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Abstract—The temperature-controlled hypothesis for the minimum-heat-flux(MHF)-point condition, in

which the MHF-point temperature is regarded as the controlling factor and is expected to be independent

of surface configuration and dimensions, is inductively investigated for saturated pool boiling. In this paper

such features of the MHF-point condition are experimentally proved first. Secondly, a correlation of the

MHF-point temperature is developed for the effect of system pressure. Finally, a simple technique based

on this correlation is presented to estimate the effects of surface configuration, dimensions and system
pressure on the minimum heat flux.

1. INTRODUCTION

THE ASSESSMENT of the minimum condition to sustain
film boiling continues to be an active branch of boil-
ing-heat-transfer investigations. The need for such
investigations is motivated under such circumstances
as the reliability considerations of the ECCSin LWRs,
the thermal stability analyses of superconductors, the
advent of new materials produced by rapid quenching,
and the modeling of vapor explosions. In the literature
a number of terms have been used to describe the
minimum point, e.g. minimum-heat-flux(MHF)
point, minimum-film-boiling(MFB) point, quench
point, rewetting point and Leidenfrost point. In any
case, the minimum condition is described by its tem-
perature Ty, and heat flux gy. In this paper, this mini-
mum condition is termed ‘the minimum-heat-
flux(MHF)-point condition’ (T, gum)-

1.1. Background

To investigate the controlling mechanism for the
MHF point and to predict the MHF-point condition,
some classical models have been proposed [1-6]. In
each of these, however, one of the following hypo-
theses seems to be implicitly premised. The first is ‘the
temperature-controlled hypothesis’, in which the
MHF-point temperature 7y, is regarded as the domi-
nant factor that determines the MHF point and thus
the value of T is analyzed. The other is ‘the heat-
flux-controlied hypothesis’, in which the minimum
heat flux g, is regarded as the dominant one and the
value of ¢y is analyzed. Consequently, the typical
models can be grouped into two major categories;
‘the temperature-controlled model’ and ‘the heat-flux-
controlled model’.

In the temperature-controlled models, the MHF-
point temperature Ty, is related to the so-called
‘maximum wetting temperature’ T,, (i.e. Ty = Ty,
The typical model of this kind is the ‘foam limit model’

proposed by Spiegler et al. [1]. They proposed that ‘the
liquid’s maximum, metastable superheat temperature’
T}, corresponds to the maximum wetting temperature
(.. Ty = Ty, = T}). Segev and Bankoff [2] adopted
the maximum temperature for adsorption T3, as the
value of T, (i.e. Ty = T\ = Tp). In the heat-flux-
controlled models, on the other hand, the minimum
heat flux ¢y is related to a kind of critical energy
density. The typical model of this kind is the hydro-
dynamic instability models proposed by Zuber [3],
Berenson [4], Lienhard and Wong [5] and Lienhard
and Dhir [6]. They supposed that the minimum heat
flux g\, corresponds to the vapor production rate to
sustain the natural rate of growth of unstable dis-
turbances resulting from the Taylor instability at the
vapor-liquid interface.

In addition to the above stated modeling
approaches, there are a number of experimental stud-
ies of parametric effects on the MHF-point condition.
The information obtained from such studies is sum-
marized as follows [7].

(1) Effect of collapse mode of vapor film: Iloeje et
al. [8] isolated three different controlling mechanisms
for forced convection rewetting. These are, impulse-
cooling collapse, axial-conduction-controlled collapse
and dispersed-flow rewetting. The former two mech-
anisms are considered to exist also in pool boiling [7].
The conduction-controlled collapse means a collapse
of vapor film associated with the precursory local
collapse which propagates along the boiling surface
at a rate controlled by thermal conduction in the
surface. The impulse-cooling collapse means the spon-
taneous collapse of the vapor film without such a
precursory collapse. Kovalev [9] and Nishio [10]
reported the experimental evidence that the MHF-
point condition for pool boiling is affected by the
collapse mode of vapor film. Namely, the MHF-point
condition upon impulse-cooling collapse is lower than
that upon conduction-controlled collapse.
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NOMENCLATURE
¢ specific heat T maximum wetting temperature
D diameter or representative length of T MHF-point temperature
boiling surface T saturation temperature
F, instantaneous liquid-solid contact- ATy surface superheat at MHF point
area fraction AT,  surface superheat
g standard acceleration of gravity X reduced temperature at saturation
Gry, Grashof number of vapor phase, point, T,,./7T,
o= pJpuD’ul; Y dimensionless superheat at MHF
Ay heat transfer coefficient of fully- point, AT\ X[ T, — T..(X)]
developed film boiling VA dimensionless superheat ratio, Y/Y*.
M heat transfer coefficient at MHF
point
Ja modified Jacob number, ¢, AT\,/L Greek symbols
k thermal conductivity i absolute viscosity :
I one-dimensional critical wavelength, P density ;
2n/(o/9(p1—p.) p, density ratio, p/py
I, dimensionless characteristic length, a surface tension
a*1glp,—~p Fvi ¥ kinematic viscosity.
L latent heat of vaporization
Ly modified latent heat of vaporization
N, Lo/(c,iAT,,) Subscripts
Nuy, Nusselt number co prediction
? system pressure ex experimerit
Per thermodynamic critical pressure I saturated liquid
Pr,; Prandt] number of vapor phase % saturated vapor
q. heat flux at liquid-solid contact area vf vapor at film temperature
ds heat flux at dry area Mh MHF point in high-pressure region
Im minimum heat flux Mm  MHF point in intermediate-pressure
4w average wall heat flux region
T thermodynamic critical temperature Mi MHEF point in low-pressure region.
T maximum temperature for
adsorption
Ty liquid’s maximum, metastable Superscripts
superheat temperature * X =07 :
i

(2) Effect of surface configuration and dimensions
(2-1) Nishio [10] reported that experimental data of
Tw for spherical surfaces are not dependent on the
diameter. (2-2) Lienhard and Wong [5] showed that,
for horizontal cylinders, the predictions on the effect
of the diameter on the value of ¢, from their hydro-
dynamic instability model were in qualitative agree-
ment with their data.

