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The authors have conducted measurements of liquid–vapor behavior in the vicinity of a heating surface
for saturated and subcooled pool boiling on an upward-facing copper surface by using a conductance
probe method. A previous paper [A. Ono, H. Sakashita, Liquid–vapor structure near heating surface at high
heat flux in subcooled pool boiling, Int. J. Heat Mass Transfer 50 (2007) 3481–3489] reported that thick-
nesses of a liquid rich layer (a so-called macrolayer) forming in subcooled boiling are comparable to or
thicker than those formed near the critical heat flux (CHF) in saturated boiling. This paper examines
the dryout behavior of the heating surface by utilizing the feature that a thin conductance probe placed
very close to the heating surface can detect the formation and dryout of the macrolayer. It was found that
the dryout of the macrolayer formed beneath a vapor mass occurs in the latter half of the hovering period
of the vapor mass. Two-dimensional measurements conducted at 121 grid points in a 1-mm � 1-mm area
at the center of the heating surface showed that the dryout commences at specific areas and spreads over
the heating surface as the heat flux approaches the CHF. Furthermore, transient measurements of wall
void fractions from nucleate boiling to transition boiling were conducted under the transient heating
mode, showing that the wall void fraction has small values (<10%) in the nucleate boiling region, and then
steeply increases in the transition boiling region. These findings strongly suggest that the macrolayer dry-
out model is the most appropriate model of the CHF for saturated and subcooled pool boiling of water on
upward facing copper surfaces.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Various models of CHF mechanisms in saturated pool boiling
have been proposed. Zuber [1] postulated that vapor escapes from
a heating surface as large vapor jets and proposed a hydrodynamic
instability model in which the Helmholtz instability at the interface
between the vapor jets and the surrounding liquid causes the CHF.
This model is also termed the ‘far field model’ because it assumes
that liquid–vapor behaviors far from the heating surface trigger
the CHF. Katto and Yokoya [2] proposed the macrolayer dryout
model in which the CHF occurs when a liquid layer (a so-called
macrolayer) formed beneath a large vapor mass dries out just be-
fore the departure of the vapor mass. This model is termed the ‘near
field model’ because the liquid–vapor behaviors near the heating
surface are related to the CHF trigger. The existence of a liquid-layer
beneath the vapor masses has been confirmed by Iida and Kobayasi
[3], Bhat et al. [4], Rajvanshi et al. [5], Shoji [6], and Ono and Sakash-
ita [7] by using conductance probes, and by Auracher and Marqu-
ardt [8] by using an optical probe. Unal et al. [9] proposed a
model in which the CHF is reached when a dry area on a heating
ll rights reserved.
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surface reaches a temperature at which the liquid can no longer
maintain contact. This model is also termed the ‘on surface model’
because it assumes the liquid–vapor behaviors on the boiling sur-
face are related to the trigger of CHF. Theofanous et al. [10] boiled
water on a glass plate coated with titanium of a few 100–
1000 nm in thickness and measured thermal patterns on the plate
by using an infrared radiation thermometer. Through this measure-
ment, they confirmed that dry spots formed within primary bubble
bases serve as precursors of the CHF. This result suggests that the
model by Unal et al. [9] may be applied to a heating surface with
small heat capacity such as thin metal films used in the experi-
ments of Theofanous et al. or thin wires. Auracher and Marquardt
[8] analytically examined the stability limit of a dry spot formed
on a copper surface in water boiling at a heat flux of 0.9 MW/m2.
They reported that in the case of a 0.1-mm thick copper heater a
dry spot of some tenths of a mm becomes unstable and expands
on the heating surface to trigger the CHF. For a 10-mm thick copper
heater a dry spot of more than 8 mm is required to trigger the CHF.
The above models are based on different trigger mechanisms, and
some kind of change should appear in the liquid–vapor behavior
close to the heating surface before and after the CHF.

