in surface cavities ; 

CL volumetric average of Ct; ; 

GY molar concentration of liquid in 
liquid solution ; 

G, molar concentration of vapor in 
surface cavities ; 

4 dimensionless diffusivity ratio, D 

= DA&; 
D ABY mass ditTusivity coefficient of inert 

gas in liquid solution ; 

t Associate Chemical Engineer, 
$ Associate Mechanical Engineer. 

DEB, 

E, 

F, 

h fi7’ 

k 
K(T), 

MB, 
P A7 

P A07 

pAl, PAGE 

mass diffusivity coefhcient of inert 
gas in vapor; 
dimensionless parameter, 
E = MBZJRAToZpB; 
dimensionless parameter, 
F = B/T,; 
latent heat of vaporization ; 
thermal conductivity of liquid ; 
Henry’s Law “constant” evalu- 
ated at T; 
molecular weight of liquid ; 
partial pressure of inert gas ; 
partial pressure of inert gas in 
surface cavities when P;. occurred ; 
partial pressure of inert gas in gas 
blanket ; 
partial pressure of inert gas in 
surface cavities at start of heating; 
partial pressure of inert gas in 
surface cavities at time t ; 
pressure of liquid ; 
maximum liquid pressure experi- 
enced prior to nucleation ; 
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P,(T), 

4 WY 

4:, 

QT 

Q'T 
R, 
Rt?, 

T, 
T,, 

TL, 

T SW? 

L L(t), 
G 
4 
x, 
XA, 

Z, 

Zl? 

Z2, 

RALPH M. SINGER and ROBERT E. HOLTZ 

vapor pressure of liquid evaluated 
at T; 
wall heat flux ; 
equivalent wall heat flux, qk = 
Q’z; 
dimensionless wall heat flux, Q = 

q,ZlkT, ; 
internal energy generation rate ; 
ideal gas constant; 
equivalent radius of largest un- 
flooded cavity; 
liquid temperature; 
temperature of gas and vapor in 
surface cavities ; 
temperature of liquid when Pk 
occurred ; 
saturation temperature corres- 
ponding to P, ; 
wall temperature at time t ; 
initial liquid temperature ; 
time ; 
vertical coordinate ; 
mole fraction of inert gas in liquid 
solution ; 
liquid metal pool depth; 
nominal surface cavity depth ; 
length defined as Z, = Z + Z,. 

Greek symbols 

a, thermal diffusivity ; 

il dimensionless coordinate defined 
in equation (22a) ; 

0, O(c, z), dimensionless temperature differ- 
ence defined in equation (22~); 

PB, density of liquid ; 

0, surface tension evaluated at T; 

5 dimensionless time defined in 
equation (22b) ; 

4, c$(i, z), dimensionless concentration dif- 
ference defined in equation (22d). 

INTRODUCTION 

THE STUDY of boiling alkali metals has been 
primarily directed toward safety studies of 
liquid -metal -cooled, fast -breeder reactors 

(“LMFBR”). In these reactor systems, the 
normally highly subcooled liquid metal could 
reach boiling temperatures during postulated 
accidents of loss of coolant flow or sudden 
reactor power increases. The boiling may cause 
serious problems since certain regions of the 
reactor have positive void coefficients of re- 
activity, i.e. the introduction of voids (i.e. vapor) 
can cause local increases in reactor power, and 
possibly result in fuel melting. 

Therefore, in order to properly design instru- 
mentation for initiating reactor shutdown to 
avoid damage, or to postulate realistic theo- 
retical models which predict the extent of 
damage, it is necessary to be able to predict the 
conditions under which boiling will occur. 

In the past several years, a number of experi- 
ments have been reported in which incipient 
boiling superheats of sodium and postassium 
were measured. However, the data are con- 
flicting in certain aspects and are also widely 
disparate, ranging from about 5 to 820°C. A 
large number of parameters were determined or 
postulated to affect the incipient boiling super- 
heat among which are the following : (1) 
pressure-temperature history, (2) pressure, (3) 
heat-flux, (4) liquid purity, (5) dissolved gas 
content, (6) surface conditions, (7) nuclear 
radiation, (8) heating method, (9) length of time 
of operation, (10) liquid velocity, and perhaps 
others. The roles of these parameters will be 
now briefly discussed. 

(1) Pressure-temperature history 
A detailed study of this effect has been 

presented in [l] and qualitatively confirmed by 
experiments reported in [2-4]. The model 
describing this effect asserts that a liquid metal 
would penetrate surface cavities to a depth 
determined by the system pressure and tempera- 
ture ; furthermore, scale and/or oxide coatings 
on the surfaces of the cavity will be cleaned by 
the liquid metal up to the penetration depth, 
thus creating a wetted condition. Beyond this 
depth, the cavity will remain non-wetted. 

Thus, if the maximum pressure experienced 
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by the system was P;. at a temperature of Ti, 
all cavities with radii greater than R, will be 
flooded and wetted, where 

R, = 
WT;) 

P;. - P”(Ti) - P,,’ 
(1) 

Nucleation must now occur from cavities with 
radii less than R,, so that the maximum excess 
vapor pressure in a cavity required for nucleation 
is 

P”(T,) - P, = 7 - 

2av) p*, 
A (2) 

e 

The maximum superheat requirements may be 
directly calculated from the excess pressure by 
using vapor pressure data or the Clausius- 
Clapeyron equation. Using the latter approxi- 
mate approach, one can obtain the following 
relationship from equation (2), (see, for example, 

c51,: 

for Pt = 0 and constant physical properties. 
It is immediately obvious from equations (1) 

and (2) that a highly pressurized system (prior to 
nucleation) will require larger superheats than 
will a lower pressurized system 

(2) Pressure 
As the system pressure at nucleation, P,, is 

increased, the incipient superheat should de- 
crease, as illustrated by equation (3). This result 
has been observed in almost all of the available 
experimental data. 