(3) Effect of system pressure: (3-1) Sakurai ez al.
[11] found that the value of T upon impulse-cooling
collapse approaches the liquid’s maximum, meta-
stable superheat temperature T), as system pressure
increases. (3-2) However, data of T\, reported by Gri-
gull and Abadzic [12], Sciance and Colver [13], Hesse
{14), and Bier et al. [15] show that the value of Ty
considerably exceeds even the critical temperature of
the liquid at subcritical pressures. Furthermore, most
of the data of T\ for various liquids at atmospheric
pressure are much lower than the value of Ty, {7].
(3-3) Sciance and Colver [13], Nikolayev and Skripov

{16}, and Bier er al. [15] reported the experimental data
that the value of g reaches a maximum at a reduced
pressure p/p,, of 0.2-0.4 and that the prediction from
the hydrodynamic instability model has a good order-
of-magnitude agreement with such a tendency. (3-4)
However, Sakurai ef al. [11] showed in their experi-
ments of water that, at pressures from 0.1 to 2 MPa,
the dependency of the impulse-cooling-collapse MHF
on system pressure is much weaker than that predicted
from the hydrodynamic instability model.

(4) Effect of liquid subcooling : (4-1) In most of the
literature [17-21], it is reported that the value of T\,
is linearly dependent on liquid subcooling. (4-2) Fur-
ther, it is indicated that the value of Ty, becomes much
higher than the value of T}, under large subcoolings.
(4-3) However, Sakurai et al. [11] showed that the
value of T, upon impulse-cooling collapse becomes
roughly equal to the value of 7, under large
subcoolings.

(5) Effect of liquid velocity : (5-1) Dhir and Purohit
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[20] reported the experimental results indicating that
the value of T for external flow is not dependent on
liquid velocity in the range of 0~0.5 m s~'. Groeneveld
and Stewart [22] measured the value of Ty upon
impulse-cooling collapse for inverted annular flow
and developed a correlation indicating that the value
of Ty is independent of mass velocity and quality. (5-
2) However, Yilmaz and Westwater [23] reported the
experimental results indicating that the value of Ty for
external flow around a horizontal cylinder increases as
the liquid velocity increases approximately beyond
4ms .

(6) Effect of surface conditions: Berenson [24],
Bergles and Thompson [25], Veres and Florschuetz
[26], Hasegawa et al. [27], Chowdhury and Winterton
[28], and Bui and Dhir {29] showed that surface wet-
tability including cleanliness has a strong effect on the
MHF-point condition. In particular, Chowdhury and
Winterton showed that the contact angle measured at
the room temperature is a good index of the effects of
surface wettability on transition-boiling heat transfer
and also on the MHF-point condition.

(7) Effect of thermal conductance of boiling sur-
face: Lin and Westwater [30], Berlin et al. [31] and
Nishio 32, 33] showed that the MHF-point condition
(Tm, gm) increases with decreasing thermal con-
ductance of the boiling surface.

(8) Effect of boiling process: Peyayopanakul and
Westwater [34] and Nishio [33] showed that, for hori-
zontal flat plates, the experimental data of Ty of
quenching tests are not different, but data of ¢y, are
lower, in comparison to the respective steady-state
values. However, Veres and Florschuetz [26] and
Sakurai et al. [35] reported that, for spherical and
cylindrical surfaces, not only Ty but also g, are inde-
pendent of the boiling process (transient or steady
state).

The above brief search of the literature reveals that
there seems to be considerable uncertainty as to the
parametric behavior of the MHF condition for a given
liquid. As pointed out in ref. [7], nevertheless, it seems
clear that both types of modeling do not give sys-
tematic predictions of the parametric behavior of the
MHF-point condition in the entire range of
parameters. Namely, the experimental findings stated
in such items as (2-1), (3-1), (4-3), (5-1) and (8) appear
to support the temperature-controlled hypothesis, but
those in such items as (3-2), (4-2), (5-2), (6) and (7)
indicate the incompletion of the classical models of
this type. In contrast, the experimental findings in
(2-2) and (3-3) seem to support the hydrodynamic
instability model, but the models of this type do not
predict precisely the pressure effects as stated in item
(3-4). Furthermore, they do not account for the effects
of surface orientation, liquid subcooling, liquid
velocity, and surface conditions. Due to the above-
stated unsatisfactoriness of both types of modeling,
some advanced models and correlations have been
proposed accounting for liquid—solid contact
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behavior by Baumeister and Simon [36], Henry [37],
Nishio and Hirata [38] and Gunnerson and Cronen-
berg [39]. Neither of these approaches have been suc-
cessful in systematic predictions of the MHF-point
condition.