Further, there are other models which consider that the boiling
behavior shifts smoothly from nucleate boiling through the CHF to
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transition boiling and the CHF should be determined from a com-
petition between the heat transfer enhancement with increasing
wall superheat and the deterioration in heat transfer by the expan-
sion of the dry areas on the heating surface. As this type of model,
Dhir and Liaw [11] proposed a time and area averaged model that
assumes stationary vapor stems penetrating a thin thermal layer
adjacent to a heating surface. This model explains the boiling curve
from the fully developed nucleate boiling to the film boiling by
considering changes in the wall void fraction. Nishio et al.
[12,13] boiled R113 and R141b on a single crystal sapphire and
observed the bubble behavior through the sapphire from below.
They observed that at high heat flux in the nucleate boiling region
the bases of the primary and coalesced bubbles almost dry out and
that a wetted area exists only as a network of irregular continuous
canals of liquid. Based on these observations Nishio et al. [12,13]
defined contact-line length density (CLLD) and proposed a CHF
model [13] in which the CHF point corresponds to the condition
where the CLLD reaches a maximum value and the condition is
satisfied when the primary bubbles fully cover the heating surface.

All models mentioned above were derived for the CHF at satu-
rated boiling. In subcooled boiling, however, it is widely known
that the CHF increases remarkably with increasing subcooling.
Fig. 1 shows the variation in CHF with subcooling measured on
copper horizontal upward-facing surfaces smaller than 10 mm in
diameter in water boiling [7,14–16]. In the ranges of subcooling
and the size of the heating surface of Fig. 1, the boiling behavior
in nucleate boiling near the CHF is similar to that in saturated boil-
ing; large vapor masses completely cover the heating surface and
detach or collapse periodically on the heating surface. These simi-
larities in boiling phenomena near the CHF suggest that the mech-
anisms of the CHF are also similar for saturated and subcooled
boiling. It may therefore be expected that a physically appropriate
model for saturated boiling is able to explain the CHF in subcooled
boiling as well. To clarify the CHF mechanism for saturated and
subcooled boiling, the authors [7] measured liquid–vapor behavior
near the heating surface using conductance probes and showed
that there is a liquid macrolayer between the surface and vapor
mass even at very high heat fluxes in subcooled boiling above
the CHF in saturated boiling. They specified the thickness of the
macrolayer from location of disappearance of vapor mass signals
and found that the liquid macrolayer formed at high heat fluxes
in subcooled boiling is as thick as those formed near the CHF in sat-
urated boiling.

The objective of this study is to determine the trigger mecha-
nism of the CHF in saturated and subcooled boiling based on de-
tailed measurements of dryout behaviors of liquid macrolayers
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Fig. 1. Variation in CHF with subcooling.
by using a conductance probe placed very close to the heating
surface.

2. Experiment

The experiments were conducted using water at atmospheric
pressure over a range of subcooling from 0 K to 40 K. Fig. 2 shows
the experimental apparatus. The details of the experimental appa-
ratus were reported in a previous paper [7]. The top surface of a
conical copper block served as the horizontal upward facing
8 mm diameter heating surface. The heating surface was finished
with #1000 emery paper before each experiment. Three thermo-
couples of 0.5 mm diameter were embedded in the copper block
5, 13, and 21 mm below the heating surface. The surface tempera-
ture and heat flux were calculated with the three thermocouples
by considering the conical copper block as a part of a hollow
sphere. The subcooling was defined by the liquid temperature
measured at the same height as the heating surface, 20 mm from
the center of the surface.

The measurement system with a conductance probe is de-
scribed in detail in [7]. The tip of the conductance probe was
thinned to less than 5 lm by an electro-polish technique. An AC
voltage of 24 kHz, resonance frequency of the measurement cir-
cuit, was applied between the conductance probe and the heating
surface. The conductance probe was connected to a three-dimen-
sional moving stage with an accuracy of 0.5 lm in the perpendic-
ular direction and 10 lm in the horizontal direction (the moving
probe in the following, A-probe in Fig. 2). A further probe was used
to selectively measure the behaviors of vapor masses (the fixed
probe in the following, B-probe in Fig. 2). The fixed probe was
placed near the center of the heating surface 4 mm over the sur-
face. The probe signals were stored in a PC through the A/D con-
verters with a time resolution of 10 ls, much shorter than the
time resolution of 42 ls determined from the resonance frequency
of the electrical circuit. During the measurements, potassium chlo-
ride was added to increase the electrical conductivity of the water.

3. Results and discussion

3.1. Static characteristics of the conductance probe

Fig. 3 shows the characteristics of the output voltage from the
moving probe when the probe was pushed down from the atmo-
sphere into the water (or pushed up from the water into the atmo-
3-D moving device
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Fig. 2. Experimental apparatus.
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Fig. 4. Probe signals near the heating surface in the nucleate boiling region and near
CHF.