(3) Heat flux 
Data have been presented indicating that the 

incipient superheat may be decreased [16], in- 
creased or decreased [7], increased [2] or 
unaffected [8,9] by an increase in the heat flux. 
None of these reports have presented a satisfac- 
tory explanation for this effect, however, it will 
be shown in the present paper that the heat flux 
effect results from inert gas leaving surface 
cavities during heating. Also, an erroneous effect 

may be observed experimentally, caused by very 
slight errors in thermocouple location. This 
possibility is discussed in the Appendix. 

(4) Purity and dissolved gas content 
The extremely large superheat values reported 

in [8] were attributed primarily to a very 
efficient purification of the liquid metal prior to 
testing. The importance of the dissolved gas 
content will be explored in the present paper. It 
must be pointed out that most reported experi- 
ments do not include information on either the 
liquid purity or the dissolved gas content. This 
information is quite essential if the data from 
various experiments are to be realistically com- 
pared or applied. 

(5) Surface conditions 
The effect of surface roughness on incipient 

boiling superheats has been studied [lo] and it 
was concluded that roughening a surface will 
lower the superheat. Also, the spread in the data 
reported in [9] is explained as being compatible 
with the surface condition of the experimental 
tube. However, the equivalent cavity model [l] 
states that the available nucleation sites are 
determined by the pressure-temperature history 
rather than surface roughness. This has been 
experimentally confirmed in a preliminary re- 
port [17]. 

(6) Nuclear radiation 
In a recent theoretical study of this possible 

effect [ll] it was concluded that it would be 
highly unlikely that, at saturation pressures near 
one atmosphere, any nuclear radiation en- 
countered would induce nucleation in the bulk 
of the liquid sodium before boiling would occur 
at surface cavities. The only experimental data 
known to the present authors, [17], confirms 
this conclusion at thermal neutron fluxes up to 
10” neutrons/cm’ s. 

(7) Heating method 
Boiling liquid metal experiments have been 

conducted using two general types of heating 
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methods: (1) indirect (conduction through a 
channel wall to the liquid), and (2) direct (Joule 
heating of the channel wall and liquid metal). 
The latter technique has resulted in somewhat 
larger superheats than the former at equivalent 
heating rates which can be explained in part by 
larger inert gas solubilities caused by the in- 
verted liquid temperature profile (i.e., direct 
heating results in the liquid temperature being 
larger than the wall temperature while indirect 
heating causes the opposite condition). This 
phenomenon is discussed further in this paper. 

(8) Length of time of operation 
Several experimenters have observed that the 

incipient superheat generally increases with the 
length of time of operation of the apparatus 
[8,9] while others have not reported any such 

variation [6, 121. This so-called aging effect may 
be caused by the gradual wetting of the larger 
nucleation sites, leaving smaller and smaller 
cavities available for nucleation. If this ex- 
planation is correct, it appears that the equiva- 
lent cavity model of [l] should be able to 
predict this behavior by noting the pressure- 
temperature history during operation. 

(9) Liquid velocity 
The results of several experiments have been 

recently published [18, 191 in which the forced 
convection incipient boiling conditions have 
been measured. The preliminary indications are 
that the superheat decreases markedly with in- 
creasing velocity, approaching zero superheat 
at about 2 m/s. The mechanism responsible for 
this effect is not at all clear, but might be ex- 
plained by the presence of minute inert gas 
bubbles in the liquid stream. These bubbles 
could originate either in the heat exchanger of a 
loop where the decreasing liquid temperature 
tends to drive inert gas out of solution or from 
entrainment from the gas blanket region. If these 
bubbles could then reach the heated section of a 
loop, they would tend to re-dissolve as the liquid 
temperature is increased However, the time 
available for dissolution is the transit time of the 

fluid in the heated section; thus, as the liquid 
velocity is increased, the probability of gas 
bubbles existing at the heater exit (where 
nucleation is most likely to occur) is increased. 
The presence of these bubbles will, of course, 
tend to reduce the incipient superheat to zero. 

Even though these speculations seem to 
explain the reported results, additional experi- 
mental data is required before any final con- 
clusions can be reached on this important point 
for nuclear reactor safety studies. 

In this paper, the role of inert gas in liquid 
metal, pool boiling experiments will be theo- 
retically studied, and it will be shown that the 
heat flux effect results from inert gas diffusion. 
It will be also shown that not only the heat flux, 
but the initial system temperature and inert gas 
partial pressure must be specified in order to 
characterize an experimental system. 

MODEL DEVELOPMENT 

In order to predict the conditions under 
which a liquid metal will nucleate following some 
prescribed pressure-temperature history, a value 
of T, must be chosen so that equation (2) is 
satisfied. However, during a heating transient, 
not only does T, vary, but also P$ (the partial 
pressure of inert gas in surface cavities) must 
vary as gas leaves or enters surface cavities. In 
order to determine the variation of P: with time, 
the solubility of inert gas in the liquid metal 
must be known as a function of pressure and 
temperature and the mass diffusion coefficient 
of the inert gas in the liquid metal must also be 
available. However, data are extremely sparse 
for the former and non-existent for the latter 
property. Some solubility data for argon in 
liquid sodium at temperatures up to 530°C are 
available [ 131 and are extrapolated for use in 
the present work. The diffusivity of argon in 
liquid sodium was estimated using an empirical 
relationship based on the Stokes-Einstein equa- 
tion [14]. 

Since the partial pressure of gas in equilibrium 
with a dilute solution of the gas in a liquid is 
related to the concentration in the liquid by 
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Henry’s Law, the concentration of the gas must 
be known as a function of time in order to 
determine the gas partial pressure. Thus, a 
solution of the coupled heat- and mass-transfer 
problem in a liquid metal pool during a heating 
transient must be found. 

