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1. Introduction

Advancement in the visualization of a local boiling
structure on a heating surface at high heat flux condition
has been made in the past twenty years. The dynamic
behavior of dry areas or phase distribution on the
heating surface were observed by total reflection
technique [1-4] and DEPIcT [5]. Instantaneous two-
dimensional temperature distribution of a boiling
surface was measured by infrared thermometry [6, 7].
These studies reported that the key physics of the CHF
triggering mechanism was the dynamic behavior of the
dry area under the massive bubble hovering on a surface
and the appearance of a non-rewetting dry area.
However, these studies focused on the high heat flux
boiling structure and CHF phenomena of a horizontal
heating surface in a pool.

Some research reactors and marine ship reactors
adopt a plate type nuclear fuel assembly. The gap
between parallel vertical fuel plates ranges from 2 to 3
mm, typically for the research reactors. In addition,
boiling in a confined narrow channel is encountered in
high-performance heat exchangers and electronics
component cooling. The CHF value for a vertical plate
in a pool is strongly affected by the existence of the
narrow confinement [8]. However, the studies to
identify the local boiling structure on a heating surface
and CHF mechanism for this kind of geometry are quite
lacking.

In this study, CHF phenomena as well as global and
local boiling structures near a heating surface were
observed for a vertical narrow channel submerged in a
pool, using total reflection and shadowgraph
visualization techniques.

2. Experimental Apparatus and Method

In this section some of the techniques used to model
the detector channel are described. The channel model
includes a SiC detector, cable, preamplifier, amplifier,
and discriminator models. The present experimental
apparatus consisted of a boiling pool with a vertical
transparent heating surface, a DC power supply, a data
acquisition system, light sources, and two synchronized
high speed video cameras. Overall configuration of the
apparatus is similar to the previous works of Chu et al.
[3, 4], but the main difference is that the boiling pool
and the heating surface is vertically oriented. The

boiling pool had a cubic shape, and it had a dimension
of 200 mm x 105 mm x 115 mm (height x width x
depth). A reflux condenser was installed at the top of
the boiling pool. The pressure of the pool was
maintained at atmospheric pressure. Two auxiliary
cartridge heaters were inserted from the bottom part of
the pool to maintain the pool at a saturated temperature
condition. Two thermocouples were inserted from the
side wall of the pool to measure the pool temperature.
Freon R-113 was used as a boiling fluid.

A rectangular sapphire substrate was placed at the
center of the back side wall of the pool. The area and
thickness of the sapphire substrate were 80 x 120 mm?
and 1 mm, respectively. A 350 nm thick electro-
conductive transparent ITO (Indium Tin Oxide) layer
was sputtered on the center of the sapphire substrate,
and the ITO layer was used as a heating source for the
present boiling experiments. The effective heating
length of the ITO layer was 44.5 mm, and the width of
the ITO layer in this region was 10 mm (Fig. 1). A
Pyrex glass plate is placed in front of the sapphire
substrate, forming a 2.25 mm narrow gap between them.
The Pyrex plate is 30 mm wide, 120 mm long, and 1
mm thick.

The main visualization methods were a total
reflection and a shadowgraph. Two identical high speed
video cameras, NAC Memrecam GX-3, were used. One
was for the total reflection, and the other was for the
shadowgraph. The cameras were synchronized within
+0.05 msec, using an external TTL signal. Xenon HID
lamps were used as light sources for both visualization
methods. The camera and the lamp for the total
reflection were aligned close to the critical angle of the
Snell’s law. For the shadowgraph, the camera and the
lamp were located at the back side and at the front side
of the sapphire substrate, respectively. A prism shaped
Pyrex block was attached to the sapphire substrate
where the ITO layer was sputtered in order to
accommodate the total reflection at the boiling surface.

The total reflection is probably the most effective
way to observe the dynamic behavior of the dry areas
formed under the bubbles on the boiling surface because
the dry areas under the bubbles appear bright and the
regions wetted by liquid appear dark in the total
reflection image. The basic principle of the total
reflection is explained in more detail in the works of
Chuetal. [3].