Fig. 5. Three characteristic regions of probe signal detecting surface dryout. (a)
Moving probe signals, (b) fixed probe signals, (c) signals digitized with Vth1 and (d)
signals digitized with Vth2.
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sphere) under the condition that the water and the heating surface
were not heated and the water level was set several millimeters
above the heating surface. As the absolute values of the voltage
change depending on an applied voltage between the probe and
the heating surface, the right vertical axis in Fig. 3 shows relative
values normalized by the maximum output voltage. The zero
mm of distance corresponds to a location where the prove tip con-
tacts the water surface. The voltage falls instantaneously to about
half the maximum voltage at the moment of the probe tip-water
contact, then decreases gradually as the probe tip penetrates dee-
per below the surface of the water, and reaches an almost constant
low value when the probe tip is below a depth of around 0.4 mm.
This result comes from the feature that in the conductance probe
the sensitivity of the probe tip is quite high. As a consequence,
the probe outputs the intermediate value between high and low
voltages (about 55% of the maximum voltage in Fig. 3) just when
the probe tip comes in contact with the liquid. The correspondence
between these static characteristics and the probe signals obtained
in the boiling experiment will be explained in the next section. In
Fig. 3, no distinct hysteresis was observed for the output voltages
obtained when lowering and raising the probe around the water
surface. Therefore, it is concluded that any effect of liquid adhesion
on the probe tip due to surface tension is weak.

3.2. The detection of surface dryout by conductance probe

Fig. 4 shows the probe signals obtained at high heat flux (81% of
the CHF Fig. 4(a)) and near the CHF (97% of the CHF Fig. 4(b)) in the
nucleate boiling region at 20 K subcooling. In each figure, the top
signals are obtained from the moving probe positioned at a height
of 1 or 5 lm, and the bottom signals from the fixed probe, repre-
senting the behavior of the vapor masses. In Fig. 4(a), the signals
from the moving probe positioned near the heating surface are of
low voltage, indicating the existence of a liquid layer beneath the
vapor masses. In Fig. 4(b) very close to the CHF, the signals from
the moving probe reach higher voltages in the latter half of the
vapor mass hovering.

Fig. 5 represents Fig. 4(b) signals of the moving and fixed probes
during one hovering cycle of the vapor mass. The moving probe
signals are divided into three regions (A, B, and C) according to
the magnitude of the output voltage. From the correspondence
with the static characteristics shown in Fig. 3, it appears that re-
gion A (low voltage region) corresponds to a situation where the
whole of the probe is covered with liquid, region B (intermediate
voltage region) is where the tip of the probe is in contact with
liquid and the remaining part of the probe is covered with vapor,
and region C (high voltage region) is where the whole of the probe
is covered with vapor. With the experimental results that the sig-
nals accompanying region C appear only near the CHF, it may be
suggested that the signals of Fig. 5 indicate the occurrence of sur-
face dryout at the probe location. It is, therefore, considered that a
duration of region A indicates a waiting time during the formation
the large vapor mass, the duration of region B indicates the lifetime
of the liquid layer under the large vapor mass, and the duration of
region C indicates a period of surface dryout. According to this
interpretation, the total duration of regions B and C should
correspond to the hovering period of the large vapor mass. To ver-
ify this, the durations of B + C (or the durations of region B when
the dryout signals were not detected) were compared with the
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data for the vapor mass hovering periods reported in [7]. The
hovering periods were in good agreement with each other.
Therefore, Figs. 4(b) and Fig. 5 indicate that the heating surface
dried out in the latter half of the vapor mass hovering period. How-
ever, Fig. 4(b) with probe signals for 0.2 s during which only three
dryout events appeared, is not sufficient to draw the conclusion
that the surface dryout always occurs in the latter half of the vapor
mass hovering period.

Therefore, to specify when in the vapor mass hovering period
dryout is likely to occur, variations in the void fraction due to the
surface dryout during the vapor mass hovering period were esti-
mated in the following manner. In Fig. 4(b), the vapor mass signals
detected by the fixed probe positioned at 4 mm height and by the
moving probe at 5 lm height are nearly synchronous, but there is
some time-lag due to the differences in the heights of the two
probes. To avoid errors due to this time-lag, the vapor mass hover-
ing periods were also determined from the moving probe signals.