To this end, a mathematical description of a 
simplified physical model is formulated, the 
solution of which yields the transient wall 
temperature and the inert gas concentration 
and partial pressure. A sketch of the physical 
model is shown in Fig. 1. 

Heat flux, & 

FIG. 1. Simplified physical model. 

The conservation equations for the three 
zones may be written assuming a onedimen- 
sional system with molecular diffusion the only 
mode of heat and mass transfer : 
Gas Blanket 

PAG = PAI (Constant). 

Liquid solution 

aT a*T 
--_=a---- 
at 8x2 

(4) 

(5) 

(6) 

Vapor cavity 

‘I;. = WI, t) (7) 

where the simplified form of Fick’s Law was 
used in equation (6) but not in equation (8) since 
C: + Cg is not constant. 

Furthermore, the partial pressure of the inert 
gas is related to the mole fraction of the dissolved 
gas in the liquid at the vapor-liquid interface by 
Henry’s Law. 

xA = K(T) PA (9) 

where xA is the mole fraction of A in the solution. 
Thus, the concentration of the gas at x = 2, is 

CAZ,? t) 
C,(Z,, 0 + CBG,, t) 

= K[ TV,, t,] P,,. 

However, CAZ,, t) 4 C,(Z,, t) and noting that 

CB = ~~I~* (11) 

equation (10) can be simplified to 

C,(Z,, r) = PBKlIKCT(Z2, w%f. (12) 
Also, the partial pressure of the inert gas in the 

cavity can be related to the concentration of the 
gas in the liquid at x = Z,, 

p* = CA(Zl9 t) ML? 
A P&~-W&> t)]’ 

(13) 

Finally, the initial and boundary conditions to 
be used with equation (5) through (8) describing 
the transient following a step-change in heat flux 
are 
t = 0: T(x, 0) = To; C,(.x, 0) = C,, ; 

P$ = Pr;, (14% b, cft 

x= 2,: 
a TV,, t) 

ax 
= 0; CA&, t) 

= dWW(Z,, W% Wa, b) 

x= z,: aKG, t) 
ax = 

_$; D,,z 

t Where CA1 = P~PX,W(T~W,. 
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(16a, b) 

0. (17) 

The mathematical description of the physical 
model is complete and well posed and a method 
of solution must now be sought. 

METHOD OF SOLUTION 

Since typical surface cavities are extremely 
small relative to other system dimensions, it 
would be more meaningful to work with the 
volumetric average concentration of the inert 
gas in the cavity rather than local values. This 
volumetric average can be defined as 

q(t) = C* dV s A 
I, 

,//dV = $-r C:(x,r)d;;8) 
t' 0 

Integration of equation (8) with respect to x over 

(0, Z,) and use of the conditions (16b) and (17) 
results in 

(19) 

If the inert gas in the cavity is assumed to be 
ideal, then 

(20) 

where Pz is given by equation (13), and equation 
(19) can be transformed into 

2= ($,$$& [&]““=z,;21, 
Finally, if the following non-dimensional 

quantities are defined as 

Pa, b, c, 4 

the partial differential system describing the 
transient heat and mass transfer in a pool of 
liquid metal and dissolved inert gas following a 
step change in the wall heat flux is 

de a28 a4 a24 

SF=@ aT - = Dp (23a,b) 

r=O: e=c$=o (2% b) 

[=O: ;=o, i$ = exp. ___ ( > QFe - 1 

1 + Qe 

(Za, b) 

(=I: EL1 
ai 

F 

exp. 1 + Qe ( )I (27) 

where Henry’s Law “constant”, K(T), has been 
expressed as [12] 

K(T) = A exp. (28)1- 

and the symbols are defined in the Nomencla- 
ture. 

An observation of equation (23a) through (27) 
reveals that although the dimensionless con- 
centration, 4([, z), depends upon the dimension- 
less temperature, f3(<, z), the system describing 
e(c, r) can be solved independently of $(i, 7). An 
expression for e([, z) can be obtained through a 
straightforward application of the Laplace trans- 
form and the details of which will not be shown 
here.$ The form chosen for most rapid con- 
vergence for small values of z is the following: 

t In the argon-sodium system for 603°K < T -c 803 K, 
A = exp (-4.9045) atm-’ and B = 10458.“K. 

$ See, for example, [20]. 
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+ exp. 
[ 

(2n + 1 + O2 
- 11 m 

where erfc (x) is the complimentary 
tion, 

m 

/_I 

error func- 

erfc(x) = ?- e-“‘du. 
s JY 

(30) 

The problem which now remains is the solu- 
tion of equations (23b), (24b), (25b), and (27), 
using the expression for 19([, z) from equation 
(29). An analytical solution to this system could 
not be obtained and a numerical technique was 
csed. The technique chosen was the Method-of- 
Lines (or differential-difference) used in con- 
junction with a fourth-order Rung+Kutta The 
results of the numerical computation was a 
tabulation of the function $([, z) for specified 
values of the parameters D, E, F, and Qt. This 
f;mction could then be used with the nucleation 
model to predict incipient superheats. 

