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INTRODUCTION

The metastable superheat AT attainable by a liquid above its saturation temperature
is important in nucleate boiling. Aside from the boiling description, however, a knowledge
of AT also provides criteria for heat transport transition when bubble formation 1s entirely
suppressed. A nornboiling liquid mav be heared to the maximum metastable superheat
before it disintegrates [1]. As soon as the wall excess temperature increases bevond the
limiting superheart value, the systern will enter the Leidenfrost regime, within which liquid
is converted into the completely disordered phase when it approaches the hot walls,

The present considerations extend previous studies of peak quantities [*]. Presuming
thermodynamic similitude, we compare superheart data of liquefied gases with an empirical
nitrogen correlation.

THERMODYNAMIC SIMILITUDE

The nucleats boiling superheat AT has been described as a function of the heat flow
density ¢ by means of more-or-less complex equations. There exist essentially two kinds of
boiling correlations: the transport equations valid for a special configuration and equations
closely related to the equilibriurn thermodynamics of quasi-static systermns. The transport
equations determine the details of the heat transport mechanism with consideration of the
force field and special conditions of sach particular system, but they are so complex that it
is dificult to arrive at satisfactory equations which will be valid in the entire range of pres-
sures from the triple to the critical point.

The second kind of description, on the other hand, disregards the details of the trans-
port mechanism and relies primarily on equilibrium relations of macroscopic thermo-
dynamics instead. A fairly satisfactory correlation of this kind 2] was previously com-
pared with simple thermodynamic estimates [2]. The comparison suggested a simplification
which avoids extsnded property evaluation and makes use of thermodynamic similicide.
This approach is near at hand since AT does not vary appreciably with g in fully established
nucleate boiling. Further, in many applications it is sufficient to know onlv one pair of co-
ordinates at peak conditions: (g, A7), The funcrion g{ AT then mav be obtained by making
use of the derivative 8;/2A7T from a similar kriown configuration.

To arrive at a reduced function AT!T, expressed in terms of reduced coordinates,
e.g., T/Te, we consider data of a frequently investigated substance representative of a group
of sirnilar Uquids. Within the group of simple Liquefied gases much effort has been concen-
trated on nitrogen. [ts average superheat at peak condirions may be described by

ATpiTe = 0.10(1 — TiTH% + 2.1 — T/ T8 (0
The reduced superheat function can be refined as soon as more information is available ¢n
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nucleation properties. The latter are presently approximated iz a crude way by specifving
the mean nucleus radius [*]. Thus, the approximare relation
AT = (25/Ra)ToiLey {23
rmav be considered, The superheat can be small for rough surfaces, which trap large emounts
of gas, while the A7 should be large for polisked surfaces, Ultraclean svsterns may atiain the
maximum possible superheat ATmax. Since the nucleation properties of technical systems
are neither ‘well known, nor controllable, we may specify limits by defining a degree of
metastability
€= ﬁrp.-"la-Tmarc H
where 0 = ¢ < 1. Alrernatively, the actual superheat is given simply as a multiple of the
average, AT5. Values of ¢ cannot be readily evaluared owing fo the lack of information on
state functions in the metastable range, Van der Waal’s equation, however, permirts crude
estimates of nominal values, which come out too low if the excess pressure of the vapor
cluster is neglecred. For instance, at T7T. = 0.6 the following nominal ¢ values (a2t constant
pressure) are obtained: 0.14 at ATy = 0.5 275, 0.28 at the average superheat; and 0.42
at1.3 AT,
In viaw of the uncertainties invelved, we base our comparison on the average darta of
(1}, and account for the real superheat by specifying the multiple 475/ AT ;. Excess pressure
corrections will be neglected. Reduced superheat values of various liquefied geses are ex-
pected to agree closely provided thermodyramic similitude really exists. However, com-
plete agreement should not be anticipated since differences in molecular structure are
refected in the different T/ T. values at the triple point of various substances, Thus, an
extrapolation of {1) beyond its triple point value, or about TiT. % 0.6, is not recommended
without experimental support.