Two different sets of experiments were performed
separately. In the first set of the experiments, the whole
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boiling area was visualized using only a shadowgraph
technique in order to observe the macroscopic and
global bubble behavior. Before the whole field
visualization experiments, the CHF value was
determined by the total reflection observation. The CHF
value corresponded to the heat flux at which a non-
rewetting dry area appeared as in the works of Chu et al.
[4]. The whole field visualization experiments were
conducted at seven heat flux levels from 30.9% CHF to
97.5% CHF condition. In the second set of the
experiments, the visualization was focus on the smaller
region at the upper part of the ITO heater in order to
observe the local bubble behavior and the rewetting
characteristics in more detailed way. The synchronized
total reflection and shadowgraph technique was applied
to this local visualization experiments. The local field
visualization experiments were conducted at eight heat
flux levels from 46.3% CHF to 100% CHF condition.
Among those heat flux conditions, the whole field and
local field visualization experiments were performed at
the same five heat flux conditions, which ranged from
61.7% CHF to 97.5% CHF condition. The visualization
areas of each set of experiments are shown in Fig. 1.
The total reflection and shadowgraph images were
recorded at a frame rate of 10,000 fps for all
experiments.
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Fig. 1. Schematic of the ITO layer and the areas of
visualization.

3. Results and Discussion
3.1 Results of the Whole Field Visualization
Global boiling structures in the present narrow
vertical channel submerged in a pool of saturated Freon

R-113 are presented Fig. 2, which corresponds to the
heat flux of 97.5% CHF.

A periodic feature of a slug flow was clearly observed
in the shadowgraph images above the heat flux of
77.2% CHF. That is, (1) a massive slug bubble is
initially formed by multiple steps of cascading
coalescence among a lot of bubble at the bottom part of
the ITO heating region, (2) the slug bubble moves
upward by buoyancy and the size of the slug bubble
becomes bigger due to additional coalescence with the
bubbles which exist at the downstream, (3) the slug
bubble is followed by the slug tail region where discrete
bubbles are mixed with liquid flow, and (4) the next
cycle of the slug bubble and slug tail region is formed
on the heating surface after the former slug bubble and
slug tail disappear from the boiling surface.

As the heat flux increases, the following changes
were observed in the global boiling structures: (1) The
size of the slug bubble increases due to the enhancement
of the bubble nucleation activity; (2) The discrete
bubble regime in the slug tail region transforms
gradually to the continuous bubbly layer regime, and it
is also due to the enhancement of the bubble nucleation
activity on the heating surface; (3) The distance between
the aft of the slug tail region and the front of the next
slug bubble becomes closer, and they are connected to
each other at the heat flux level between 92.6% CHF
and 97.5% CHF. As a result, continuous gas phase exists
over the total length of the heating surface along its
central axis.

3.2 Results of the Local Field Visualization and
Suggestion of CHF Mechanism

More detailed local boiling structures, dynamic
behavior of the dry area, and rewetting process were
observed by the synchronized visualization of the total
reflection and shadowgraph over the upper part of the
heating surface (Figs. 3~5). Based on this observation,
CHF mechanism is suggested for saturated pool boiling
in a vertical narrow gap.

According to the total reflection images in Figs. 3~5,
not only the size of the slug bubble but also the size of
the dry patch under the slug bubble increases as the heat
flux increases. The heating surface under the slug
bubble is almost dry above the heat flux level of 77.2%
CHF. However, the large dry patch under the slug
bubble is almost completely rewetted as the slug tail
region rushes into the region covered by the slug bubble
(Fig. 3 (b)). It is the time when and the location where
the heating surface has a minimum dry area fraction. In
other word, the maximum cooling of the heat surface
occurs at this time and location.

The following changes occur gradually in the
rewetting process of the large dry patch as the heat flux
increases: (1) The flow regime in the front area of the
slug tail region transforms from discrete bubble regime
to continuous bubbly layer regime; (2) Dry spots and
dry patches appear under the bubbly layer of the front
area of the slug tail region due to the enhanced bubble
nucleation activity and evaporation capability when the



Transactions of the Korean Nuclear Society Spring Meeting
Jeju, Korea, May 7-8, 2015

slug tail region rushes into the large dry patch under the of the slug tail region and the front of the next slug
slug bubble. As a result, the rewetting efficiency of the bubble gets connected to each other, and the dry area
slug tail region for the large dry patch decreases, and the fraction in this region increases as well with the increase
minimum dry area fraction becomes higher; (3) The aft of the heat flux.
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Fig. 2. Whole field visualization images for global boiling structure at 97.5% CHF (158 kW/m?): (a) formation of a slug bubble
and its upward movement; (b) rewetting of the large dry patch by the slug tail region; (c) formation of the next cycle slug bubble;
time interval between each image is 10 msec.
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Fig. 3. Local field visualization images of synchronized total reflection and shadowgraph at 77.2% CHF (125 kW/m?): (a) dry