CALCULATION OF INCIPIENT BOILING 
SUPERHEATS 

In this paper, the equivalent cavity model is 
used to predict the maximum cavity size avail- 
able for nucleation. Thus, FL, TL, and P,, must 
be specified in order to determine R, from 
equation (1). Then the wall heat flux, qW, the 
initial temperature, To, the pool depth, Z, and 
the nominal cavity depth, Z,, must be specified 
in order to determine the parameters D, E, F, 
and Q.? Knowing these parameters, the func- 
tions O(~,-T) and 4(5, z) can be computed and the 
wall temperature and argon concentration at 

t Sodium physical properties were based on [15] and the 
mass diffusion coefficient was calculated using the informa- 
tion in [14]. These parameters are defined in the Nomencla- 
ture. 

the liquid-vapor interface in the cavity can be 
obtained using equations (22~) and (22d) as 
follows : 

T,(t) = To + y e(1, z) (31) 

C,(Z,> 0 = CA1[1 + Nl, 41 (32) 

and the transient partial pressure of inert gas in 
the cavity can be computed using equations (13), 
(32), and (31) : 

~&‘4(Z,? 4 
Pt(t) = p&[T,(t)] . (33) 

Using these relations, (31), (32) and (33), the 
incipient boiling criterion, from equation (2), 
can be expressed as 

P”K(Ol - p, = 24 T&)1 
R - pxo. 04 

e 

Calculations are performed for increasingly 
larger values of time, t, until equation (2a) is 
satisfied. At this time, the value of T, is known, 
and the superheat required for boiling in- 
ception is directly calculated as T, - T,,, 

In summary, the following nine quantities 
must be prescribed in order to predict an 
incipient boiling superheat : pIL, TL, PAO, q,, To, 
Z, Z,, Ptl, and P,. It is noted here that usually 
only P, and q,,, are specified in data presented 
in the literature, leaving a serious problem in 
forming a complete specification of the experi- 
mental conditions. 

DISCUSSION OF RESULTS 

Since the pressure-temperature history effect 
on incipient boiling superheats has been pre- 
viously discussed [l], all calculations presented 
in this paper were performed for a fixed value of 
R, (i.e. by specifying PL, TL, and P,J. There 
still remains six parameters which can be varied ; 
however, the pool depth, Z, and the nominal 
surface cavity depth, Z,, were held constant, 
and the four remaining parameters (q,, To, 
Pzl, P,) were systematically studied. 
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Initial 
remp., “C 

907 

796 

573 

462 

351 

RB =3,395 x10-3mm 
qw =316 W/cm2 

e =I,0 atm 

z z304.0 mm 

z, q 3.05 x 10-3mm 

Data points indicate nucleation 
conditions 

I I 1 I1llll I 1 I II/Ill I , , , illll , , , I,,,,, , , , 
)I 0.001 0.01 0.1 I.0 

Time after start of heating, s 

FIG. 2. Effect of initial temperature on the argon partial pressure in surface cavities for 
q, = 316 W/cm2 

Curve 
Initial f?, =3.395 x 10m3 mm 

Temp.*oC qw=,5.* W/cm2 

907 pL =I.0 otm 

796 Z =304.8 mm 

684 Z, q 3.05 x 10m3mm 
573 

Dato points indicate nucleation 

conditions 

I I /III I I I111111 I I I111111 I II 
I IO 100 

Time after start of heating, s 

FIG. 3. Effect of initial temperature on the argon partial pressure in surface cawties for 

q, = 15.8 W/cm2 
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The two primary results of the analysis are 
the transient inert gas partial pressure in the 
surface cavities, P:(t), and the incipient boiling 
superheat requirement (T, - T,,,), and these 
are discussed in some detail. The calculations 
were performed over the following parameter 
ranges : 158 < 4,,, < 316 W/cm2, 350 < To < 
910°C 0 < P:, & 0.90 atm, and 0.2 < P, < 
2-O atm. 

-15.8 W/cm2 

6 - I.00 atm 

P,:=O.20 atm 

/Fe =3.395 x D3mm 

Z =304.8 mm 

Z, z3.05x10-3 mm 

The effect of the initial liquid temperature, 
To, on the transient inert gas partial pressure in 
the surface cavities, P:(t), is illustrated in Figs. 
2 and 3. The high flux behavior (q, = 316 
W/cm’) is shown in the former figure, while the 
low heat flux behavior (q,,, = 15.8 W/cm2) is 
shown in the latter figure. The data points in 
both figures indicate the conditions at which 
nucleation occurred and the calculations termi- 
nated. 

30300 1 500 I 700 1 I 
900 

Initial temperature (To). “C 

In Fig. 3, Pt increases at first from its initial 
value of 0.20 atm, and then decreases until 
nucleation occurs. This behavior can be ex- 
plained by examination of the mechanisms 
which act to change Pz ; the increase in the gas 
temperature tends to increase P$ (see equation 
20) and the solution of the gas into the liquid 
tends to decrease Pt. These two mechanisms 
are in opposition to one another, and whether 
there is a net increase or decrease in Pt depends 
primarily upon the length of time available 
between the start of heating and nucleation. 
This length of time is essentially controlled by 
the heat flux and the initial temperature. Thus, 
it is seen that the primary effect of decreasing 
the initial temperature is to increase the length 
of time available for the two aforementioned 
mechanisms to operate. For large heat fluxes, 
the decrease of the initial temperature results in 
an increase in the value of Pt at nucleation, 
while for small heat fluxes, a decrease of To 
results in a decrease in the value of P: at 
nucleation. 

FIG. 4. Effect of initial temperature on the incipient boiling 
superheat for sodium at a system pressure of 1430 atm. 

lZOr- 

R, =3~395xlO_mm 

Z ~304.8 mm 

L 

“%o 400 / 600 1 1 

800 

Inltiol temperature (To 1, “C 

FIG. 5. Effect of initial temperature on the incipient boiling 
superheat for sodium at a system pressure of 0.20 atm. 