The signals from the moving probe were bifurcated into two
identical signals, and the respective signals were digitized with dif-
ferent threshold voltages: one at the intermediate between the
voltages of regions B and C, and the other that between regions A
and B. In Fig. 5, the two threshold voltages are indicated as Vth1

and Vth2, and the binary signals digitized with these two voltages
are shown below the probe signals. The pulse width digitized with
Vth1 corresponds to the dryout period and the pulse width digitized
with Vth2 is the vapor mass hovering period. (In this paper, a high
digitized binary signal is termed a pulse and its width as the pulse
width.) The measurements were conducted over 20 s near the CHF
for 30 K subcooling, and all the pulses of the vapor mass accompa-
nying the occurrence of the dryout were selected. Then, each pulse
(hovering period of the each vapor mass) was divided evenly into
ten, and time fraction of the dryout in each of the ten periods
was calculated. The time fraction of the dryout in each time width
averaged over 20 s is plotted in Fig. 6. The horizontal axis is the
non-dimensional time normalized by the vapor mass hovering per-
iod. For all cases with the three different heat fluxes, the dryout
rarely appears in the first half of the hovering period and almost
always occurs in the latter half of the hovering period. In Fig. 6,
the dryout time fractions sharply decrease in the last part of the
hovering period. This is probably because the tip of the probe
contacts first with liquid flowing onto the drying surface while
the vapor mass is detaching, and consequently that the probe is
temporarily put under the same situation as that of region B.

From the results above, it is concluded that the signals of the
moving probe shown in Fig. 4(b) indicates a sequential process:
the detachment of the preceding vapor mass, the inflow of bulk
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Fig. 6. Dryout time fractions during vapor mass hovering.
liquid, the formation of vapor mass and macrolayer beneath it,
and surface dryout by consumption of the macrolayer.

Fig. 7 shows previously reported data of the macrolayer thick-
ness [7] determined from the location at which the signals of the
vapor mass disappear. The lowest heat flux in each subcooling con-
dition, except for the saturated condition, is the heat flux at which
the large vapor mass covering the whole area of the heating surface
begins to form – the lowest heat flux of the vapor mass region. In
this figure, the open symbols indicate that surface dryout was
detected. In each subcooling condition, the macrolayer thickness
decreases with the increase in the heat flux and dries out when
the heat flux approaches the CHF.

3.3. The 2-D measurements of surface dryout

To examine the two-dimensional dryout behaviors on the heat-
ing surface, measurements were conducted at 121 grid points
arranged at 0.1 mm intervals in a 1-mm � 1-mm region at the cen-
ter of the heating surface. The probe traversed horizontally at a
height of 3–5 lm from the heating surface and the fractions of dry-
out time to the measurement time (termed ‘dryout void fraction’)
were obtained at the 121 measuring points. Fig. 8 shows the 2-D
distributions of the dryout void fractions obtained at two different
heat fluxes near the CHF for 20 K subcooling. In Fig. 8(a) with the
heat flux q = 2.97 MW/m2 (94% of the CHF) at which the dryout be-
gins to appear, here the dryout is limited to some areas and the
dryout void fractions are small with values of less than 1.5%. In
Fig. 8(b) where the heat flux is slightly higher at q = 3.01 MW/m2

(95% of the CHF), the dryout areas enlarge greatly and the dryout
void fractions also increase to a maximum of about 21%. Based
on these 2-D dryout void fractions, area-averaged dryout void frac-
tions were calculated and are shown in Fig. 9. The area averaged
dryout void fraction increases steeply in the very narrow heat flux
range from the condition where dryout is initiated to the CHF.
However, the area averaged dryout void fraction at the CHF re-
mains small, 5–15%.

3.4. Relation of dryout onset locations with nucleation sites

The distribution of the dryout void fraction in Fig. 8 shows that
the dryout of the macrolayer commences at a specific area on the
heating surface and is followed by a rapid enlargement of the dried
out area. To determine the trigger leading to local dryout of the
macrolayer, the relation between dryout onset locations and nucle-
ation sites was evaluated in the following manner.