1.2. Objectives

From the above brief discussion it can be concluded
that both the aforementioned hypotheses have not
been substantiated. This appears to be one of the
reasons why the controlling mechanism for the MHF
point has not been made clear. In particular, the exper-
imental findings stated in items (6) and (7) seem to be
important because they indicate that the controlling
mechanism for the MHF point is closely related to
liquid-solid contact behavior. In general, the MHF-
point condition appears to be the result of a delicate
balance between film boiling heat transfer and the
heat removal through intermittent local contacts. For
example, the modeling approach for the post-CHF
regimes uses the concept that at any instant, liquid
makes contact with the heating surface over a certain
part and vapor over the rest, leading to

qw = cqc+(1_Fc)qd (1)

where F, is the instantaneous liquid contact-area frac-
tion, g, the heat flux to the contacting liquid, and
44 is the heat flux to the vapor at the dry area [7}.
Consequently, a better understanding of liquid—solid
contact behavior is of importance in the modeling of
the controlling mechanism at the MHF point. Unfor-
tunately, available data of liquid-solid contact
behavior such as F,, g, and ¢, up to now have been
quite limited [7].

Thus, in this paper, an inductive approach is chosen
to clarify the MHF-point condition. Namely, an
attempt to discuss the validity of the temperature-
controlled hypothesis through the development of a
correlation technique for the MHF-point condition
has been made.

2. EFFECTS OF SURFACE CONFIGURATION
AND DIMENSIONS

First, it will be discussed which hypothesis, of
the temperature-controlled or heat-flux-controlled
hypotheses, is adequate to develop a correlation. To
do this, the effects of surface configuration and dimen-
sions on the MHF-point condition are examined for
saturated water and liquid nitrogen at atmospheric
pressure using a horizontal, cylindrical surface of
diameter D ranging from 0.3 to 9.6 mm.

2.1. Experimental apparatus and data reduction
Figure 1 shows the experimental apparatus. It
includes a test section, a pressure chamber with a
viewing window, a pressure line that is used to reduce
the system pressure, and a flow line to start and main-
tain the boiling tests. The pressure line includes a
vacuum pump and a mercury manometer, and the
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2.DC Power supply

4 .Platinum wire (0.05mm)
6 .Vessel

8 .Thermostat

10.Hg Manometer

12.AC Power supply

1 .Platinum wire

3 .Electrode ()
5.Standard resistance
7 .Vacuum pump

9 .Heater
11.Electrode (11}

FiG. |. Experimental apparatus.

flow line includes a thermostatic vessel. These lines
were used only for water experiments. The test section
which is a horizontal, cylindrical surface was a plati-
num cylinder for D = 0.3-1.0 mm, and a copper tube
of wall thickness of 1 mm for D = 3.0-9.6 mm. In
order to avoid a precursory collapse of vapor film at
the end of the heat transfer surface, all the cylindrical
surfaces were made U-shaped and their ends were
kept in the gas phase above the test liquid. In the case
of a platinum cylinder, it was heated directly by a d.c.
current supplied from a stabilized d.c. power supply
and steady-state tests of film-boiling heat transfer
were repeated by decreasing the d.c. current supply
step by step down to the MHF-point condition. Two
fine platinum wires 0.05 mm in diameter were spot
welded to the platinum cylinder about 40 mm apart
at the central portion of the cylinder, and were used
as voltage taps. The voltage drop in the platinum
cylinder was measured by these voltage taps, and the
d.c. current was by measuring the voltage across a
standard resistor inserted, in series, in the electric-
current circuit. In these steady-state tests using plati-
num cylinders, surface temperatures were determined
by the electrical resistance of the platinum cylinder
and heat fluxes by Joule heating. It was found from a
calibration test that the maximum error in tem-
perature measurement was less than 0.5%. The
steady-state tests were conducted for water and
liquid nitrogen.

On the other hand, quenching tests of copper tubes
from room temperature were conducted only for
liquid nitrogen. In these quenching tests, surface tem-
peratures were measured by Teflon-coated chromel-
alumel thermocouples soldered at the surface from
inside the tube, and heat fluxes were deduced from
the temperature vs time data by using the lumped
parameter approximation [40]. Here, it should be
noted that Sakurai et al. [35] reported that the differ-
ence between the MHF-point conditions for quench-
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FiG. 2. Film-boiling curves of liquid nitrogen at atmospheric
pressure (solid lines, Sakurai et al’s correlation of fully-
developed film-boiling heat transfer).

ing tests and steady-state tests is negligible for hori-
zontal cylinders. The maximum uncertainty in heat
flux due to the lumped parameter approximation
occurred near the MHF point and it was estimated to
be less than 1% because the Boit number at the MHF
point is much less than 0.01.

An immersion heater located at the bottom of the
chamber was used for water experiments to keep water
at the saturation temperature. The heat transfer sur-
face was wiped clean with acetone before all of the
individual tests.

2.2. Experimental results and discussions

In Fig. 2, the film-boiling heat-transfer data of
liquid nitrogen are shown for D = 0.3, 0.5, 1.0 and
6.0 mm. The solid lines in the figure are the predictions
from the following correlation of the fully-developed,
film-boiling, heat transfer coefficient A reported by

Sakurai et al. [41]
[‘ pa
e 2

Nuy, = K(Grp, Prc Np)™*

where Nu,, Grp, Pr,., N, and [, denote the Nusselt
number, the Grashof number of the vapor phase, the
Prandt] number of the vapor phase, the ratio of the
modified latent heat of vaporization to excess
enthalpy of the vapor phase and the one-dimensional
critical wavelength in the Taylor instability, respec-
tively. The present film-boiling data show good agree-
ment with the correlation, indicating that sufficient
accuracy in temperature and heat-flux measurements
has been realized in the present experiment.