Using the computed values of Pf;(t) in con- 
junction with T,(t), the incipient boiling super- 
heat can be evaluated using equation @a). The 
results are shown in Fins. 4 and 5 for the low 

and high heat flux conditions at system pressures 
of 10 and 0.2 atm, respectively. These results 
reflect the behavior of P:(t) discussed previously 
and exhibit an increase, a decrease, or an increase 
followed by a decrease in the incipient superheat 
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0.25c 

Heal flux RB =3.395 x 10-3mm 

Z =305 mm 

Z, =3.05 x 10m5 mm 

s 
P I l Denotes nucleotlon conditions 

a 

01 I I I IllIll I / 1111111 I I I Illlll I I 11111/l I 
0.01 0.1 I IO 100 

Time after start of heating, s 

FIG. 6. Effect of heat flux on the argon partial pressure in surface cavities. 

as the initial temperattire is increased, depending 
upon the values of the heat flux and the system 
pressure. 

The effect of the heat flux, q,,, on the transient 
partial pressure of inert gas in the surface 
cavities, is illustrated in Fig 6. The general 
variation of Pz with the heat flux is similar to 
its dependence on the initial temperature, except 
in this case, a smaller value of q, results in a 
longer length of time between the start of heating 
and nucleation. Thus, the value of Pt at nuclea- 
tion decreases with decreasing heat flux. This 
results in the incipient superheat decreasing 
with increasing heat flux as shown in Fig. 7. 

This heat flux dependency agrees qualitatively 
with the experimental data published in [ 163 ; a 
quantitative comparison could not be made 
since the experimental conditions in [16] were 

y ,, j < P,t=O~20 otm 

Wall heat flux k&,), W/cm’ 

not sufticiently specified. The experimental data FIG. 7. Effect of heat flux on incipient boilmg superheats 

reported in [2] and [3] indicated an increase in for sodium. 

the incipient superheat with an increase in the 
heat flux, which is in apparent conflict with the low heat fluxes (q, 2 7 W/cm2) and significant 
theoretical results presented in this paper. How- 
ever, the data in [2] and [3] were limited to very 

natural convective flow resulted during the 
heating transients as indicated by relatively 
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large (N lo-30°C) temperature oscillations prior 
to boiling. Since the model presented in this 
paper does not take into account natural con- 
vection effects, the present analysis cannot be 
directly compared to these low heat flux data. 

Another factor to be aware of in the com- 
parison of the present analysis to experimental 
results is the importance of the length of time 
between successive incipient boiling runs. If this 
time is short relative to the length of time for the 
experimental system to reach mass and thermal 
equilibrium (i.e. for the inert gas to diffuse back 
into the surface cavities), then the initial inert 
gas partial pressure, & would tend to decrease 
from experiment to experiment in an uncon- 
trolled manner. Therefore, in a series of experi- 
ments in which only the heat flux is externally 
varied, and the time between runs is short in the 
sense described previously, the incipient boiling 
superheat would tend to increase; this increase 
would occur with either an increase or decrease 
in the heat flux. 

The importance of including the variation of 
Pt in calculating incipient boiling superheats is 
further illustrated in Fig. 8. The ratio of the 
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FIG. 8. Effect of heat flux on the ratio of the superheat with 
argon diffusion to that with no argon diffusion for several 

system pressures. 

superheat calculated using equation (2a) with 
the variable P:(t) to that calculated using Pt 
constant at its initial value is plotted vs. the wall 
heat flux for several different system pressures. 
It is clear that a 20 to 30 per cent error in the 
incipient superheat can result in the heat flux 
range of about 10 to 30 W/cm’ if a constant P: 
is assumed. For large heat fluxes (qw 5 200 
W/cm’), the error approaches 10 per cent, and 
for an intermediate heat flux range (50 Z q,,, 2 
100 W/cm2), the error is only about 5 per cent. 

From the analysis, it is clear that the initial 
value of the inert gas partial pressure should 
affect the incipient boiling superheat. Indeed, it 
is an extremely important parameter as shown 
in Fig. 9. Unfortunately, previously published 
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FIG. 9. Effect of the initial argon partial pressure in surface 
cavities on the incipient boiling superheat for sodium. 

experimental work does not include a value of 
this parameter. For the case of no inert gas 
present (Pzl = 0), the superheat is independent 
of qw (and also all other parameters with the 
exception of Pfi T;, and P3 as shown in Fig. 9. 
For sufficiently large values of Ptl, boiling in- 
ception is shown to occur at negative superheats 
(below the saturation temperature), however, in 

E 
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practice, boiling would probably occur at zero data in that the incipient superheat will be 
superheat. larger in a system that is heated directly. 

The system of equations describing the Perhaps a different relationship between the 
dimensionless inert gas concentration (equations internal energy generation rate and an equiva- 
23b, 24b, 25b, and 27) indicate that 4(<, z) lent wall heat flux than is usually used can be 
depends upon the temperature distribution in postulated in order to account for the liquid 
the liquid. Thus, since the mode of heating temperature variation and to more closely 
(direct or indirect) will affect the temperature compare data from experiments using these two 
field, it should also affect the incipient boiling heating techniques. 
superheat. For the purposes of comparison, the An attempt was made to compare the theo- 
transient temperature field resulting from a retical predictions of the present model to the 
sudden application of a uniform internal energy experimental results presented in [7]. During 
source (direct heating) is derived in the Appen- the course of these calculations, an interesting 
dix. Using this transient temperature in con- effect caused by the thin liquid layer above the 
junction with the mass diffusion equations and heater (Z g 60 mm) was noted. It was found 
the incipient boiling criterion (equation 2a), the that a very slight change in the initial inert gas 
incipient superheat resulting from direct heating partial pressure (Ptl) could cause a large change 
can be compared to that resulting from indirect in the incipient boiling superheat. An observa- 
heating. These results are shown in Fig. 10 for a tion of the transient cavity pressure, P:(t) + 
wide range of heat fluxes. The predicted be- P,( T’,‘,), as shown in Fig 11, clearly illustrates 
havior is in qualitative agreement with available the reason for this phenomena. 

