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Abstract

This paper investigates the mechanism of vapor-film collapse by a propagative collapse for film boiling at high wall-

superheat. It also reports effects of a local-cold spot on both the minimum-heat-flux (MHF) temperature and the way in

which the vapor film would collapse. Experimental results showed that propagation velocity of vapor-film collapse

would decrease and MHF temperature would increase when the local-cold spot temperature was decreased. The results

also showed that the MHF temperature increased remarkably when the local-cold spot temperature was lower than the

thermodynamic limit of liquid superheat, Ttls. It was proved through analytical and numerical models that local tem-

perature at the collapse front of the vapor film, namely the local solid surface temperature at the position of liquid–solid

contact, could never exceed the Ttls even if the vapor-film collapse occurred at a high wall-superheat.

� 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

When a hot metal object is submerged in a liquid,

film boiling will take place at first. At a later stage,

however, the liquid will make substantial contact with

the metal surface at a certain condition. Subsequently,

the vapor film of the film boiling will collapse onto the

metal surface. The collapse of the vapor film has tradi-

tionally been related to the minimum-heat-flux-point

(MHF-point) of a boiling curve, as found by Nukiyama

[1] in 1943. It has also been used to describe a number of

phenomena such as the Leidenfrost, quenching and

rewetting phenomena. It is of extreme importance to

understand the collapse conditions in some industrial

situations. Examples are: assessing the reliability of the
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emergent core cooling system (ECCS) in the case of loss-

of-coolant accidents (LOCAs) of light-water-reactors

(LWRs), analyzing thermal stability of superconducting

magnets and controlling the metallurgical structure in

manufacturing steel.

Many attempts have been made by several investi-

gators to examine the mechanism of the vapor-film

collapse in the film boiling or in other words, the MHF

condition. For example, in an early work, Berenson [2]

analyzed the MHF heat flux qMHF based on the heat-

flux-controlled hypothesis and reported the following

correlation:

qMHF ¼ 0:09qvhfg
gðql � qvÞ
ql þ qv

� �1=2 r
gðql � qvÞ

� �1=4
; ð1Þ

where r is surface tension and g is acceleration of

gravity. Recently, Nishio [3] reported the following

correlation for the MHF-point temperature TMHF of

saturated water at atmospheric pressure based on the

temperature-controlled hypothesis:
ed.
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Nomenclature

c specific heat

D diameter of heated wire

hfg latent heat

I supply current

k thermal conductivity

qw wall heat flux

r, R radius

T0 temperature of film-boiling vapor-layer’s

collapse front

Telc electrode temperature (local temperature of

low-temperature section)

TMHF minimum-heat-flux-point temperature (aver-

age boiling surface temperature when vapor-

layer collapses)

Tsat saturation temperature

Tshn spontaneous homogenous nucleation tem-

perature

Ttls thermodynamic limit of liquid superheat

Twi maximum permissible liquid–solid contact-

temperature based on two-body contact

model

DTsat degree of superheat (¼ Tw � Tsat)
DTsub degree of liquid subcooling (¼ Tsat � Tl)
w propagation velocity of collapse of film-

boiling vapor film

q density

qe electrical resistively

Subscripts

l liquid

v vapor

w wall

1966 H. Ohtake, Y. Koizumi / International Journal of Heat and Mass Transfer 47 (2004) 1965–1977
TMHF ¼ 200 �C: ð2Þ

However, this temperature is sensitive to the character-

istics of the boiling surface, and as a result, it is very rare

that the above temperature is achieved in industrial sit-

uations. Especially, this tendency is marked in the case

of subcooled boiling, in which case the MHF tempera-

ture is known to be described by the following empirical

equation by Dhir and Purohit [4]:

TMHF ¼ 201þ 8DTsub �C: ð3Þ

Contrarily, it is also reported by Narasaki et al. [5] that a

careful preparation of the boiling surface will result in

DTMHF ¼ 200 �C even at DTsub ¼ 80 K; this makes it

clear that MHF-point temperature can vary drastically

depending on the researcher and the apparatus being

used. In addition, the above equation predicts values

that exceed the thermodynamic limit of liquid superheat

(Ttls) for subcoolings larger than DTsub ¼ 14 K; for water

at one atmosphere, Ttls ¼ 310 �C roughly. Therefore, the

possibility of seeking a physical interpretation to the

above equation seems doubtful.

The causes for such discrepancies are attributed

mainly to the existence of localized low-temperature

spots (or weak spots) on the boiling surface and to dif-

ferent ways in which the film-boiling vapor layer can

collapse starting from the weak spots, as pointed out

by Nishio et al. [6]. One such way of collapse is the

collapse that starts from a localized low-temperature

spot, spreading to the entire boiling surface. Following

Ref. [6], we call this type of collapse a propagative va-

por-layer collapse. In this type, the MHF point will

appear to have been elevated to a higher temperature

because the vapor-collapse results from a localized low-
temperature spot. In addition, in this type of collapse, a

large temperature gradient will occur within the boiling

surface, and therefore, heat conduction within the boil-

ing surface will be a governing factor of the collapse

phenomenon.