When the moving probe travels in the horizontal direction at
high heat fluxes near the CHF, the probe is often at specific loca-



Fig. 8. 2-D distribution of dryout void fractions.
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tions where signals of surface dryout as shown in Fig. 4 and also
signals corresponding to primary bubble generation as shown in
Fig. 10 are concurrently detected. The spectrum of the pulse width
of the signals obtained at such location is shown with open circles
in Fig. 11. Also, the open triangles are the pulse spectrum obtained
at a location where the probe detects only the signals of the pri-
mary bubble generation. When the probe detects the signals of sur-
face dryout and primary bubble generation concurrently, the
corresponding pulse spectrum has a distinct peak in a wider pulse
width region. It is, therefore, possible to differentiate signals of
dryout and signals of primary bubbles based on the differences
in pulse widths. From the results of Fig. 11, pulses narrower than
2 ms were regarded as primary bubble signals and pulses wider
than 3 ms as dryout signals. As with the measurement shown in
Fig. 8, the probe signals were obtained at 121 grid points in a
1-mm � 1-mm region at the center of the heating surface, and
classified into dryout signals and primary bubble signals based
on the pulse width. The 2-D distributions of dryout frequency
and the frequency of generation of primary bubbles are depicted
in Fig. 12(a) and (b), respectively. The highlight regions correspond
to dryout locations and nucleation sites. Comparing these two dis-
tributions show that the dryout tends to occur near the nucleation
sites.



Fig. 12. Dryout frequency (a) and nucleation frequency (b). (DTsub = 20 K,
q = 2.97 MW/m2).
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To quantitatively evaluate the relations between dryout loca-
tions and nucleation sites, a correlation coefficient c between the
dryout frequency and the frequency of generation of primary bub-
bles was calculated with the following equation.

c ¼
PN

i¼1ðfn;i � �f nÞðfd;i � �f dÞ
rnrd

ð1Þ

where N is the number of the measurement points, fn,i and fd,i are
the relative frequencies of primary bubbles and dryout at a point i
normalized with each maximum frequency, and rn and rd are stan-
dard deviations of fn,i and fd,i, respectively. Changes in the correla-
tion coefficients with heat flux for each subcooling condition are
depicted in Fig. 13. In general, a value of c between 0 and 0.2
may be interpreted as having none or little correlation, a value be-
tween 0.2 and 0.4 a weak correlation, a value between 0.4 and 0.7 a
moderate correlation, and a value of c between 0.7 and 1.0 may be
seen as having a strong correlation. According to Fig. 13, the corre-
lation coefficients at the heat flux where the dryout is initiated take
values of 0.4–0.9 (indicating moderate to strong correlations), then
decrease rapidly to a region of little or no correlation with the slight
increase in heat fluxes for the subcooling conditions. This behavior
of the correlation coefficients suggests that the dryout occurs
locally around nucleation sites, and then spreads over the heating
surface.

3.5. The trigger mechanism of CHF

The foregoing sections showed that the dryout occurs in the
latter half of the vapor mass hovering period, it commences in a
specified area of the heating surface before the CHF and spreads
over the heating surface as the heat flux approaches the CHF. These
findings strongly suggest that the dryout of the liquid macrolayer
formed on the heating surface is the trigger of the CHF. To verify
this deduced trigger mechanism, transient behaviors of liquid/
vapor signals close to the heating surface from the nucleate boiling
region through the CHF to the transition boiling region were
measured under transient heating modes, realized by stepwise
increases in heat input to the copper block initially kept at
steady-state conditions at high heat fluxes in nucleate boiling.
Fig. 14(a–c) shows the signals of the moving probe positioned at
10 lm together with the changes in the surface superheat. The
surface superheat in Fig. 14 and the surface heat flux in Fig. 15
are values calculated from the readings of the three thermocouples
embedded in the copper block. The time delay in the response of
the thermocouple at the position nearest to the heating surface
(5 mm below the surface) to the change in surface temperature
is estimated at about 20–70 ms. Therefore, the temperature re-
sponses may include a time delay during which one to three vapor
masses detach, but no corrections were made for calculating the
surface temperature and the surface heat flux. Fig. 14(a) shows
the behaviors of the surface superheat and the probe signals from
40 to 80 s after the measurements started. The sudden increase in
the surface superheat commences at 73 s, showing the occurrence
of the CHF. At this time, the probe signals change suddenly from
the fine signals corresponding to the primary bubbles to the sur-
face dryout signals. Fig. 14(b), which has enlarged the temporal
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axis around the time of the CHF occurrence, shows that the surface
dryout begins to become frequent from 73.0 s, almost the time of
the CHF. Fig. 14(c) is the enlargement of the point where the dry-
out signal appeared first, similar to that shown in Fig. 4(b) or Fig. 5.