bl Direct heating 

kting 

R,=3*395 x 10s3mm 

fL =I .OO atm 

$=0*20 at m 

r, =I200 OF 

Z =304*8mm 

Z, =3*05x10-3mm 
_I 

I I I 

100 200 300 L 

Equivalent wall heat flux ( q,,,or O’Z1, W/cm2 

FIG. 10. Effect of the method of heating on the incipient boiling 
superheat for sodium. 
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It has been shown previously that the inert 
gas partial pressure in the cavities, Pt, increases 
at first due to the increasing gas temperature, 
and then decreases due to solution of the gas in 
the liquid, while the vapor pressure, P,(T’), 
steadily increases. For very thin liquid layers 
(small Z), the gas temperature would increase 
more rapidly than for thick layers at the same 
heat flux, resulting in a more rapid increase in 
Pt. Thus, if the initial value of P: was sufficiently 
large, nucleation could occur during this initial 

---- 2 = 60 mm, p,7=0.0747 
-Z =60 mm, PA:-0.0746 

e 
---I =305mm, p,,*=0~0750 

,z 

Cavity pressure reqb. 
far nucleation 

\ I 

Time 

FIG. 11. Transient total cavity pressure 

rise; however, if Pz was slightly smaller, nuclea- 
tion would be delayed until the vapor pressure 
had increased sufficiently, resulting in a much 
larger incipient superheat. 

Due to this extreme sensitivity to the initial 
inert gas partial pressure and the lack of this 
information as well as the pressure-temperature 
history in [7], any quantitative comparison was 
not felt to be meaningful. 

SUMMARY AND CONCLUSIOfVS 

In this paper, the role of inert gas diffusion 
during incipient boiling experiments with liquid 
metals has been theoretically analyzed Detailed 
calculations have been presented for the argon- 
sodium system for a wide variety of parameters. 
It has been shown that the initial liquid tempera- 
ture, heat flux, initial inert gas partial pressure, 
and heating technique can significantly affect 

the incipient boiling superheat The second and 
last of these effects have been experimentally 
observed and this paper presents the first 
theoretical basis for their existence. The effect 
of heat flux on the incipient boiling superheat 
has been shown to be caused by inert gas 
diffusion out of surface cavities; the analysis 
clearly indicates a decrease in superheat with an 
increase in heat flux for a series of experiments 
in which only the heat flux is varied. However, 
it was also shown that the opposite behavior 
can result (i.e., an increase in superheat with an 
increase in heat flux) if the series of experiments 
are conducted in such a manner that the proper 
initial conditions are not attained prior to each 
run. 

On the basis of this paper, it is urged that all 
future incipient boiling data include sufficient 
information to characterize the experiment, i.e. 
the following minimum number of parameters 
must be specified: PL, TL, P,, P, To, P&, qw, 
Z and Z,. The concentration of dissolved im- 
purities should also be given. Furthermore, 
extreme caution must be used in the interpreta- 
tion of reported effects on the incipient boiling 
superheats of liquid metals. 

Finally, data on the solubility of inert gases 
in liquid metals at temperatures larger than 
600°C and the diffusion coefficient in similar 
systems must be obtained in order to quantita- 
tively predict the incipient boiling superheat. 

ACKNOWLEDGEMENTS 

This work was performed under the auspices of the U.S. 
Atomic Energy Commission. 

REFERENCES 

1. R. E. HOLTZ, The effect of the pressure-temperature 
history upon incipient boiling superheats in liquid 
metals, Argonne National Laboratory Report, ANL- 
7184 June (1966). 

2. R. E. HOLTZ and R. M. SINGER, Incipient pool boiling 
of sodium, A.2.Ch.E. JI 14, 654-656 (1968). 

3. R. E. HOLTZ and R. M. SINGER, On the initiation of 
pool boiling in sodium, Chem. Engng. Prog. Symp. 
Series, No. 92, vol. 65, pp. 121-130 (1969). 

4. J. C. CHEN, Incipient boiling superheats in liquid metals, 



1058 RALPH M. SINGER and ROBERT E. HOLTZ 

Trans. Am. Sot. Mech. Engrs, Ser. C, J. Heat Transfer 
90,303-312 (1968). 

6 

I 

8. 

9. 

10. 

5. 0. E. DWYJXR, Recent development in liquid-metal heat 
transfer, Atomic Energy Review, (IAEA), Vol. IV, No. 
I, p. 65 (1966). 
G. C. PINCHERA, G. TOMASSETTI, G. JAMBARDELLA and 
G. E. FARELLO, Liquid sodium superheat and water 
ejection experiments, Proc. Syrnp. Two-Phase Flow 
Dynamics, Eindhoven, The NetherIan&, 4-9 September 
(1967). 
B. S. PETIJKHOV, S. A. KOVALEV and V. M. ZHUKOV, 
Study of sodium boiling, Heat Transfer Conference, 
Chicago, Vol. 5, pp. S&$1, August (1966). 
G. GRASS. H. KOTTOWSKI and K. H. SPILLS. Measure- 
ments of.the superheating and studies about boiling 
phenomena in liquid metals, Proc. Int. Co@ Fast 
Reactor Safety, Aix-en-Provence, France, 19-22 Sept- 
ember (1967). 
LE GONIDEC, X. ROUVILLOIS, R. SEMERIA, N. LIONS, 
M. ROBIN and A. SIMON, Etudes experimentales sur 
l’ebullition du sodium, Proc. Znt. Conf. Fast Reactor 
Safety, Aix-en-Provence, France, 19-22 September 
(1967.). 
P. J. MARTO and W. M. ROHSENOW, The effect of 
surface conditions on nucleate pool boiling heat 
transfer to sodium, MIT Tech. Rept. No. 5219-33, 
January (1965). 
K. T. CLAXTON, The influence of radiation on the 
inception of boiling in liquid sodium, Proc. Int. Conf. 
Fast Reactor Safety, Aix-en-Provence, France, 19-22 
September (1967). 
R. E. HOLTZ and R. M. SINGER, On the superheating of 
sodium and the generation of pressure pulses, Proc. 
Int. Conf Fast Reactor Safety, Aix-en-Provence, France, 
19-22 September (1967). 
E. VELECKLY et al,, Solubility of argon in liquid sodium, 
Argonne National Laboratory, Chemical Engineering 
Division Semiannual Report, (ANL-7325), pp. 128-131 
April (1967). 
C. R. WILKE and P. CHANG, A.1.Ch.E. Jl 1, 261-270 
(1955). 
G. GOLDEN and J. TOKAR, Thermophysical properties 
of sodium, Argonne National Laboratory Report, 
ANL-7323, August (1967). 
K. H. SPILLER, D. PERSC~KE and G. GRASS, uberhitzung 
und Einzelblasenejektion von stagnierendem Natrium, 
Atomkernenergie (ATKE) 13,245-251 (1968).’ 
R. M. SINGER and R. E. HOLTZ, Reactor Development 
Program Progress Report, ANL-7513, p. 132 October 
(1968). 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. G. C. PINCHERA, G. TOMA~~~TTI, L. FALZETTI and 
G. FORNARI, Sodium boiling researches related to fast 
reactor safety, Proc. ANS, 1968 Winter Meeting, 
Washington, D.C., pp. 691492 (1968). 