EZ. 4 L
4 \// -
E = - i
s cs ial
F 20k s 4
- // o
L - |
- x
- +
’L L ! ! -
GE! D& . T/7c 0B
&0 28] oc 120 P40
v T*K
el o
P
@ =
"'& 12
5 |

Q.8 0.6

T4 Te

Fig. 1. Oxvzen peak data. (a) peak flux; () metastable liguid superheas, wheze
curves are based an (1), T Bochirol, Boajour, and Weil [3], (& Weil [*], X Hasel-
den and Peters 77, — Mikhail, from 2.
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Fig. 3. Nisregen peak data: (a) pesk fux; (b}
merastable liguid superheat, where curves are
based on (1), X Roubeau [*1, = Weil 181, & Mul-
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Fig. 2. Argon peak data: (2] peak fiux; (b} meta- Werte and Clark [%), & Ruzicka [V & Hase -
srable ligquid superheas, where curves are based den and Peters [7], %7 Mikhail frem [F, ® Flyno,
on (1), & Bechizol, Bonjour, and Weil 141. Draper, and Roos [t:].
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COMPARISON WITH EXPERIMENTAL DATA

The experimental data plotred in Figs. 1 through 6 represent the highest values re-
ported and show the broad superheat range typical of nucleate boiling, which is often due
to different nucleation conditions. For comparisen, the heat flow density {the pealk flux of
natiral convection pool boiling on 2 horizontal plate as given by Kutateladze}

gy = 0A6L(s ) glpr — sV )
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Fiz. 6. Helium peak dara: {a) peak Fox; (b)Y mennstable ligeid suzerhear,

where curves are based on (1), @ Karagounis [1¢], '~ Meissner [19], X Reeber
[20}, # Fredecking [*].

kas been entersd i Figs. la through 6a. Since only a {ew expertmental g5 resules are avail-
able for this configurazion, other dats (horizoatal evlinder, vertical plare) have been included
in the comparison.

A few additional effects, in particular the power level at which AT has been observed
and an apparent AT increase associated with a broad ¢{ A7) maximum in the mixed boiling-
transition regime must be considered in regard to the metasiable superheat. At low power
levels, a smali derivative &g/ 27T might be encountered, indicating that nuclesate boting
had not yet been fully established. Accordingly, AT will be smaller than the pezk value., At
a pronounced ¢{AT) maximum, on the other hand, a high AT value appears at the peak,
This apparent superheat value belongs 16 the transition regime and could be eliminated by
using an electrically heated specimen with low heat capacity. To obrain AT for correct
nucteate boiling from thick heaters, however, we should subtract the influence of local vapor
patches. In the figures these effects have been marked in some cases by plotiing the entire
AT range from full nueleate boiling to the maximum. Since details of the investigations
can be found in the original references, only a few remarks will be noted here for Ns, Hoe,
and He.

Nitrogen (Fig. 33 has been studied bv many investigators, particularly at 1 atm (Ti T %
0.61), The high atmospheric superheat dara reprasent mixed boiling at a broad ¢(a7; maxi-
mum, whereas the low vaiues are more likelv actual nucleate boiling results, At subatmos-
pheric pressures nucleate boiling has been found to be poorly developed on thin wires [*1].
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We note, of course, that a reduced superheat of 1.3 AT,/ 7. is not easily atzzinable and
rnight be close to the metastability limite = 1.

Hvdrogen investigations are beset with some additional difficultes, causad by the low
boiling point of the liguid, its small heat of vaporization, and ortho- and para-states of the
molecule, Accordingly, the scatter of data is large. Although most of the results lie within
the range to be expested from Na by applying similitude, a second range of high AT values,
above 1.5 275! Te, has alse been reported [3#]. Though this effect is as vet unexplained, it
seerns likely that the high superheat cannot be sustzined by a pure liquid during sirong
nucleate boiling.

Liquid helium can be regarded as an ordinary liquid; however, its physical properties
are modified somewhar compared to other liquids. The superheat data of Karagounis [13]
correspond to reduced values larger than 1.5 a7,/T., whereas results from a vertieal
Leater [7%] obtained at a very low power level, are small, as 10 be expected, In spite of the
low terperature, there are no drastic deviations from thermodynamic similitude in the range
0.6 = T:T: < 1, where equation (1) permits reasonable superheat estimates.

SUMMARY

The metastable superheat encountered in fully established nucleate boiling of liqueded
gases at 1 atm covers a temperature range from less than 1°K to about 10°K, i.e., more than
one order of magnitude. For this group of cryogenic substances agreement between experi-
ment and thermodynamic prediction might be considered fair, in view of the uncertainties
in nucleation conditions. Therefore, we conclude that thermodynamic similitude can be
used to obtain fast superheat estimates in nucleate boiiing.
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NOTATION
g = acceleration due to gravity
L = heat of vaporization
g = heat flow density
Fg = nuecleus radivs
T = temperatuse, (Ts saturation vale)
AT = liquid excess temperatuce above saturation
¢ = cegree of metastability
p = density
o = surface teasion

Subseripts
¢ = quantity at *he crizcal point
L = liquid

max = maximum
p = peak quarntity
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