Another type of collapse is the collapse of the vapor

layer simultaneously and uniformly over the boiling

surface; this collapse is referred to as a coherent collapse

following Ref. [6]. In this type, the boiling surface has a

uniform temperature, and the temperature at the col-

lapse can possibly be determined by considering

hydrodynamics of the vapor layer of film boiling. In

general, this collapse method is observed under labora-

tory conditions, but in industrial situations, the former

method of collapse is more common.

The two types of collapse mechanisms mentioned

above have also been reported by Kikuchi et al. [7]

(using a spherical surface) and Narazaki et al. [5] (using

a vertical cylindrical surface). Although they have done

a qualitative assessment of the phenomenon, so far a

quantitative assessment has not been performed. For the

same reason, a physical interpretation has not been

proposed as to why the MHF-point temperature in

reality exceeds the thermodynamic limit of liquid

superheat.

In the present work, we have experimentally exam-

ined the above issue, namely the issue of the difference

and relationship between the MHF-point temperatures

under idealized conditions of laboratory and under

industrial situations; to do that, we focused on the

method of collapse of film-boiling vapor layer and on the

temperature of low-temperature section. Then, we pro-

posed a solution to the issue of why MHF-point tem-

perature in reality exceeds the thermodynamic superheat
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limit by using our experimental results and the results of

a model analysis that was based on heat conduction.
2. Experimental apparatus and procedure

Fig. 1 shows the schematic diagram of the experi-

mental apparatus. The boiling surface was a (99.95%

pure) fine platinum wire of 1 mm diameter and 160 mm

long (140 mm effective length), which was directly he-

ated by passing a direct current through it using a sta-

bilized DC power supply. The platinum wire was

connected at each end to a silver electrode, part of which

had a cartridge-type heater inserted in it to control its

temperature. This set-up made it possible to avoid quite

ordinary weak spots and to control freely the tempera-

ture of low-temperature sections present at each end of

the wire. In addition, the middle section of the platinum

wire had 3–5 voltage taps of ultra-fine platinum wires

(each 30 lm in diameter) spot-welded to it at an interval

of 20 mm; in this manner, we minimized the effects of

weak spots at the central section of the platinum wire.

Average temperature and heat flux for the platinum wire

between any two adjacent voltage taps were found from

temperature dependence of electrical resistance of the

platinum wire by Japanese Industrial Standard [8] and

Joule heat generation respectively. Experiments were

conducted in a double-wall glass vessel (having 300

mm · 200 mm lengths and 200 mm height for inner

bath), which was exposed to atmosphere.

The steady-state experiments were done in the fol-

lowing manner. First, the end-temperature of each
Fig. 1. Experiment
electrode was maintained slightly above the desired

temperature of the electrode. Then, after electrically

heating the wire to red-hot state (roughly to a temper-

ature of 1200 �C) in a vapor mist environment, the

experimental vessel was filled with degassed and deion-

ized water maintained at saturation temperature. With

the above preparations, we establish around the plati-

num wire a film-boiling state in which the initial degree

of superheat was 500 K. We measured film-boiling heat

transfer rates when we have confirmed the stability of

the temperatures of the boiling surface, electrodes, and

the test liquid. To measure heat transfer rates, it was

necessary to control the boiling surface temperature,

power supplied to the electrodes at the two ends of the

wire, power supply to the heater that controls test-liquid

temperature and the liquid flow rate in the cooling line.

Next, while maintaining the electrode and liquid-bath

temperatures constant, we destabilized the film boiling

at different temperatures by reducing the current supply

to the wire step by step. The MHF point was defined by

the temperature and heat flux at the instance when the

vapor-film collapses. Behavior of the vapor-film during

its collapse was recorded by a video camera (at 30

frames/s). The rate of vapor-film collapse was measured

after the experiment by playback of the video. In addi-

tion, for the purpose of reference, voltage difference in

each of the wire-segments between the platinum-wire

voltage-taps was fed into a computer through an A/D

converter.

In this series of experiments, we changed the elec-

trode temperature in the range 450–250 �C, and exam-

ined the dependence of the temperature of the localized
al apparatus.
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low-temperature region on the process of vapor-film

collapse (namely, on the way of collapse, the tempera-

ture and the velocity of collapse). When the vapor-layer

collapses from the central section, it may be possible

that the electrode temperature becomes higher than the

average temperature of boiling surface. However, in the

present work, the two end-electrodes were intended to

become weak spots that caused the vapor-film to col-

lapse, and the temperature of the electrodes were re-

ferred to as the localized low temperature. In the present

experiment, we used the following three degrees of liquid

subcoolings DTsub: 0 K (saturated), 10 K and 20 K.

2.1. Experimental uncertainly

The platinum wire of 99.95% purity itself was used as

the temperature sensor. For each section of test wire

between the voltage taps, the uncertainty of its average

temperature was estimated to be about ±5% (about 8 K

for 250 �C), based on uncertainty of 0.05% in the volt-

meter with 10 lV resolution. The difference between the

wall temperature of the heating wire and the measured

average temperature was estimated to be less than 1 �C
based on a heat conduction analysis of a cylinder of 1

mm diameter. The temperature of the silver electrode

was measured by a thermocouple fitted inside the elec-

trode at a position about 10 mm from the surface. The

temperature gradient in the silver block was moderate,

because the electrode was maintained film-boiling state

on its surface and silver has high heat conductivity.