19. D. LOGAN, J. LANDONI and C. BAROCZY, Quarterly 
Technical Progress Report, Atomics International, 
AI-AEC-12680, pp. 59-68 January-March (1968). 

20. H. S. CARSLAW and J. C. JAEGER, Conduction of Heat in 
Solia& 2nd Edn, Chap. 12. Oxford University Press 
(1959). 

APPENDIX 

Calculation of Transient Temperaturefor Directly 
Heated Liquid 

If the liquid is heated directly by an internal 
energy source of strength Q’ W/cm3, the transient 
temperature is described by 

aks = Q’; T(0) = T, 

which has the solution 

T=T +‘t 0 
ak’ 

Q can be related to an equivalent wall heat flux, 

&, by 
q: = Q’Z 

SO that in terms of the dimensionless quantities 
previously defined, 

e(z) = z. 

Prediction of Diffusivity Coefficient of Argon in 
Liquid Sodium 

The empirical relationship used for calculating 
D,, was proposed by Wilke and Chang [ 141 and 
is valid for small concentrations of A in B : 

DAB = 7.4 x lo-* (&J&J3 T 
7 

where VA is the molar volume of A in cm3/g- 
mole as liquid at its normal boiling point, p is 
the viscosity of the solution in centipoises, eB 
isan “association parameter” taken to equal 1.0 
for an unassociated solvent, MB is the’molecular 
weight of B, and T is the absolute temperature 
in “K. It is claimed that this equation is accurate 
within f10 per cent for dilute solutions of 
nondissociating solutes, however, there appar- 
ently are no experimental data on the argon- 
sodium system to compare with this prediction. 

Therefore, several calculations were per- 
formed to determine the effect of the parameter 
D = DAB/a on the incipient superheats. Letting 
D be the predicted value, the superheat was 
calculated using D/10, D, and 1OD ; the results 
are shown in Table 1. 
The values of the other parameters were un- 
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Table 1. Effect of D on the incipient boiling con- 
ditions 

DmilD 
Pf; at nucleation T, - 7,, 

(at@ (“C) 

0.1 0.2159 42.54 
1.0 0.1258 49.44 

10.0 0.0568 54.55 

changed for these three calculations and were: 
R, = 3.395 x 1V3 mm, P, = 100 atm, T, = 
684”C, P]: I = 0.20 atm, qw = 31.6 W/cm’, Z = 
304.8 mm and Z1 = 3.05 x 10m3 mm. As would 
be expected, increasing the diffusion coefficient 
increases the rate at which inert gas leaves the 
surface cavities, resulting in a lower value of the 
inert gas partial pressure in the cavities at 
nucleation and subsequently a larger incipient 
superheat. Therefore, the absolute values of the 
superheats presented in’ this paper must be 
treated with some caution, however, the pre- 
dicted trends can be accepted with reasonable 
confidence. 

Apparent Heat Flux Efict Caused by Thermo- 
couple Positioning Errors 

It is the purpose of these comments to 
indicate a possible misinterpretation of a heat 
flux effect resulting from experiments in which 
the temperature of the heated surface is deter- 
mined by extrapolation. 

Referring to Fig. 12, the actual wall tempera- 
ture required for nucleation at the wall-sodium 
interface is T(0) z T, But, if the wall tempera- 
ture is measured at x = b and its exact position 
is uncertain by’ the amount c, an error in the 
extrapolation of T(b) to T(0) ‘can result in an 
apparent heat flux effect. Noting that 

and if the thermocouple actually measures tne 
temperature at x = b while the distance b + c 

is used for extrapolation purposes, the calculated 
wall temperature will be 

T w , cak. = T(b) - f$ 

while the exact wall temperature is 

T w,e_t = T(b) - q”‘b’ ‘) 

so that 

T w, cak. - Tw,e_ = qf! 
k’ 

If for the moment, it is assumed that T,,,,,, 
is independent of the heat flux, it is clear that 
T w. cak. will increase with increasing qw This 
apparent effect is illustrated by the following 
numerical example, where c = 025 mm, k z 
0.2 W/cm%, and T,,,,, - T,, = lOO”C, then 

h, W/cm’ 10 50 loo 200 300 

T w.cok. - T,, "C 101 106 113 125 138 

It is clear that identical reasoning will show a 
decreasing superheat with increasing heat flux 
if the extrapolation error is of opposite sign, i.e. 
if c < 0. Therefore, one must be extremely 
cautious in the interpretation of experimental 
results in which a heat flux dependency of the 
i kipient boiling superheat is claimed at moder- 
ate to high heat fluxes. 