In Fig. 3, the present data of the surface superheat
at the MHF point ATy, for the horizontal cylinders
are plotted against a representative length of boiling
surface D for saturated water and liquid nitrogen at
atmospheric pressure. For comparison, the existing
data obtained for the horizontal flat plates, spheres
and horizontal cylinders indicated by square, circular
and triangular symbols, respectively, are plotted in

IR
K = 0.897-0.542 log <§> +0.439
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Fi6. 3. Effects of surface configuration and dimensions on

the surface superheat at the MHF point (triangular, circular

and square symbols denote experimental data for horizontal
cylinders, spheres and horizontal flat plates, respectively).

the figure. The representative length of the surface is
regarded as the diameter for cylindrical, spherical and
circular-flat-plate surfaces and the side length for
square-flat-plate surfaces. The solid lines in the figure
are the predictions from the hydrodynamic instability
models proposed by Berenson {equation (3)) {4] and
Lienhard and Wong [5]. Although Lienhard and
Wong have not derived an analytical equation for the
surface superheat at the MHF point, in this paper the
values of ATy, for horizontal cylinders were derived
from gy/h; by using equations (2) and (4)

- 13
ATM = 0.127 (Perolc> [g(pl pv)ﬂvf:l (3)

27'6ka (pl + pv) :
Pvaolc> [QG(Px —Pv):lw
= 0.096 3
m ( w )| (etp)

L 277 1/4
x|:2+(;z-5)] . @

Figure 3 shows the following important features of
the MHF-point temperature (or superheat). The first
is the fact that the data of the MHF-point temperature
for horizontal cylinders are almost independent of the
diameter. The second is that the above result is also
confirmed by the plots for spherical surfaces, and the
third is that the numerical value of the MHF-point
temperature obtained for horizontal cylinders is in
good agreement with those for other surface con-
figurations. Consequently, from Fig. 3, it can be con-
cluded that the MHF-point temperature (or super-
heat) is not sensitive to surface configuration and
dimensions, while, as shown later, the minimum heat
flux is, of course, dependent on them.

Now, in the discussion to follow, attention will
be focused on the MHF-point condition under the
following fixed situation.
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(a) Saturated pool boiling under the standard
gravitational acceleration.

{b) Smooth and clean surfaces made of a good
thermal conductor.

(c) Effect of conduction-controlled collapse associ-
ated with a precursory-local collapse is weak.

As it has been stated in the introduction, the possible
parameters on the MHF-point condition are con-
sidered to be the following in general ; collapse mode,
surface configuration and dimensions, system
pressure, liquid subcooling and velocity, gravitational
acceleration, surface wettability, thermal conductance
of surface, and boiling process (i.e. transients or ste-
ady states). Thus, under the fixed conditions such as
items (a)-{(c), surface configuration and dimensions,
system pressure, surface wettability, and boiling pro-
cess remain as the possible parameters on the MHF-
point condition. On the other hand, the experimental
results stated above indicate that the MHF-point tem-
perature is independent of surface configuration and
dimensions. Further, as it has been stated in the intro-
duction, there are several experiments showing that
the MHF-point temperature during quenching tests
is not different from that in steady-state tests. Conse-
quently, the MHF-point temperature for a given
liquid under the fixed conditions such as items {a}—(c)
is to be considered as a function only of system pres-
sure and surface wettability.

Here, it should be noted that, in the modeling
approach based on the temperature-controlled
hypothesis, it is the usual/physical way to premise that
the MHF-point temperature upon impulse-cooling
collapse for saturated boiling on a good thermal con-
ductor is a function only of physical properties of
boiling fluid and surface wettability [36]. This feature
of the temperature-controlled hypothesis is consistent
in the above-stated feature of the MHF-point tem-
perature. This is one of a few reasons that, in this
paper, the temperature-dominant approach is con-
sidered to be superior to the heat-flux-dominant
approach.