Thus, the difference between the measured and calcu-

lated values of the wall-temperature of the electrode was

found to be less than 1 �C.
The propagation velocities of vapor-film collapse

were measured on a normal monitor with a normal vi-

deo tape recorder at 30 frames/s. The camera system for

the observations magnified the test wire and the vapor

film about twice on the monitor. The uncertainty in the

propagation velocity was estimated to be about ±5%

(±1.2 mm/s) for a typical propagation velocity of 30
Fig. 2. Temperature distributions on (
mm/s based on a displacement of 2 mm per frame on the

monitor. The maximum velocity obtained by the present

data process procedure was about 1000 mm/s.

2.2. Effect of weak spots on boiling heat transfer

In order to estimate an effect of weak spots on boiling

heat transfer, we calculate transient heat conduction in a

finite cylinder three-dimensionally by using the follow-

ing equation:

T nþ1
i;j;k � T n

i;j;k

Dt
¼ a

T n
iþ1;j;k � 2T n

i;j;k þ T n
i�1;j;k

Dx2

(

þ
T n
i;jþ1;k � 2T n

i;j;k þ T n
i;j�1;k

Dr2

þ 1

Rj

T n
i;jþ1;k � T n

i;j�1;k

2Dr

þ 1

R2
j

T n
i;j;kþ1 � 2T n

i;j;k þ T n
i;j;k�1

Dh2

)
þ _qqJoule

qc
:

ð4Þ

Here, a is thermal diffusivity and _qqJoule is Joule heat

generation rate per unit volume. As the boundary con-

dition of the weak spot, we have made a mesh on the

outside at the center of the cylinder a welding spot be-

tween a voltage tap and the cylinder by assigning the

welding spot calculated value on heat conduction

through the voltage tap:

qvoltage tap ¼ kwðTw � TsatÞ=dv ¼ kwDTsat=ðkv=hfÞ
¼ ðkw=kvÞqw: ð5Þ

Here dv is a thickness of vapor film of film boiling: the

value is estimated at kv=hf .
In Fig. 2, we show temperature distributions on r–h

cross section and r–z cross section by the present cal-

culation for the case of the wall temperature Tw ¼ 300

�C and 30 lm in diameter of the voltage tap. As seen

from Fig. 2, the temperature drop at just the welding
a)r–z and (b) r–h cross sections.
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spot is about 25 �C for the case of Tw ¼ 300 �C and

saturated condition. Namely, the temperature drop at

the welding spot is estimated to be 8.5% in film-boiling

regime. The heat loss rate through the weak spot is 0.205

W/s, the quantity is much smaller than heat transfer rate

on a overall wall between voltage taps, 4.67 W/s. The

calculated result for the case of the wall tempera-

ture Tw ¼ 600 �C is similar to that for the case of Tw ¼
300 �C.
Fig. 4. Effect of local-cold spot temperature on boiling curve.
3. Experimental results and discussion

3.1. Saturated boiling

Fig. 3 is a saturated boiling curve representing the

relationship between the wall heat flux qw and wall-

superheat DTsat for the case of the electrode temperature

Telc ¼ 450 �C; the parameter of the figure is the axial

position along the boiling surface. The figure also shows

the following relationships: equations of Rohsenow [9]

for nucleate boiling heat flux qnb, Lienhard and Dhir [10]

for critical heat flux qCHF in the case of a fine horizontal

wire and Baumeister and Hamill [11] for coefficient of

film-boiling heat transfer hf , and the relationship of

Nishio [3] for MHF-point temperature as given by Eq.

(2). The numbers in the legend of Fig. 3 are the distances

from the right electrode to the middle of a measurement

segment of wire between a pair of platinum-wire volt-

age-taps. As seen from Fig. 3, film-boiling heat transfer

coefficient is independent of the position on the heat

transfer surface at steady-state boiling, and is in agree-

ment with the known relationships. In addition, the

MHF-point temperature, which is the average heat

transfer surface temperature when the vapor-film col-
Fig. 3. Typical boiling curves.
lapses, also agrees with the existing relationships, 200

�C. Even at other electrode temperatures, the film-boil-

ing heat transfer coefficient at steady state was inde-

pendent of the position on the heat transfer surface and

was in agreement with existing relationships. The effects

of electrode temperature, which is the temperature of

localized low-temperature region, on the boiling curve

are shown in Fig. 4. From this figure, it is clear that the

MHF-point temperature moves to higher values when

the electrode temperature decreases. Especially, this

tendency is drastic when the electrode temperature is

below 300 �C.
The MHF-point temperatures obtained in the present

series of experiments were shown in Fig. 5 as a function
Fig. 5. MHF temperature at DTsub ¼ 0 K.
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of the electrode temperature. As seen from Fig. 5, the

vapor film usually collapse at fairly high surface tem-

perature when the temperature of the electrode is less

than 300 �C, and TMHF distribute widely from 200 to 900

�C independent of Telc. In addition, as seen by the

grouping of data points in the figure, we can see a sys-

tematic difference in the MHF-point temperature

depending on the manner in which the vapor-film col-

lapses; we could observe two types of vapor-film col-

lapses in the present series of experiments under

saturated boiling conditions. The two collapse types

observed are as follows: independent of the electrode

temperature, one type of collapse (open circles in Fig. 5)

was that occurred around TMHF ¼ 200 �C in the central

section of the heat transfer surface, spreading at a high

propagation rate; the other type of collapse (solid circles

in Fig. 5) was that started from the electrodes, spreading

at relatively slow rate of propagation. In order to clarify

the above classification of collapse types, we showed in

Fig. 6 the relationship between the propagation velocity

w of the collapse front of the vapor-film and MHF-point

temperature; for the purpose of reference, shown in Fig.

