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Abstract

Visualization of bubble behavior in water subcooled flow boiling was carried out to investigate
the triggering mechanism of the net vapor generation under a low-pressure and low-flowrate
condition. Flow direction was vertical upward and a hydrophilic surface was used as the heated
surface. In the experiments under high liquid subcooling, bubbles were lifted off the heated
surface immediately after the nucleation and collapsed in the subcooled bulk liquid. Since the
condensation rate was nearly equal to the vaporization rate, the vapor void fraction did not
increase significantly. When the liquid subcooling was low enough, bubble coalescence took
place to produce large bubbles sliding up the vertical heated surface. It was considered that the
large sliding bubbles mitigated the condensation to contribute to a rapid increase in the vapor
void fraction with an increase in the thermal-equilibrium quality.

1. Introduction

Vapor void fraction in subcooled flow boiling region is an important parameter influencing the
fuel burnup and the inception of two-phase flow instabilities in nuclear power plants. In
particular, a high-power-density core tends to be adopted to further enhance economic efficiency
in recent advanced light water reactors [1—4]. In industrial plants that use a forced convective
boiling heat transfer, however, increased power density generally leads to the reduction of the
margin to the onset of unanticipated flow instability. Accurate prediction of the void fraction in
subcooled boiling region is hence of increasing importance to surely avoid the flow instabilities.

From the standpoint of the axial evolution of the vapor void fraction, the subcooled boiling
region can be divided into the two regions [5]. In the upstream region of high liquid subcooling,
sufficiently high wall superheat permits the formation of bubbles at the nucleation cavities but
the void fraction is kept low. Only in the downstream region of low liquid subcooling, a rapid
increase in the vapor void fraction with an increase in the thermal equilibrium quality can be
observed. Since the void fraction in the upstream region is usually neglected, the boundary
between the two regions is regarded as the point of net vapor generation (PNVG). It is known
that accurate determination of the PNVG is of essential importance in predicting the axial void
fraction evolution in the subcooled boiling region [6]. Because of the practical importance of
PNVG, several empirical correlations have been developed [7, 8]. Although these correlations
are useful to predict the PNVG in reasonably wide range of thermal-hydraulic conditions, the
triggering mechanism of NVG has not been elucidated. Levy postulated that the bubble
departure from the nucleation site triggers the NVG, and developed a mechanistic correlation for
the PNVG [9]. Several investigators however observed that bubbles did not stay at the nucleation
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cavities even under the conditions close to the onset of nucleate boiling (ONB) [10-12]. It is
therefore considered that the bubble departure model does not apply to the experimental
conditions tested in these studies.

The main objective of this work is to investigate the triggering mechanism of the NVG in water
subcooled flow boiling. It is considered that the mechanism may be dependent on the thermal-
hydraulic conditions including the system pressure, mass flux and the heat flux. In fact, Saha and
Zuber suggested that the NVG is caused by different mechanisms in the thermally controlled
region at low Peclet numbers and the hydrodynamically controlled region at high Peclet numbers
[7]. In the present work, however, the experiments are conducted under a low-pressure and low-
flowrate condition as the first step. Furthermore, Levy postulated that the surface tension force is
the major component to hold the bubbles to the heated surface [9]. Therefore, the contact angle
of the heated surface would also be influential in the PNVG. Since the contact angle is
considered to be small in the nuclear reactor core due to the high-temperature and radiation
environments [13, 14], the surface of small contact angle is used as the heated surface in the
present experiments.

2. Experimental description

Figure 1a shows the flow loop used in the present experiments. A canned motor pump was used
to drive the working fluid through the loop. The total mass flow rate was measured using a
turbine flow meter. The fluid was preheated using two 5 kW sheath heaters to set the inlet
subcooling, then injected to a test section through an inlet header. After exiting the test section,
the steam-water mixture entered the separator through an outlet header. Vapor phase was then
sent to a condenser. The heat transfer rate in the condenser was controlled to maintain the system
pressure. The fluid temperature was reduced at the cooling section before returning to the
circulation pump. Temperatures and pressures were measured using type-K thermocouples and
pressure transducers, respectively. The measurement points are shown schematically in Fig. 1a.