3. CORRELATION OF MHF-POINT
TEMPERATURE

In this section, the validity of the temperature-con-
trolled hypothesis will be discussed through the devel-
opment of a correlation technique for the MHF-point
temperature. From the discussion in the previous sec-
tion, the MHF-point temperature under the fixed con-
ditions such as items (a){(c) is expected to be a func-
tion only of system pressure and surface wettability,
Although some correlations for the MHF-point tem-
perature [36, 47] account for the degree of surface
wettability, the surface wettability on a high tem-
perature surface has not been quantified [37], and
thus, in this paper, it is supposed for simplicity that
the surface wettability for a given, ordinary liguid is
almost the same on common, clean metal surfaces for
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Table 1. Data sources 300 T T T
Liquid DiDer Geometry Ref. - ~~axg,
x5 P, R - Q6. - ~JlUpg,.,
Water 0.0046-0.89  Wire (2, 3 mm) [44] 200F°° o leay
Propane 0.05-0.72  Cylinder (20.6 mm)  [13] v ° g Tl ‘
n-Hexane 0.033-0.91 Cylinder (3.3 mm) {48] - ° § I
Ethanol 0.0055-0.11 Plate (—) [49] X ° T
R-113 0.012-0.23 Plate (62 mm) [50] < %Q 8 ‘g
R-114 0.092-0.61  Cylinder (14 mm)  [14] 100F yater ML I
RC-S!S 0.16-0.98 Cylinder (8 mm) [15} o Present work (J=I1mm) B Po
Nitrogen 0.030-0.15 Sphere (25.4 mm) [51} 0 Sakurai(D=3mm) [44]
® Sakurai(D=2mm) [44] ;
o a1 L " i
1072 107} !
r T T ™ T p , MPa
I Fii. 5. Effect of pressure on the surface superheat at the
102k i MHF point of water in the low-pressure region.
|
1 o Water experiments. In particular, data in the low-pressure
e Propane region are quite limited, and thus, in this section, the
10 - ° :g:&]zl existence of the low-pressure region will be confirmed
| & Re113 | for saturated water. From Fig. 4, the low-pressure
a R-114 region for water is expected to appear at pressures
r ‘: :(il;:iBen approximately lower than 0.4 MPa. Thus, exper-
1 . gen \ A iments for pool film boiling were conducted for satu-
1072 107} 1 rated water at subatmospheric pressures using the
P/Pop experimental apparatus shown in Fig. 1. In this exper-

FiG. 4. Effect of pressure on the surface superheat at the
MHF point.

engineering use. On this assumption, the MHF-point
temperature for a given, ordinary liquid on a
common, clean metal surface is expected to be a func-
tion only of system pressure. However, this assump-
tion is only first order at best and the result must be
evaluated in this light.

3.1. General aspects of the ATy —p relation

The existing sources of data of the pressure effect
on the MHF-point temperature for saturated pool
boiling are tabulated in Table 1, and these data are
shown in Fig. 4 as a plot of the surface superheat at
the MHF point AT,, vs the reduced pressure p/p.,.
From Fig. 4, the following features can be pointed
out of the relation between ATy and system pressure.

(1) For low pressures, the slope of the AT\, vs p/p.,
plot is negative.

(2) For intermediate pressures, the slope is slightly
positive or nearly equal to 0.

(3) For high pressures, the slope is again negative.

In this paper, these pressure regions categorized by
the slope of the ATy—p relation are termed from now
onwards ‘the low-pressure region’, ‘the intermediate-
pressure region’, and ‘the high-pressure region’ in the
order of increasing pressure.

Since the available data on the AT)—p relation are
limited as shown in Table 1, it should be noted that
such a classification should be checked again in future

iment, a U-shaped platinum cylinder 1 mm in dia-
meter was used as the boiling surface. The exper-
imental procedure and data reduction are the same
as those mentioned in Section 2.1.

The present data on the ATy~p relation at sub-
atmospheric pressures are plotted in Fig. 5 along with
the experimental data of Sakurai ez al. [44]. This figure
shows that good agreement is obtained between the
present and Sakurai et al.’s data and also that the low-
pressure region, in which the value of AT, decreases
as system pressure increases with the value of Ty
smaller than the liquid’s maximum, metastable super-
heat temperature (dashed line in Fig. 5). does exist.

3.2. Screening of data sources

Some groups of data plotted in Fig. 4 are located
at temperatures much higher than the thermodynamic
critical temperature of the liquid 7. At present, how-
ever, it seems to be the general consensus that intimate
liquid-solid contacts may not occur at surface tem-
peratures beyond the liquid’s maximum, metastable
superheat temperature [49]. Further, as it has been
stated in the introduction, there are some data
suggesting that the MHF-point temperature upon
impulse-cooling collapse does not exceed the liquid’s
maximum, metastable superheat temperature even
under high-pressure/large-subcooling conditions.
Thus, it is considered that the experiments in which
the value of Ty is higher than the thermodynamic
critical temperature were not conducted under the
impulse-cooling collapse of vapor film but under the
conduction-controlled collapse. For this reason, in
this paper, only those sources of data in which any
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600 T v v
o Hexane [48]
| oom R-12 [52]
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Critical temperature(Hexane)
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» Maximum superheat
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»

400} o OCritical temperature(R-12)]

Maximum superheat

300 - e
10’2 167! 1
P/Por
Fig. 6. Comparison between the liquid’s maximum, meta-
stable superheat temperature (maximum superheat) and the
MHF-point temperature in the high-pressure region.

data of T not exceeding the thermodynamic critical
temperature have been selected.

3.3. Correlation of MHF-point temperature in high-
pressure region

The above-stated screening of the data sources in
the literature reveals that the following data are avail-
able to develop a correlation in the high-pressure
region. They are, the data for n-hexane on a horizontal
cylinder {48] and Freon R-12 on a downward-facing
conical surface [52). In Fig. 6, these data are plotted
vs the reduced pressure p/p... The dashed lines in the
figure are the predictions of the liquid’s maximum,
metastable superheat temperature 7, from the cor-
relation developed by Lienhard [53]. At high pres-
sures, both sets of data plotted in the figure fall close
to the respective dashed line. Thus, in this paper, the
pressure region where the MHF point is controlled by
the liquid’s maximum, metastable superheat tem-
perature is defined as ‘the high-pressure region’.
Consequently, using Lienhard’s correlation for the
hiquid’s maximum, metastable superheat temperature
1, the correlation for the MHF-point temperature in
the high-pressure region is

Ty = Tan = Tiy = (0.905— X +0.095X) T, + T,y
&)

where X denotes the reduced temperature at the
saturation point.