6 are the propagation velocity measurements of Nishio

et al. [6] for a 2 mm diameter platinum wire in water

under one atmosphere. Also shown there are the

numerical results of Dhir and Purohit relationship [4],

Eq. (3), which is a generalized relationship for MHF-

point temperature under subcooled boiling.

Fig. 6 shows that the experimental values of MHF-

point temperature are such that they tend to become

higher when the electrode temperature is reduced, even

in the case of saturated boiling. It also shows that when

the electrode temperature is high, the propagation

velocity has become faster than 40 mm/s in the neigh-

borhood of TMHF ¼ 200 �C. Another observation is that
Fig. 6. Propagation velocity at DTsub ¼ 0 K.
when the MHF-point temperature is increased, the

propagation velocity becomes slow. This relationship

between the MHF-point temperature and propagation

velocity has the same trend as in the experimental evi-

dence provided by Nishio et al. [6] for subcooled boiling.

These two types of propagation can be thought to cor-

respond with the coherent collapse (open circles in Fig.

5) and propagative collapse (solid circles in Fig. 5),

which were mentioned in the introduction.

In the case of the latter, reducing the electrode tem-

perature caused the MHF-point temperature to become

elevated, and the propagation velocity to become slower.

The MHF-point temperature became elevated and the

MHF-point temperature became spread over a large

temperature range, when the electrode temperature was

reduced, as indicated in Fig. 5, especially below the

thermodynamic limit of liquid superheat Ttls (by Lien-

hard [12]) for the liquid given by

ðTtls � TsatÞ=Tcr ¼ 0:923� ðTsat=TcrÞ þ 0:077ðTsat=TcrÞ9;
ð6Þ

Ttls ¼ 325 �C; ð60 Þ

or more specifically, below the spontaneous homoge-

neous nucleation temperature Tshn

Tshn ¼ 306 �C ð70 Þ

which was computed by using the spontaneous homo-

geneous nucleation rate [13] given by

Jhomo ¼ N

ffiffiffiffiffiffiffiffiffiffi
2r
pmB

r
exp

"
� 16pr3

3kBThsnðpve � plÞ2

#

� 106 ½cm�3 s�1�: ð7Þ

In the above equations, the following notations have

been used: B is a constant (¼ 2/3), Jhomo is the nucleation

rate at homogeneous state, kB is Boltzmann constant

(¼ 1.381 · 10�23 J/K), m is mass of one molecule of

liquid, N is number of molecules per unit volume of

liquid, p is pressure, and Tcr is the critical temperature.

In addition, the pressure pve of a spherical vapor bubble

in equilibrium state is given by

pve ¼ psatðT Þ exp½�ðvl=kBT ÞfpsatðT Þ � plg�; ð8Þ

where psatðT Þ is the saturation pressure at temperature T
and vl is the volume occupied by one molecule of liquid

(¼ 1=N). Also note that Twi of Fig. 5 is the maximum

wall temperature that allows liquid–solid contacts to be

made physically; namely, with reference to a two-body

contact problem, Twi is the initial temperature of the

warmer body given by the following equation [14]

Twi � Ttls
Ttls � Tl

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðqcpkÞl
ðqcpkÞw

s
ð9Þ
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that makes the interface temperature the thermody-

namic limit of liquid superheat when the two half-infi-

nite bodies of different temperatures come into contact

with each other; in Eq. (9), suffix w represents the wall.

In conclusion, with reference to the experimental results

of saturated boiling in which the weak spots in the

central heat transfer section have been eliminated, we

can say that localized collapse of film-boiling vapor film

will take place from the low-temperature section, which

is below the limit of superheat; we came to this con-

clusion based on the evidence that propagative type of

vapor-film collapse occurred when the temperature of

localized low-temperature section was below the ther-

modynamic limit of superheat (or spontaneous homo-

geneous nucleation temperature). We will explain the

curves of Fig. 6 in the section to follow.

3.2. Subcooled boiling

Processing similar to Figs. 5 and 6, we show in Figs. 7

and 8 the case of DTsub ¼ 10 K, and in Figs. 9 and 10 the

case of DTsub ¼ 20 K. Although Figs. 7 and 9 have rather

irregular points (indicated by double circle symbols and

hollow circle symbols respectively), they show trends

similar to those found in the results of saturated boiling.

Namely, when electrode temperature is below the

superheat limit, the MHF-point temperature has be-

come elevated and spread over a wide range of tem-

peratures; the collapse of vapor-film occurred in two

ways: one was the collapse that occurred in the middle of

heat transfer surface and the other was that occurred at

the electrodes. However, there are differences from the

case of saturated-state boiling. Firstly, MHF-point

temperature did not show a systematic change depend-

ing on the way the vapor-film collapsed. Secondly, even
Fig. 7. MHF temperature at DTsub ¼ 10 K.
with respect to experiments where electrode tempera-

tures were high, the collapse temperature of film-boiling

vapor film was often higher than the value predicted by

the equation of Dhir and Purohit, and was more than

100 �C higher than the thermodynamic limit of liquid

superheat. Especially, the lower limit of MHF-point

temperature obtained in the present experiments was not

200 �C; rather, it was close to the value given by Dhir

and Purohit equation.