Depicted in Fig. 1b is a schematic diagram of the test section. A main body of the test section
was made of SUS316 stainless steel. A copper block containing two 1.2 kW cartridge heaters
was set on the main body to construct the flow channel. The flow area was rectangular in shape
of 10 x 20 mm. As delineated in the top view in Fig. 1b, the copper block was covered by the
stainless steel jacket. The end face of the copper block of 10 mm in width was regarded as the
heated surface. The present heated surface was rather hydrophilic as shown in Fig. 2 and its
average contact angle was 12°. The copper block and the jacket were connected smoothly by
means of electron beam welding to avoid significant boiling in the connecting region. The total
heated length was 400 mm. The test section had two measuring sections at 100 and 300 mm
from the bottom of the heated section. At each measuring section, three thermocouples were
embedded in the copper block to determine the wall superheat. The fluid temperature and the
void fraction could be measured using a type-K thermocouple and an optical void probe,
respectively. These probes were traversed using micrometers to measure the lateral distributions.
In addition, two sets of glass windows were mounted at the measuring sections for visual
observation of bubbles using a high-speed camera and a metal halide lamp. The spatial
resolution and the frame rate were set to 0.022 mm/pixel and 6000 frames/s, respectively, and
the region of about 10 x 10 mm was imaged.
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Figure 1 Schematic diagram of the flow loop and the test section.

Figure 2 Image of a water droplet placed on the heated surface.

Filtrated and deionized tap water was used as a working fluid. It was kept boiling for about an
hour in a storage tank containing a sheath heater for degassing. The loop was vacuumed prior to
the experiment to supply the working fluid from the storage tank by means of pressure

(3/11)



The 14" International Topical Meeting on Nuclear Reactor Thermal Hydraulics (NURETH-14) Log Number: 117
Hilton Toronto Hotel, Toronto, Ontario, Canada, September 25-29, 2011.

difference. In the present experiments, measurements were performed at the upper measuring
section 300 mm from the bottom of the heated section after the steady state was reached. Main
experimental conditions are listed in Table 1. Here, Run No. 1 corresponds to the ONB. The
mass flux G and the heat flux ¢,, were set to 605-615 kg/m’s and 300 kW/m?, respectively, and
the inlet fluid temperature 7;v was changed parametrically. As shown in Table 1, the local
subcooling at the upper measuring section ATsyz decreased and the thermal equilibrium quality
X, at the measuring section increased gradually with an increase in 7yy. In the present
experiment, the test section pressure P increased with an increase in 7;y mainly due to an
increase in the frictional pressure loss.

Table 1 Main experimental conditions.

G W Ty ATsyp P Tsar

Run | (o | aowindy | (@ | 0 | apay | (&) | T | Pe | M
1 615 300 58 30.8 66 88 -0.326 | 51536 195
2 611 300 70 22.6 79 92 -0.224 | 50909 260
3 612 300 80 164 92 97 —0.151 | 50851 361
4 609 300 90 8.5 100 100 —0.068 | 50538 693
5 605 300 95 59 110 102 —0.041 | 50195 999
6 605 300 100 4.2 121 105 -0.023 | 50148 1419

3. Experimental results

3.1 Bubble behavior at ONB

Typical bubble behavior observed at the ONB (Run No. 1) is displayed in Fig. 3. In this case,
only one nucleation site was activated and five bubbles were produced within 50 ms. The size of
bubbles ranged from 0.7 to 1.4 mm, but all the five bubbles behaved as shown in Fig. 3. The
time-evolutions of the dimensions of the bubble depicted in Fig. 3 are displayed in Fig. 4. Here,
dpx and dpy are the maximum bubble dimensions in the horizontal and vertical directions,
respectively, and dp is the arithmetic average of dpy and dpy. It can be seen that dp increased
rapidly in the initial stage but the growth rate decreased gradually since the bubble was exposed
to the subcooled liquid. It may be interesting to note that although dp decreased rapidly after the
lift-off from the heated surface, the reduction of dp already commenced before the detachment
from the heated surface since the condensation rate around the bubble overcame the evaporation
rate at the base of the bubble. It can also be seen that the bubble was flattened along the heated
surface in the initial stage (dzy > dpx), but it was rounded gradually (dzy = dpy) and was
elongated in the perpendicular direction to the surface at the moment of lift-off (dpy < dpx). It is
hence considered that the local liquid flow formed around the bubble due to time-evolutions of
the size and shape of the bubble contributed to lift the bubble off the heated surface as discussed
by Okawa et al. [15]. The bubble behavior depicted in Fig. 3 indicates that the surface tension
force to hold the bubble at the nucleation site was not sufficient to prevent the bubble lift-off
even at the ONB under the low-pressure, low-flowrate and low-contact angle condition tested in
the present work.
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Figure 4 Time-evolutions of dimensions of the bubble depicted in Fig. 3.