The void fractions obtained by averaging the continuous probe
signals of Fig. 14 for every one second are shown in Fig. 15 together
with the corresponding boiling curve. For each subcooling, the void
fractions increase rapidly in the transition boiling region. Further,
for the case of high subcooling of 30 K, it was observed that the
void fraction decreases sharply and the heat flux tends to increase
again with increasing surface superheat in the transition boiling
region (the same trend was observed for the 40 K subcooling, but
due to space limitations data are not shown). These changes in
the void fraction and the heat flux appearing at high subcooling
can be attributed to the occurrence of MEB (Micro-bubble Emission
Boiling), but this paper does not discuss this further as MEB phe-
nomena are outside the scope of the paper.

In Fig. 16, the void fractions for each subcooling condition
shown in Fig. 15 is re-plotted against the reduced heat flux—ratio
of the heat flux to the CHF. To avoid complicating the graph,
Fig. 16 eliminates the data in the MEB region for 30 K and 40 K sub-
cooling. The data for all the subcooling conditions are well corre-
lated and show similar tendencies, the void fraction takes low
values of about 10% before the CHF and increases sharply just after
the CHF. Fig. 16 also plots the data by Dhuga and Winterton [17]
and Nishio and Tanaka [18], who measured boiling curves together
with void fractions from nucleate boiling to transition boiling.
Dhuga et al. boiled water and methanol on a 28 mm diameter
aluminum heating surface coated with a thin Al2O3 layer and
measured an area averaged void fraction from the variation of
impedance between the heating surface and an electrode placed
above the surface. Nishio et al. boiled R113, R141b, and ethanol
on a single crystal sapphire and measured an area averaged void
fraction by observing the dry area from below the surface. The void
fractions of water and methanol by Dhuga et al. show similar
tendencies to the present data—the void fraction takes small values
in the nucleate boiling region and then increases steeply in the
transition boiling region. The discrepancies between the present
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data and the data by Dhuga et al. in the transition boiling region
may be because the void fraction in Dhuga et al. is the value
averaged over the whole area of the heating surface and therefore
includes the liquid contact with the periphery of the surface. In
addition, the differences in the area averaged void fraction of Dhu-
ga et al. and the time averaged void fractions of the present data,
and difference of the wettability of the heating surface may also
be behind the discrepancies. The data by Nishio et al. show that
for each liquid the surface dryout appears at very low heat fluxes
in the nucleate boiling region and that the area expands to
60–90% of the heating surface at the CHF. The reason for the incon-
sistency between the data by Nishio et al. and the present data
and/or the data by Dhuga et.al are not clear. Differences in the sur-
face conditions, wettability, and roughness of the heating surfaces
may play a role.

The all experimental results shown in this section strongly sup-
port the following trigger mechanism of the CHF: the liquid macro-
layer formed on the surface is consumed during the vapor mass
hovering and as a consequence the dry area spreads rapidly over
the heating surface, leading to CHF. Therefore, at least to the CHF
for saturated and subcooled pool boiling of water on a copper heat-
ing surface with large heat capacity, the macrolayer dryout model
would be the most appropriate CHF model, and the causes of the
CHF increase with increasing subcooling are that a thick macrolayer
is able to form in subcooled boiling as shown in Fig. 7 and that the
lowest heat flux of the vapor mass region shifts towards the higher
heat flux.

4. Conclusions

To clarify the CHF mechanism for saturated and subcooled pool
boiling, the behavior of surface dryout near the CHF for water boil-
ing on an upward copper surface was measured using the conduc-
tance probe method. The results obtained in the present research
may be summarized as follows:

(1) Surface dryout occurs in the latter half of the vapor mass
hovering period.
(2) Surface dryout occurs locally at a high heat flux region close
to the CHF and spreads rapidly over the surface with slight
increases in the heat flux. The dryout void fraction averaged
over the heating surface, however, remains small, about 5–
15%, even at CHF.
(3) Under the transient heating mode, the signals from the fixed
probe placed close to the heating surface change suddenly from
the signal of the primary bubbles to the signal of surface dryout
when the boiling mode changes from nucleate boiling to transi-
tion boiling. At the CHF, the dryout signal appears at the latter
half of the vapor mass hovering period.
(4) From conclusions (1)–(3), the CHF mechanism of saturated
and subcooled pool boiling under the present boiling condi-
tions—water boiling on an upward copper surface with large
heat capacity— is very close to the macrolayer dryout model.
(5) Therefore, the CHF increases with increasing subcooling
because a thick macrolayer is able to form in subcooled boiling
and as the lowest heat flux of the vapor mass region shifts
towards the higher heat flux.