The above-mentioned trends of the MHF-point

temperature to become warmer are very different from

the experimental results reported by others [5–7] for

systems, in which the weak-spot effect had been elimi-

nated. Searching for an answer for this phenomenon
Fig. 9. MHF temperature at DTsub ¼ 20 K.
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based on our observation results, we could observe in

our subcooled-boiling experimental results that when

the vapor film supposedly collapsed from the central

section, it had actually started to collapse from the point

where the voltage taps were welded to the heat transfer

surface. Now, if we are to calculate a vapor-film thick-

ness by simple heat conduction through the vapor film,

the vapor-film thickness (dv ¼ kv=hf ) will be approxi-

mately 80 lm for saturated boiling, 65 lm for subcooled

boiling of 10 K liquid subcooling, and 55 lm for a 20 K

subcooling. Namely, these thicknesses for subcooled

boiling are comparable to the diameter of voltage taps.

Therefore, it may be possible that the collapse of the

vapor-film only appeared to have occurred in the central

section in the present subcooled boiling experiments. In

reality, however, the vapor-film collapse could have been

a propagative type collapse started from the weak spot

present at the weld-joint between the voltage tap and

heat transfer surface. According to the previous

numerical model by using transient heat conduction in a

finite cylinder three-dimensionally and the boundary

condition of the weak spot, the temperature drop at the

welding spots is about 75 �C for the case of Tw ¼ 500 �C
and DTsub ¼ 20 K; the drop is larger than that for the

case of saturated boiling. Namely, it will be expected

that there will exist a low-temperature section whose

temperature is below the localized limit of liquid

superheat (about 325 �C for water at atmospheric con-

dition) if the wall temperature of the cylinder is about

400 �C and its cylinder has a weak spot whose dimension

is 30 lm. In addition, in the experiments of high elec-

trode temperatures, a propagative type vapor-film col-

lapse was also observed to be occurring on the heat

transfer surface from a place close to the electrodes as a

result of the detachment of the vapor film at the elec-
trodes. Examining Figs. 8 and 10, we can see that the

relationship between the propagation velocity of vapor-

film collapse and MHF-point temperature resembles

that of saturated boiling experiments, and therefore, we

can speculate that vapor collapse could have been a

propagative type of collapse for most of subcooled

boiling experiments in the present work. The following

can be thought of as the main factors that will make the

weld-joints of voltage-tap and the neighborhoods of

high-temperature electrodes become weak spots in the

case of subcooled boiling: the relationship between the

voltage-tap size and film-boiling vapor-film thickness;

and effects of heat capacity of the heat transfer surface

when subcooled liquid comes into contact with the heat

transfer surface. Especially, these factors had a signifi-

cant effect on the experimental results of 20 K liquid

subcooling, and the lower limit of MHF-point temper-

ature of the present experiment was about 50 �C higher

than the predicted value of Dhir and Purohit equation.

As shown in Figs. 8 and 10, the experimental results of

Nishio et al. [6] (for a 2 mm diameter platinum wire and

30 lm diameter voltage taps) lie on the extrapolation of

the results of the present subcooled boiling experiments.

If the heater will be clear of the weak spots completely,

MHF-point temperature will decrease up to 100 �C
gradually and propagation velocity of vapor-film col-

lapse will be rapid increase with an increasing electrode

temperature. On the other hand, in the case of saturated

boiling experiments of the previous section, we expect

the effects of the weak spots due to factors such as weld-

joint of voltage taps to be less significant, because the

film-boiling vapor-film thickness is sufficiently larger

than the diameter of the voltage tap.
4. Modeling of vapor-film collapse and mechanism of

vapor-film collapse at high wall temperature

4.1. Analytical model

Summarizing the above, we saw that the weak spot,

namely the localized low-temperature section was clo-

sely related to the way in which the film-boiling vapor-

film collapsed, and that this way of collapse affected the

temperature of MHF point to a great extent. This

localized low-temperature section corresponds to the

support structures of heat transfer surfaces, in relating

the present work to published works [5–7]. In industrial

applications, we can expect the localized low-tempera-

ture regions to exist in various forms such as supports,

protruded sections, and pointed segments. It has been

suggested that effects of these factor would be important

in assessing quench characteristics in practice. In the

process of the propagative collapse of film-boiling vapor

film, in addition to the heat transfer coefficient of the

boiling surface, the heat conduction underneath the
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boiling surface will also play a role. This vapor-film

collapse process resembles [6] the rewetting process

of a nuclear reactor rod; the rewetting occurs in a

nuclear reactor when the emergent care cooling system is

activated by the loss-of-coolant accident of the light-

water-reactor. Therefore, we first attempted to make a

quantitative investigation of the process of propagative

collapse of a film-boiling vapor-film by using Yamauchi

equation [15], which represents rewetting under a falling-

flow of a liquid layer:

w ¼ ð1=qwcwÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hkw=dw

p
ðT0 � TsÞ=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðTw � T0ÞðTw � TsÞ

p
:

ð10Þ

In this attempt, we made the following assumptions,

which are also depicted in Fig. 11: (1) TMHF, namely the

average temperature of heat transfer surface in the in-

stance of vapor-film collapse was equal to dried-out

surface temperature Tw. (2) Temperature at collapse-

front T0 was considered to be 200 �C, which is the true

MHF-point temperature under idealized conditions. (3)

Typical heat transfer coefficient on the wetted-side was

given by the critical heat-flux conditions as specified by

equations for qnb [9] and qCHF [10], namely: hl ¼
qCHF;sat=DTCHF;sat ¼ 1:31=31:5 MW/m2 K at DTsub ¼ 0 K,

hl ¼ qCHF;sub10=ðTCHF;10 � Tl;10Þ ¼ 1:93=45:9 MW/m2 K at

DTsub ¼ 10 K and hl ¼ qCHF;sub20=ðTCHF;20 � Tl;20Þ ¼ 2:55=
59:4 MW/m2 K at DTsub ¼ 20 K. (4) Heat transfer coef-

ficient on the dried-out side was neglected. (5) Wetted-

side temperature Ts was set to liquid temperature Tl.
In addition, in conformity with the heat conduction

equation in cylindrical coordinates system, we gave the

typical dimension to be dw ¼ d=4, where d is the wire
Fig. 11. Application of Yamanouchi’s model.
diameter. Note also that this model did not take into

account Joule heat generation.

If we now display the numerical results from the

above model calculations as trends of TMHF in Figs. 6, 8

and 10, we can see that the results are in good agreement

with the present experimental results qualitatively.

However, concerning quantitative agreement, we can see

that there are slight discrepancies between the numerical

and experimental results in the cases of liquid subcoo-

lings, DTsub ¼ 0 K and DTsub ¼ 20 K. Apart from these

discrepancies, we can see that the propagative collapse

of vapor-film in film boiling shows the same character-

istics as the rewetting process. As mentioned the previ-

ous section, the results of the present subcooled boiling

experiments lie on the extrapolation of the experimental

results of Nishio et al. [6] (for a 2 mm diameter platinum

wire), if the extrapolation is based on the trend predicted

by the present model simulations. This agreement shows

that the present experimental results of subcooled boil-

ing represent propagative type of collapse from weak

spots.

For further investigation, we shall now attempt a

simplified simulation of the process by focusing on the

collapse-front temperature T0. If we seek a value for T0
that will best fit the present experimental results assum-

ing the previous assumptions (1), (3), (4) and (5) to hold,

we get the following results, which are shown in Figs. 6, 8

and 10: for DTsub ¼ 0 K, T0;sat ¼ 170 �C; for DTsub ¼ 10

K, T0;sub10 ¼ 200 �C and for DTsub ¼ 20 K, T0;sub20 ¼ 270

�C. Note that all these temperatures are below the limit

of liquid superheat, and it suggests that the vapor-film

collapse-front temperature T0 will be below the temper-

ature of superheat limit, even if the overall average

temperature of the heat transfer surface at the moment of

vapor-film collapse is higher than the temperature at the

limit of superheat; note that T0 is the temperature of the

section where liquid–solid contact occurs.

4.2. Numerical simulation

In the previous analytical model, we have neglected

some effects on the propagation velocity of vapor-film

collapse by the assumptions of the model. For instance,

the assumption that the heat transfer coefficient in the

wetted section is fixed at CHF condition will overesti-

mate the collapse velocity. Similarly, the assumption

that Joule heating in the heat transfer surface is negli-

gible, will overestimate the collapse velocity because

heat recovery is only heat conductive effect. The

assumption that the heat transfer coefficient in the dry-

out section is negligible will underestimate the collapse

velocity. To address these issues, we will attempt to

develop the present analytical model into a much more

advanced model by using numerical analysis. In this

model, we will attempt to address the mechanism of

vapor-film collapse also.



Fig. 12. Numerical model of vapor-film collapse.

Fig. 13. Comparison with measured cooling curves and calcu-

lated values.
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As in Ref. [16], to model the vapor-film collapse

process, we consider a finite cylinder as shown in Fig. 12

and analyze transient heat conduction in it one-dimen-

sionally by using the following equation:

qc
T kþ1
i � T k

i

Dt
¼ k

T k
iþ1 � 2T k

i þ T k
i�1

Dx2
� hDTsatpD

ðp=4ÞD2

þ qe

I2

ðp=4 � D2Þ2
: ð11Þ

We will use the pool boiling heat transfer characteristics

as the boundary condition of the heat transfer surface.