3.2 Void fraction evolution with a decrease in the liquid subcooling

In the experiments at low inlet temperatures (Run Nos. 1-3), bubbles were usually collapsed
near the nucleation sites at which they were produced (see Fig. 3). In consequence, the void
fraction measured by the void probe was influenced by the relative positions of the probe and the
active nucleation sites. For example, in the case shown in Fig. 3, one nucleation site was
activated but the void fraction measured by the probe was zero since no bubble hit the probe.
Therefore, the void fraction within the visualization region was measured by means of image
analysis. Examples of the snapshots used in the image analysis are depicted in Fig. 5. To obtain
lateral distributions of the void fraction, the camera was set parallel to the heated surface. Since
the instantaneous void fraction was different between the snapshots particularly in the low inlet
temperature experiments, 10-25 snapshots were used depending on 77y. In the experiment of the
highest inlet temperature (Run No. 6), however, the void fraction measurement by the image
analysis was not possible because of significant overlapping of bubbles. The void fraction
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distributions were hence measured using the void probe in this experimental condition. The
measured void fraction distributions are displayed in Fig. 6a. Here, y is the distance from the
heated surface. It can be seen that the peak void fraction and the thickness of the region in which
the void fraction was positive increased with a decrease in the liquid subcooling. The local void
fractions shown in Fig. 6a were integrated in the y-direction to derive the time-averaged void
fraction within the visualization window a. The calculated values of « are plotted against x,, in
Fig. 6b. It can be seen that « was kept less than 0.01 in Run Nos. 1-3 but it increased rapidly
with an increase in x., in Run Nos. 4-6.

In the present experiments, the ranges of the Peclet number Pe = GDjc,/k; and the Nusselt
number Nu = q,.Dy/kiATsys were within 50148-51536 and 195-1419, respectively (see Table 1).
Saha and Zuber defined the boundary between the thermally and hydrodynamically controlled
regions by Pe = 70000 [7], and consequently the present experimental conditions belonged to the
thermally controlled region in their notation. In this region, the PNVG is correlated by Nu = 455
that corresponds to x., = —0.13 in the present experiment. From the result shown in Fig. 6b, it is
considered that the onset of NVG in the present experiment agreed with the correlation by Saha
and Zuber fairly well.
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Figure S Examples of snapshots used in the void fraction measurements.
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Figure 6 Distributions of vapor void fraction.
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4. Discussion

In the present experiments, bubbles were detached from the heated surface and propelled into the
subcooled bulk liquid even at the ONB as shown in Fig. 3. Therefore, neither the bubble
departure from the nucleation site nor the bubble lift-off from the heated surface is considered to
be the triggering mechanism of the NVG. The continuity equation of the vapor phase in the
steady state is given by

d
~apu)=T, =T W

where z is the axial coordinate, p is the density, u is the velocity in the vertical direction, /7 is
the vaporization rate, /¢ is the condensation rate, and the subscript g denotes the vapor phase. If
Pe and u, are assumed to be constant for simplicity and the condensation heat transfer coefficient
is denoted by /4, the above equation is reduced to

da GAAh
T — (', -T.)=
'xe qMWhpgug quVhpgug

GAAh, [ - _6heATy, aj )

AhV dSM

where A is the cross-sectional area of the flow channel, A%y is the latent heat of vaporization, W)
is the width of the heated surface, ds)s is the Sauter mean bubble diameter, and the superscript b
denotes the reference value for bubble; the independent variable z in Eq. 1 is replaced by x., in
Eq. 2. Equation 2 indicates that the difference between /7 and /¢ is of importance for « to
increase with an increase in X,.