References

[1] N. Zuber, On the stability of boiling heat transfer, Am. Soc. Mech. Eng. J. Heat
Transfer 80 (1958) 711–720.

[2] Y. Katto, S. Yokoya, Principal mechanism of boiling crisis in pool boiling, Int. J.
Heat Mass Transfer 11 (1968) 993–996.

[3] Y. Iida, K. Kobayasi, An experimental investigation on the mechanism of pool
boiling phenomena by a probe method, Proc. 4th Intl. Heat Transfer Conf., Paris
5 (1970) 1–11.

[4] A.M. Bhat et al., Role of macrolayer evaporation in pool boiling at high heat
flux, Int. J. Heat Mass Transfer 29 (1986) 1953–1961.

[5] A.K. Rajvanshi et al., Investigation of macrolayer thickness in nucleate pool
boiling, Int. J. Heat Mass Transfer 35 (1992) 343–350.

[6] M. Shoji, A study of steady transition boiling of water: experimental
verification of macrolayer evaporation model, in: V.K. Dhir et al. (Eds.), Pool
and External Flow Boiling, American Society of Mechanical Engineers, 1992,
pp. 237–242.

[7] A. Ono, H. Sakashita, Liquid–vapor structure near heating surface at high heat
flux in subcooled pool boiling, Int. J. Heat Mass Transfer 50 (2007) 3481–3489.

[8] H. Auracher, W. Marquardt, Heat transfer characteristics and mechanisms
along entire boiling curves under steady-state and transient conditions, Int. J.
Heat Fluid Flow 25 (2004) 223–242.

[9] C. Unal et al., Unifying the controlling mechanisms for the critical heat flux and
quenching, Trans. Am. Soc. Mech. Eng. J. Heat Transfer 114 (1992) 972–982.

[10] T.G. Theofanous et al., The boiling crisis phenomenon. Part2: dryout dynamics
and burnout, Exp. Thermal Fluid Sci. 26 (2002) 793–810.

[11] V.K. Dhir, S.P. Liaw, Framework for a unified model for nucleate and transition
pool boiling, Trans. Am. Soc. Mech. Eng. J. Heat Transfer 111 (1987) 739–746.

[12] S. Nishio, T. Gotoh, N. Nagai, Observation of boiling structures in high heat-flux
boiling, Int. J. Heat Mass Transfer 41 (1998) 3191–3201.

[13] S. Nishio, H. Tanaka, Simplified model predicting contact-line-length density at
critical heat flux based on direct observation of boiling structure, Jpn. Soc.
Mech. Eng. Int. J. B 45 (2002) 72–78.

[14] J. Li et al., Study of critical heat flux in subcooled pool boiling (in Japanese), in:
Proceedings of 36th National Heat Transfer Symposium of Japan, 1999, pp.
391–392.

[15] S. Yokoya et al., Critical heat flux in high subcooled pool boiling (in Japanese),
in: Proceedings of 37th National Heat Transfer Symposium of Japan, 2000, pp.
65–66.

[16] S. Inada et al., Studies on boiling curves in subcooled pool boiling: 4th heat
transfer mechanism in transition boiling region (in Japanese), Trans. Jpn. Soc.
Mech. Eng. B 47 (423) (1981) 2199–2208.

[17] D.S. Dhuga, R.H.S. Winterton, Measurements of surface contact in transition
boiling, Int. J. Heat Mass Transfer 28 (10) (1985) 1869–1880.

[18] S. Nishio, H. Tanaka, Visualization of boiling structures in high heat-flux pool-
boiling, Int. J. Heat Mass Transfer 47 (2004) 4559–4568.


	Measurement of surface dryout near heating surface at high heat fluxes in subcooled pool boiling
	Introduction
	Experiment
	Results and discussion
	Static characteristics of the conductance probe
	The Detection detection of surface dryout by Conductance Probeconductance probe
	The 2-D measurements of surface dryout
	Relation of dryout onset locations with nucleation sites
	The trigger mechanism of CHF

	Conclusions
	References