The heat transfer characteristics on the boundary con-

ditions are as follows: (a) the heat flux qfb in the dry-out

area is the Baumeister and Hamil’s equation for the

coefficient of film-boiling heat transfer around a hori-

zontal cylinder under natural convection, (b) film-boil-

ing collapse-front temperature T0 is Nishio’s equation

for MHF-point temperature under idealized conditions,

(c) the heat flux qtb soon after the surface gets wet is

given by a straight line on the boiling curve; one end of

the line is the point of film-boiling heat flux q0 that

corresponds to the vapor-film collapse temperature T0
and the other is the point of qCHF obtained from Lien-

hard and Dhir’s equation for the critical heat flux of a

horizontal cylinder, (d) the heat flux qnb in other wetted

areas is the value computed from Rohsenow’s empirical

equation for nucleate boiling heat transfer. When con-

sidering the effects of Joule heat generation, we took into

account temperature dependence of electrical resistance

of the wire in the present model. However, in order to

model the collapse of the vapor film, we have made one

end of the wire a singular point by assigning it both the

temperature Twi (Eq. (9)) that is the maximum wetting

temperature and the critical heat flux qCHF. This

assignment was done in order to model the electrodes

and liquid–solid contacts at heat transfer surface due to

the liquid invasion [6]; the latter occurs when a vapor

dome is detached as a result of Rayleigh–Taylor insta-

bility.
A sample calculation using the above model is shown

in Fig. 13. The left-hand section of Fig. 13 shows our

experiment results for the cooling curves in the vapor-

film collapse process recorded using the A/D port. Each

interval between voltage taps is 27.5, 15 and 20 mm: the

interval between the middle of the measurement segment

of wire between a pair of voltage taps is 21.25 and 17.5

mm, respectively. As shown in Fig. 13 we have obtained

a cooling characteristic that is in qualitative agreement

with the experiments. However, we can observe a

quantitative difference between the measured collapse

velocity (32.3 mm/s) of vapor film that was based on

observations, and the computed velocity (11.0 mm/s),

which is derived from the difference of the time of MHF

point (Tw ¼ 200 �C) and the distance between neigh-

boring calculative locations. In the present work, based

on Ref. [16], we expected that the collapse velocity of

vapor film would correspond with the translation

velocity of T0 point: T0 corresponds with the MHF point

on a pseudo boiling curve at the point. We shall try to

compare the numerical and experimental results in this

regard.

In Fig. 6, we have shown numerical results with for a

strong solid-line the initial overall average temperature

of the heat transfer surface, namely TMHF obtained from

the present numerical simulations for saturated boiling

condition. Fig. 6 shows that the present numerical sim-

ulations underestimate the collapse velocity of film-

boiling vapor film: this is clear by comparing the

translation velocity of T0, which is output of the model

and the present experimental results on the collapse

velocity. However, the trends of the simulation are in

good agreement with those of the experiments. We have

also shown with a chain-line in Fig. 6 the results of the

simulation in which we assumed that the boundary

condition shown in Fig. 14, namely the temperature of

vapor-film collapse (MHF-point temperature of pseudo



Fig. 14. Postulated boiling curves.

Fig. 15. Results of numerical simulations.

H. Ohtake, Y. Koizumi / International Journal of Heat and Mass Transfer 47 (2004) 1965–1977 1975
boiling curve) was the condition of the maximum wall

temperature for physical liquid–solid contacts to occur,

namely

T0 ¼ Twi; ð12Þ

where Twi was obtained from Eq. (9). As seen from Fig.

6, these results describe well the experimental results

both qualitatively and quantitatively. Although a fur-

ther detailed analysis will require an accurate relation-

ship for the transition-boiling region, the results of Fig.

6 show that the temperature at which the film-boiling

vapor-film collapses cannot exceed Twi, which is the

maximum contact-temperature based on the thermody-

namic limit of liquid superheat.

In order to confirm an effect of radial component in

heat conduction on the above model, we also calculate

transient heat conduction in a finite cylinder two-

dimensionally. From the present simulations, a typical

different between wall and center of the cylinder tem-

peratures on film boiling is about 1 K; the temperature

different between the wall and the center at just the

condition for physical liquid–solid contacts is about 5 K.

The results of calculation using the two-dimensional

model have been shown in Fig. 6. As seen from Fig. 6,

the results coincide with those by the one-dimensional

model. Therefore, the present numerical model depends

little upon the radial heat conduction. A typical Biot

number in film-boiling regime is about 0.05.

Figs. 8 and 10 show the results of numerical simu-

lations of similar nature obtained for subcooled boiling.

In these calculations, in order to account for the effects

of liquid subcooling, we used the CHF given by [17]:

qCHF;sub ¼ qCHF;sat½1þ 0:1ðqv=qlÞ
0:25

�ðqlcplDTsub=qvhfgÞ�; ð13Þ

and film-boiling heat transfer rates given by

h =h ¼ 1:3; ð14Þ
f ;sub10 f ;sat
hf;sub20=hf ;sat ¼ 1:7; ð15Þ

which are the results of two-phase boundary-layer

theory [18] evaluated for present system. Figs. 8 and 10

show that numerical results are in good agreement with

the experimental results qualitatively. Comparing the

figures, we can also see that even the numerical simu-

lations that assume the maximum physical contact

temperature to be given by Eq. (12) have underestimated

the experimental results when the liquid subcooling was

increased.

To examine the above quantitative differences in the

results for subcooled conditions, we attempted a

numerical experiment, in which we varied the boiling

curve of Fig. 14, especially the characteristics of the

transition portion of the curve, which was used in the

boundary condition. We used two cases of computa-

tions: In case A, the vapor-film collapse temperature T0
can have a temperature higher than the limit of liquid

superheat:

T0 ¼ initial wall temperature� 10 �C: ð16Þ

Here the initial wall temperature is wall temperature

during stable film-boiling state; the temperature is a

calculative parameter. In case B, the vapor-film collapse

temperature T0 was restricted to the maximum contact-

temperature based on the limit of superheat; and in

addition, the heat flux in the transition-boiling region

was raised. Namely, in addition to T0 ¼ Ti, we varied the

values assigned to the upper limit of the superheat for

the critical heat-flux region as given below:

DTCHF ¼ 180 to 39:4 K for DTsub ¼ 20 K: ð17Þ

Computations for both the cases A and B were carried

out at DTsub ¼ 20 K, and their results compared with

experimental results in Fig. 15. The experimental results
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for low MHF-point temperatures are few in number;

note that TMHF is the average temperature of heat

transfer surface at the instance of vapor-film collapse.