3.4. Correlation of MHF-point temperature in inter-
mediate-pressure region

The intermediate-pressure region is defined as the
region where the slope of the AT,,—p relation is slightly
positive (or nearly equal to 0) with the value of Ty,
lower than T,,. After the aforementioned screening of
the data sources tabulated in Table 1, a survey of
the available data sources focusing attention on the
intermediate-pressure region, reveals that, for every
liquid, the system pressure corresponding to the
reduced saturation temperature X(= 7T,,,/T..) = 0.7 is
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Fic. 7. Effect of pressure on the surface superheat at the
MHF point in the intermediate-pressure region.

included in this pressure region. Thus, the data which
belong to the intermediate-pressure region are picked
up from the available data source, and they are plotted
in Fig. 7 as a plot of the dimensionless superheat ratio
at the MHF point Z = Y/Y* vs X, where Y denotes
ATUW(XT,.— Tof{X)] and Y* the value of Y at
X =0.7. As shown in Fig. 7, such a non-dimensional
plot provides a similar relation for the four liquids.
The solid line in the figure is the best fit curve for
the data. This equation is

Z = 0.0315 exp (4.94X) 6
or
T er T, sat
To = 0.0315AT% | === Jexp (4.94X)+ T,,,.
Tcr =T tst
M

At this point, it remains to develop a correlation of
the numerical value of AT%, (i.e. ATy at X =0.7).
The numerical values of AT%, for various liquids are
tabulated in the right-hand column of Table 2. These
values are determined through the following
procedure. In the cases of the liquids for which exper-
imental data of AT%, have been reported, the exper-
imental values are directly adopted if it can be con-
firmed that experimental data of ATy, in the report at
other pressures agree with those for other surface
geometries {this check is shown in the third column
of Table 2). The numerical values determined through
this procedure are marked with arrows in the right-
hand column of Table 2. As for the liquids for which
data of AT*%, are not available, the numerical value of
AT%,; is determined by extrapolating an experimental
value of ATy at atmospheric pressure using equation
(7). Also in this case, the accuracy of the base value
of AT, used is checked by comparison with data for
other surface geometries (the third column of Table
2). The numerical values determined through this pro-
cedure are marked with circles in the right-hand
column of Table 2.

Here, although the controlling mechanism of the
MHF point in the intermediate-pressure region has
not been made clear, it is supposed that the non-



2052

Table 2. Numerical values of the surface superheat of the MHF point at

S. NisHIO

X =07
Liquid Geometry ATy (X) Ref. AT%,
Water Plate 110(0.576) [46]
Wire 117(0.576) [44] - 96.4
Cylinder 104(0.576) [21]
Sphere 101(0.576) [20]
n-Pentane Plate 59(0.659) [24]
Plate 58(0.659) 54 ©6?
n-Hexane Cylinder 41(0.845) [48] — 494
Plate 38(0.850) [54]
Ethanol Plate 80(0.681) [49] 770
Cylinder 72(0.681) [55]
CCl, Plate 79(0.628) [24]
Plate 85(0.628) s ©%
R-12 Plate 49(0.623) {10}
Sphere 55(0.623) oy ©%°
R-22 Plate 58(0.629) {10}
Sphere 56(0.629) (o) ©962
R-113 Plate 51(0.658) [50] -~ 53.0
Sphere 55(0.658) 26}
Nitrogen Plate 22(0.613) {34}
Plate 22(0.613) [33]
Sphere 25(0.613) (511 —24.1
Sphere 26(0.613) [10]
wetting condition in this pressure region is controlled 150 T T
by a balance between the movement of the wetting o Water N it )
front and the boiling nucleation at the wetting front. ® Pentane x\°,°’/ g
Supposing such a mechanism, the following prop- O Hexane s
erties can be considered to be related to the surface © Ethanol // il »
superheat at the MHF point in the intermediate-pres- JOO ¢ 4 /’ 7
sure region; namely, liquid and vapor densities, - :// e
dynamic viscosity, specific heat and thermal diffusivity § // ,/
of liquid, latent heat of vaporization, surface tension, ;2 )7/ //
and gravitational acceleration. From a dimensional = 5ok yr7 4 B
analysis of these properties, the dimensionless domi- /:/ A R-113
nant variables in the intermediate-pressure region /4 A R-12
become the following; the modified Jakob number 2 v R-22
Ja(=c,ATw/L), the density ratio p(=p,/p), the v Nitrogen
Prandtl number of liquid Pr, and the dimensionless 08 510 1(')0 150
characteristic length /(= 0%/g(p, — p.)*v). The numeri- (8T, + K

cal values of AT listed in the right-hand column of
Table 2 are correlated by a least squares approxi-
mation to these dimensionless variables by

Ja* — 0.01095(pt)0,6302(1)r>{¢)1.008(11_:)0‘2056' (8)

In this equation, the asterisked dimensionless vari-
ables are those evaluated by the properties at X = 0.7.
In Fig. 8, the experimental values listed in the right-
hand column of Table 2 (AT%,). are compared with
the predictions from equation (8) (AT ).

Finally, combining equations (7) and (8), the fol-
lowing equation is obtained as the correlation in the
intermediate-pressure region.