patch under the slug bubble; (b) rewetting of the dry patch by the slug tail region; (c) dry areas at the upstream of under the next
cycle slug bubble; (d) dry patch under the next cycle slug bubble.
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Fig. 4. Local field visualization images of synchronized total reflection and shadowgraph at 97.5% CHF (158 kW/m?): (a) dry

patch under the slug bubble; (b) rewetting of the dry patch by the slug tail region; (c) dry areas at the upstream of under the next
cycle slug bubble; (d) dry patch under the next cycle slug bubble.
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Fig. 5. Local field visualization images of synchronized total reflection and shadowgraph at CHF Condition (162 kW/m?): (a) dry
patch under the slug bubble; (b) appearance of the non-rewetting area in the slug tail region; (c) existence of the non-rewetting dry
area at the upstream of under the next cycle slug bubble; (d) dry patch under the next cycle slug bubble.

With a further increase of the heat flux, a non-
rewetting region appears even when the front area of the
slug tail region rushes into the large dry patch under the
slug bubble. This region is marked by the rectangle in
Fig. 5 (b). This non-rewetting region remains non-
rewetted when the rear area of the slug tail region and
the next cycle slug bubble pass this region because the
maximum rewetting of the heat surface occurs by the
front area of the slug tail region. The occurrence of this
non-rewetting region is due to the enhancement of the
bubble nucleation activity and evaporation capability in
the bubbly layer of the slug tail region.

If this non-rewetting region is sustained for many
cycles of slug bubble formation, the local heating
surface temperature under this region will increase
continuously and thus will eventually lead to the
burnout of the heating surface. In case of the horizontal
pool boiling of saturated water experiments of Chu et al.
[4], a massive bubble formed and departed from the
heating surface as the heat flux approached to CHF
value. At CHF condition, a small non-rewetting dry area
appeared and became larger and larger as the number of
cycles for the formation of massive bubble increased.
Finally, the non-rewetting dry area covered the whole
heating surface (8 mm x 18 mm) after about four
seconds elapsed from its first appearance. Therefore, the
condition for the CHF occurrence corresponded to the
condition for the appearance of the non-rewetting dry
area. In the present study, the heater power was tripped
and disconnected when the non-rewetting dry area was
observed for several cycles of the slug bubble formation
in order to protect the heater from burn-out.

In the present experimental condition of saturated
Freon R-113 pool boiling in a vertical narrow gap, the
cooling of the heating surface at high heat flux condition
was governed by the rewetting capability of the slug tail
region for the large dry patch under the slug bubble.
Therefore, the critical heat flux occurred when the dry
area formation capability (i.e., bubble nucleation
activity and evaporation capability) in the bubbly layer

of the slug tail region overwhelmed the rewetting
capability of the slug tail region for the large dry patch.

The CHF mechanisms in the literature such as ‘liquid
sublayer dryout models’ of Lee and Mudawwar [9] and
Haramura and Katto [10] do not correctly describe the
present observations. Those models postulate that CHF
is triggered when a liquid layer between a vapor blanket
and a heating surface dries out during the hovering time
of the vapor blanket. However, the formation of the
large dry patch under the slug bubble is a necessary
condition for CHF but not the direct cause of the CHF
occurrence in the present boiling configuration. CHF is
triggered by the degradation of the rewetting capability
of the slug tail region for the large dry patch formed
under the slug bubble.

3. Conclusions

In-depth visualization studies were made to observe
the global and local boiling structures, dynamic
behavior of the dry area, and its rewetting process in a
vertical narrow channel submerged in a pool of
saturated Freon R-113. Based on this observation, new
CHF mechanism was suggested for the present boiling
configuration.

The periodic feature of a slug flow prevailed above
the heat flux of 77.2% CHF. The heating surface under
the slug bubble was almost dry, but this large dry patch
was effectively rewetted as the slug tail region rushed
into the region covered by the slug bubble. The heating
surface had a minimum dry area fraction at this moment.
In other word, the cooling of the heating surface was
governed by the rewetting capability of the slug tail
region.

The dry area fraction in the slug tail region increased
gradually with an increase in the heat flux, and the
rewetting efficiency of the slug tail region became
deteriorated due to an enhancement of bubble
nucleation activity and evaporation capability in the slug
tail region. A non-rewetting region appeared in the slug
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tail region and sustained for several cycles of slug
bubble formation when the dry area formation capability
in the slug tail region overwhelmed the rewetting
capability of the slug tail region, which corresponded to
the occurrence of CHF.
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