Fig. 15 makes it clear that the results of case B in which

we raised the heat flux in the transition-boiling region,

can describe the experimental results well, both quali-

tatively and quantitatively more than it does by the case

A in which we assumed a vapor-film collapse tempera-

ture T0 that was higher than the thermodynamic limit of

liquid superheat. To pursue this work further, it will be

necessary to have an accurate relationship for heat

transfer in the transition boiling region as previously

stated. However, the present results suggest that the

temperature T0 of vapor-film collapse-front cannot ex-

ceed Twi even in the case of subcooled boiling, a known

fact for saturated boiling as stated previously; note that

T0 is the temperature of liquid–solid contacts section and

Twi is the maximum contact-temperature based on the

limit of liquid superheat.

According to published experimental evidence [19] on

transition-boiling heat transfer, boiling curve in the

transition region has a upward-convex shape, which is

closer to case B than to case A. For the purpose of

reference, we also perform the computations for the case

C in which the upper limit of degree of superheat of the

critical heat-flux region was set to 100 K, because both

situations for the cases A and B are very far from the

ordinary boiling curve. We have also shown in Fig. 8 for

DTsub ¼ 10 K and Fig. 14 for DTsub ¼ 20 K by thick

chain-lines the numerical results of the case C; the

boiling curve is more realistic in terms of heat transfer

characteristics (see Fig. 14).

In summary, for the process of propagative collapse

of a vapor-film, we confirmed that heat conduction

within the heat transfer surface would act as one of the

major governing factors in addition to thermo-fluid

conditions for film boiling. In addition, the present work

suggests that localized temperature of the collapse front

of vapor-film T0 will not exceed the temperature of

thermodynamic limit of liquid superheat Ttls. In other

words, if there exists a low-temperature section whose

temperature is below the localized limit of liquid

superheat (more accurately, the spontaneous homoge-

nous nucleation temperature Tshn or the maximum con-

tact temperature Twi that corresponds to Tshn), then the

vapor film will collapse locally from this location, even if

the heat transfer surface, as a whole is maintained at an

average temperature above the Ttls. The surroundings of
the local spot will be cooled by heat conduction through

the solid, and the collapse of vapor-film will propagate

to other areas from the local point. However, the tem-

perature T0 of liquid–solid contacts section cannot ex-

ceed the maximum contact temperature Twi, which

results from the Ttls. This explanation can be consid-

ered as the mechanism of MHF-point temperature that

is encountered in industrial applications. This explana-
tion is also consistent both quantitatively and physi-

cally in that MHF-point temperature can exceed

the Ttls.
5. Conclusions

This paper reports results of a study conducted to

examine effects of the temperature of a localized low-

temperature region on the followings: film-boiling vapor-

film collapse condition represented by MHF-point

temperature for a heated surface of high superheat, the

way in which vapor-film collapses, and the vapor-film

collapse velocity. Conclusions of this study are as

follows:

1. When the temperature of low-temperature section de-

creases, the MHF-point temperature (namely, the

average temperature of heat transfer surface at the in-

stance of vapor-film collapse) gets elevated; conversely,

the propagation velocity of vapor-film collapse de-

creases. The MHF point gets rapidly elevated in tem-

perature particularly when the low-temperature

section has a lower temperature than that at the ther-

modynamic limit of liquid superheat (more accurately,

spontaneous homogeneous nucleation temperature);

the propagation velocity also gets slower in this case.

2. Characteristics of propagative vapor-film collapse

can be described by a model, in which heat conduc-

tion is considered and known empirical relationships

for boiling heat transfer used. In addition, this model

showed that the temperature of the vapor-film col-

lapse-front could not exceed the maximum contact

temperature, which was obtained by considering the

thermodynamic limit of liquid superheat and two-

body contact model.

3. Above (1) and (2) portray a phenomenon, which can

be described as follows: if a localized low-tempera-

ture section exits, and if its temperature is below

the localized limit of liquid superheat (more accu-

rately, the spontaneous homogeneous nucleation

temperature), then the vapor-film will collapse at this

point even if the heat transfer surface is maintained as

a whole at an average temperature, which is above

the temperature at the thermodynamic limit of liquid

superheat. The collapse point will then propagate to

other areas by way of cooling its surroundings by

heat conduction through the body of the heat transfer

surface. However, the temperature of liquid–solid

contact section cannot exceed the maximum con-

tact-temperature based on the thermodynamic limit

of liquid superheat.

4. Considering the above process to represent the mech-

anism of MHF-point temperature encountered in

industrial applications, we proposed one solution to

explain the fact that MHF-point temperature can ex-
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ceed the temperature at thermodynamic limit of li-

quid superheat; this solution was consistent both

quantitatively and physically.
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