To—Ta \(L*
B _ _4 cr sat _
TM = TMm 3449 <10 <Tcr - T:‘at) (Cj:l)

X (p*)0-5394 Pr) - 08([£)02056 oxp (4.94X) + T,

9)

FiG. 8. Accuracy of the present correlation of ATy at
X=07

3.5. Correlation of MHF-point temperature in low-
pressure region

As it has been stated, data in the low-pressure
region are quite limited. Thus, in this paper, only a
correlation for water is developed. From Fig. 4, the
boundary between the intermediate- and low-pressure
regions for water is estimated to be about p/p., = 0.02
and this value corresponds to X = 0.65. Deriving a
correlating equation in the low-pressure region for
water to meet the value of equation (9) at X = 0.65,
the following correlation is obtained :

Ty = Tan = (T +87.6)+5556(0.65 — X) % (10)
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FiG. 9. Effect of pressure on the MHF-point temperature
(dashed lines, present correlation).

3.6. Comparison between experimental data and pre-
sent correlations

In Fig. 9, the predictions from the present cor-
relations (i.e. equations (5), (9) and (10)) are compared
with all the experimental data selected through the
aforementioned screening. It is considered that they
are in reasonable agreement with the data. This suc-
cess in developing a correlation technique based on
the temperature-controlled approach is the second
reason that the validity of the temperature-controlled
hypothesis is emphasized in this paper. Further, the
data of Hein et al. [52] plotted in Fig. 9 were obtained
for a downward-facing conical surface. Focusing
attention on the Taylor instability at the vapor-liquid
interface, vapor film around the surface of this type is
considered stable. Though the data of Sakurai et al.
[44] plotted in Fig. 9 are for a horizontal cylinder,
these data are not remarkably different from those of
a downward-facing conical surface contrary to the
fact that the vapor film around a horizontal cylinder
is disturbed by the Taylor instability. This result also
supports the fact, as mentioned in Section 2.2, that
the temperature-controlled hypothesis is superior to
the heat-flux-controlled hypothesis.

4. ESTIMATION OF MINIMUM HEAT FLUX

In this section, the other condition at the MHF
point, the minimum heat flux g, will be estimated
from the viewpoint of the temperature-controlled
approach. To do this, it is necessary to know the heat
transfer coefficient & at the MHF point. So long as
this value A, is known, the minimum heat flux can be
estimated by coupling the present correlations of the
MHF-point temperature with the following con-
ventional equation :

G = hy X AT, (11)

It is well known that there are a number of cor-
relations for #; (the heat transfer coefficient in fully-
developed film boiling under saturated pool con-
ditions). Nishio [10] and Bier et al. [15] reported that,
even at the MHF point, the film boiling curve agrees
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Fi1G. 10. Heat transfer coefficients at the MHF point (solid

line, Sakurai et al.’s correlation of fully-developed film-boil-
ing heat transfer).

with the prediction from a correlation for fully-
developed film boiling. In order to check this, the
present data of film-boiling heat transfer obtained in
the experiments in Section 3.1 are compared in Fig.
10 with the correlation for fully-developed film boiling
around horizontal cylinders presented by Sakurai et
al. (equation (2)) [41]. The solid symbols in the figure
indicate the data at the MHF point. The film boiling
data are in good agreement with Sakurai et al.’s cor-
relation (solid line) even at the MHF point. Thus, in
this paper, the heat transfer coefficient at the MHF
point Ay upon impulse-cooling collapse is estimated
by A:(ATy) using the conventional correlations for
fully-developed film boiling. Consequently, equation
(11) can be rewritten as

Gu = hyx ATy = B(ATy) X ATy,  (12)

As for the film-boiling heat-transfer correlations, the
following proven correlations were used. They are,
Sakurai et al.’s correlation for a horizontal cylinder
(equation (2)), Grigoriev et al.’s for a spherical surface
[57], and the correlations for a horizontal flat-plate
surface developed by Klimenko [S8] and Sauer and
Ragsdell [59].

In Fig. 11, most of the existing data of the minimum
heat flux for liquids at atmospheric pressure are com-
pared with the predictions from the present technique
(solid and dashed lines). In the figures, the predictions
from the hydrodynamic instability models [4, 5] are
also plotted (dotted lines). As it can be seen from
them, the present simple technique to estimate the
minimum heat flux can describe the effects of surface
configuration and dimensions on the minimum heat
flux. In Fig. 12, such a comparison is made for the
effect of system pressure with the data of water for
horizontal cylindrical surfaces and with those of
Freon and nitrogen for a horizontal flat plate and
spherical surfaces, respectively [50, 51]. Once again
good agreement between the present technique and
the experimental data is observed while the hydro-
dynamic instability models (dotted lines) predict a
much stronger effect of system pressure on the mini-
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FiG. 11. Effects of surface configuration and dimensions on the minimum heat flux at atmospheric pressure

(triangular, circular and square symbols denote experimental data for horizontal cylinders, spheres and

horizontal flat plates, and solid and dashed lines denote the present predictions for horizontal cylinders,

horizontal flat plates and spheres, respectively) : (a) nitrogen; (b) water; (c) Freon R-11 and R-113; (d)
isopropanol, Freon R-12 and R-22.

mum heat flux. These successes of the present tech-
nique in the prediction of the minimum heat flux are
the third reason that the validity of the temperature-
controlled hypothesis is emphasized in this paper.