Sodium 

Fh. 12 Thermocouple location in a heated wall. 
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R&m&-Dans les Ctudes exp&imentales oti l’on mesure la quantitb de surchauffe de liquide nCcessaire 
pour nucl&er les m&aux alcalins liquides, une quantitk considkrable de rCsultats contradictoires et, pour 
la plus grande partie, inexpliquks a ttt p&en&. On a dbmontd ou postule que la surchauffe de d&but 
est affect& par l’histoire de la pression et de la tempkrature, la vitesse du liquide, la pression, le flux de 
chaleur, la puretC du liquide, la quantitC de gaz dissous, les conditions de la surface, les rayonnements 
particulaires, la mbthode de chaufTage, la dur& de l’op6ration et peut-&re par d’autres facteurs. Cet 
article prksente une ttude thkorique de l’effet d’un gaz inerte sur les surchauffes de d&but et ilfustre que, 
parmi d'autres chases, la diffusion du gaz B partir des cavitCs de la surface vers la solution liquide rend 
compte de l'effet appelt “effet du flux de chaleur". Sur la base de cette &ude, on a Ctabli que presque tous 
les rtsultats publib ne contiennent pas assez d’informations pour caracteriser de faGon ad&quate les 
systtmes exptrimentaux. La non-spbcification de la pression partielle du gaz dans la couverture gazeuse, 

par exemple, peut causer une incertitude dans les surchauffes de d&but aussi grande que 100°C. 

Zusammenfassung-In experimentellen Untersuchungen, wobei die Griisse der Uberhitzung gemessen 
wurde, die zur Blasenbildung bei fliissigen Alkali-Metallen notwendig isf wurden eine betrgchtliche 
Menge sich widersprechender und zum grossen Teil unerklgrliche Messergebnisse vorgelegt. Es wurde 
gezeigt, oder angenommen, dass die beginnende ifberhitzung von folgenden Einflilssen abhiingt : Druck- 
und Temperaturvorgeschichte, Geschwindigkeit der Flilssigkeit, Druck, Wlrmestromdichte, Reinheit der 
Fliissigkeit, Gehalt an gel&tern Gas, OberlXchenbeschaffenheit, Teilchenstrahlunk Art der Heizung, 
Llnge der Versuchszeit und wahrscheinlich weiteren Einfliissen. Diese Arbeit beschreibt eine theoretische 
Untersuchung des Einflusses von Inertgas auf die beginnende tfberhitzung und veranschaulicht, dass 
neben anderen Dingen die Gasdiffusion von den Kavitaten der OverflLhe in die fliissige Liisung filr den 
Einfluss der WLrmestromdichte verantwortlich ist. Auf Grund dieser Untersuchung wurde festgestellt, 
dass nahezu alle verijffentlichten Daten keine ausreichenden Angaben enthalten, urn die experimentellen 
Systeme geniigend genau zu beschreiben. Wenn zum Beispiel der Partialdruck des Inertgases in der 
bedeckenden Gasschicht nicht angegeben ist, bedeutet dies eine Unsicherheit der beginnenden uberhitzung 

bis zu 100°C. 

AHHOT~~HII-B 3KcnepnMenTaJIbHhx KccnexoBaHIwx II0 0npezeneHMm cTeneHM neperpesa 
&I~~K~CTA,H~O~XO~I~MO~O ~~n~aqanany3bIpb~o~orO KA~~HB~B~KBAK~x~~JI~~H~I~M~T~JIJI~~, 
HMeeTCR 3HaWITeJIbHOe KOJIWIeCTBO npOT~BOpeYI4BbIx II 6oJrbmeti qaCTbI0 He06'bnCHeHHbIX 

AaHHbIX. nOKa3aHO HJIM IIOcTynnpyeTcn, 9TO Ha Tpe6yeMbIE IIaqaJIbHbIfi neperpeB BJIMfIeT 

n3MeHewe TeMnepaTypbI II Aasnewn, CKOpOCTb HWAKOCTH, AaBJIeHHe, TenJIOBOm TIOTOK, 
WCTOTa H(IIAKOCTEI, coAepmamie nocTopoHHer0 ra38, COCTOHHLle IIOBepXHOCTH, EI3JIyqeHLle 

YacTaq, cnoco6 HarpeBa, IIpO~OJIPKllTe~bHOCTb pa6oTbI I’I, B03MO?KHO, Apyrlle @aKTOpbI. 
JJanKan padora npeAcTaBnneT TeopeTwIecKoe WcneAosaHHe BJIHHHHH MHepTKoro rasa Ha 
HasaJIbHbIti neperpeB. B Het TaKme noKa3blBaeTcH, YTO AII@+y3IW ra3a 113 nonocTeti na 
nosepxHOcTH B paCTBOp mHAKOCTM yWTbIBaeT TaK Ha3bIBaeMbIt G$N$eKT TenJIOBOrO IIOTOKar. 

Ha OCHOBe 3TOrO HCCJIeAOBaHHn yCTaHOBJIeH0, 9TO IIWTA BCe Ony6JIHKOBaHHbIe AaHHbIe He 
Aa~TAOcTaTO~HO~tH~OpMa~~~A~nyAOB~eTBOpI?Te~bHOiXapaKTepnCTI?KK3KCnepHMeHTaJIb-' 
HbIx CHcTeM. HanpnMep, eCJIEl He yWTbIBaTb IIapsMaJIbHOrO AaBJIeHMn IlHepTHOrO I"838 B 

ra3oBOt o6onosKe,omnbKa paweTa HaqaJIbHOrO neperpesa MOH(eT AoCTHrHyTb 1OOoC. 