As shown in Fig. 3, all the bubbles disappeared in close proximity to the nucleation site due to
rapid condensation in Run No. 1. Therefore, /'y = /¢ holds and a rapid increase in « with x,, is
not permitted. Important bubble behavior observed in Run Nos. 2—6 is displayed in Figs. 7a—e,
respectively. In Run Nos. 2 and 3, most bubbles behaved like those in Run No. 1 (see the
bubbles surrounded by the red circles in Figs. 7a and b). Although bubble coalescence was
observed several times in Run No. 3 (see the bubbles surrounded by the light blue and yellow
circles in Fig. 7b), the coalesced bubbles also moved away from the wall and collapsed in the
subcooled bulk liquid. Since the bubble behavior was essentially the same, a slight increase in &
with x., in Run Nos. 1-3 may simply be attributed to the reductions of the single-phase heat
transfer and the condensation rate caused by a decrease in ATsy3.

An interesting observation was made in Run No. 4. The bubble surrounded by the light blue
circles coalesced with the two other bubbles surrounded by the green and yellow circles. The
coalescences contributed to an increase in the bubble size and mitigated the unidirectional
bubble migration away from the wall. As a result, a large bubble was created as indicted by the
red circle in the last photo in Fig. 7c. A drastic change of the bubble behavior was observed in
Run No. 5. In this case, many large bubbles came from the bottom of the visualization window
and captured the new bubbles produced in the visualization region. One large bubble is indicated
by the light blue arrows in Fig. 7d as an example. It can be seen that the large bubbles rose up in
the high-temperature region near the heated surface. Therefore, a continuous reduction of the
bubble size did not take place. The shear-induced lift force was considered to be the main force
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to push the bubbles against the wall. Since the large bubbles rose up faster than other bubbles,
they frequently collided with other small bubbles (see Fig. 7d; here, different bubbles are
indicated by the arrows of different color). Since the small bubbles were usually absorbed in the
large bubble after the collision, they were not propelled into the bulk liquid. If bubbles coalesce
into a large sliding bubble, the bubble life-time is significantly be elongated. Furthermore, since
the large sliding bubbles repeat the coalescence with small bubbles, they also contribute to the
elongation of the life-time of other bubbles. It may also be possible that the large sliding bubbles
contribute to enhancing the vaporization since a thin liquid film is formed between the bubble
and the wall. Figure 7e¢ indicates that larger portion of the heated surface was covered by the
large sliding bubbles in Run No. 6. It is therefore expected that the mitigation of the
condensation and the enhancement of the vaporization caused by the large sliding bubbles were
further pronounced. It is noted that in all the experiments, bubbles were lifted-off the wall to
collapse in the subcooled liquid unless they coalesced with other bubbles. It is hence considered
that the bubble coalescence followed by the formation of large sliding bubbles played an
important role to initiate a rapid increase in o with x,, under the present experimental condition.

i

(b) Run No. 3 (time interval = 0.67 ms).

Figure 7 Bubble behavior observed in Run Nos. 2-6.
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(¢) Run No. 4 (time interval = 1.83 ms).
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(d) Run No. § (tlme interval = 1.33 ms)

(e) Run No. 6 (time 1nterval =1.67 ms).

Figure 7 (Continued).
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5. Conclusion

Bubble behavior in water subcooled flow boiling was studied to investigate the triggering
mechanism of the net vapor generation under a low-pressure, low-flowrate and small contact
angle condition. Bubble behavior observed in this work significantly depended upon the liquid
subcooling. Under high subcooling conditions, bubbles were lifted off the wall immediately after
the nucleation and collapsed in the subcooled bulk liquid. Since the condensation rate was nearly
equal to the vaporization rate, an increase in the vapor void fraction with an increase in the
thermal-equilibrium quality was small. Under sufficiently low subcooling conditions, bubble
coalescence led to a formation of large sliding bubbles. The life-time of the sliding bubbles was
long since they stayed in the high-temperature region adjacent to the wall. Furthermore, the
sliding bubbles repeated the coalescence with other small bubbles to prevent the unidirectional
migration of the small bubbles away from the wall. The possibility that the large sliding bubbles
contributed to the enhancement of vaporization was also indicated. It is considered that the
bubble coalescence followed by the formation of large sliding bubbles plays an important role in
initiating a rapid increase in the vapor void fraction with an increase in the thermal-equilibrium
vapor quality under the experimental condition tested in the present work.
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