In Fig. 13, the predictions from the present tech-
nique (solid lines) are compared with the data for
horizontal cylinders reported by Grigull and Abadzic
[12] and Nikolayev and Skripov [16]. In contrast to
Figs. 11 and 12, there are considerable discrepancies
between these data and the predictions even at atmo-
spheric pressure. Similar results are observed in com-
parison with the data for horizontal cylinders of Hesse
{14] and Bier et al. [15). A possible reason for such
discrepancies may be due to the effect of the pre-
cursory collapse of vapor film at the ends of cylindrical
surfaces. As pointed out by Kovalev [9] and Hesse er
al. [66], a precursory collapse of the vapor film at the
ends of the horizontal cylinders permits the occur-

rence of nucleate boiling coexisting with film boiling
at the central part and leads to a higher value of the
minimum heat flux.

5. CONCLUSIONS

The temperature-controlled hypothesis for the
MHF-point condition was inductively investigated
through the development of a correlation technique
for the MHF-point condition. Though the discussion
presented here is limited to the MHF-point condition
upon impulse-cooling collapse for saturated pool boil-
ing under the standard gravitational acceleration on
a clean and smooth surface made of a good thermal
conducter, the following conclusions can be drawn.

(1) The MHF-point temperature under the above
stated conditions is not dependent on surface con-
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figuration and dimensions. The temperature-con-
trolled hypothesis for the MHF-point condition is
consistent in this feature.

(2) A correlation technique for the MHF-point
temperature was developed by dividing the pressure
region into the following three regions: the low-, the
intermediate- and the high-pressure regions. The cor-
relations developed here agree well with experimental
data as for the effects of system pressure.

(3) A simple estimation technique for the minimum
heat flux was developed by coupling the present cor-
relation for the MHF-point temperature with the con-
ventional film boiling correlation. Relatively good
agreement between the predictions and the data as for
the effects of surface configuration, dimensions and
system pressure were observed.

(4) All the above-stated results support the validity
of the temperature-controlled hypothesis for the
MHF-point condition.
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TECHNIQUE DE PREDICTION DE LA CONDITION DE POINT A FLUX THERMIQUE
MINIMAL (MHF) POUR L’EBULLITION EN RESERVOIR ET SATURATION

Résumé—I "hypothése de température controlée pour la condition de point 4 flux thermique minimal

(MHF), dans laquelle la température du point MHF est considérée comme le facteur pilote indépendant

de la configuration de la surface et des dimensions, est étudiée inductivement pour ’ébullition en réservoir

d’un liquide saturé. On prouve expérimentalement de telles situations de la condition de point MHF. Une

formule pour la température du point MHF est développée pour I'effet de pression. Finalement une

technique simple basée sur cette formule est présentée pour estimer les effets de la configuration de surface,
des dimensions et de la pression sur le flux thermique minimal.

EINE METHODE ZUR VORHERSAGE DER BEDINGUNGEN AM PUNKT DER
MINIMALEN WARMESTROMDICHTE (MHF) BEI GESATTIGTEM
BEHALTERSIEDEN

Zusammenfassung—Die Hypothese, dal am Punkt minimaler Wirmestromdichte (MHF) Bedingungen
herrschen, bei denen die Temperatur des MHF-Punktes als bestimmende Gré8e angesehen wird, und die
unabhingig von der Oberflichenbeschaffenheit und den Abmessungen sind, wird induktiv fiir gesittigtes
Behiltersieden untersucht. Zuerst werden die oben genannten Merkmale der Bedingungen am MHF-
Punkt experimentell iiberpriift. Danach wird eine Korrelation fiir den EinfluB des Systemdruckes auf die
Temperatur am MHF-Punkt entwickelt. Zuletzt wird eine einfache, auf dieser Korrelation beruhende
Methode zur Bestimmung der Einfliisse von Oberflichenbeschaffenheit, Abmessungen und Systemdruck
auf die minimale Warmestromdichte vorgestellt.

METOJIUKA PACYETA TEMITEPATYPbI, COOTBETCTBYIOIEA MUHUMAJIBHOMY
TEMJIOBOMY IMOTOKY INMPU KMITEHMHU HACBIIIEHHON XUAKOCTHU B BOJILIIOM

OBBEME

AlllloTllllll—"HPOBeﬂeHO HCCJIEI0BaHUE I'AMOTE3bI 00 YCJIOBHH MHHHMH3ALHH TCIJIOBOro MNMOTOKa, COr-

JIACHO KOTOpOH TEMIICPATYpA, COOTBETCTBYIOIAS MHHUMAJIbHOMY TIOTOKY, CYMTAETCH OMNPEACINIOIINM

Q)akTopou W NpeanojaraeTcst He 3aBucsAulei oT kond)urypaunn NOBEPXHOCTH H €¢ Pa3MEpPOB, YTO OOKa-

3aHO 3KCIICPHMCHTAJIBHO. I'lo.nyqeﬂo KPHTEPHAJIbHOC COOTHOLICHHE IS TeMNepaTyphbl, COOTBETCTBYIO-

e MHHHMAJIBHOMY TEIUIOBOMY NMOTOKY, B 3aBHCHMOCTH OT JaBJICHHA. Ha ocHoBe 3TOro COOTHOLIEHNS

paspa6o1‘aﬂa npocTass METOAMKA OLICHKH BIIHAHHSA Kond)urypauun MOBEPXHOCTH, pasMECpPOB H JaBJICHHA
Ha MHHHUMAJIbHBIH TEMJIOBOH NOTOK.



