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Abstract: Heat transfer enhancement by the behaviors of the bubbles sliding along the heating surface is
studied by visual experiments by a high-speed digital camera to observe the bubble behaviors in subcooled flow
boiling in a narrow rectangular channel under natural circulation. A sequence of image processing algorithms
was used to deal with the original bubble images to get relevant bubble parameters, including bubble diameter
and bubble velocity, etc. The experiments were performed at pressures ranging from 0.2 MPa to 0.4 MPa, with
inlet subcooling ranging from 20 to 60 K and heat flux ranging from 100 kW/m? to 300 kW/m?. We found that
almost all the bubbles will slide along the heating wall. In each operating condition, the bubble diameter
distribution approximately conforms to lognormal distribution while the bubble velocity distribution agrees
well with normal distribution. Moreover, local thermal hydraulic parameters have significant influences on the
stochastics and mean characteristics of the bubble. The present experiment data shows a good linear
relationship between the mean velocity and mean diameter of sliding bubbles, and the correlation for the mean
diameter was obtained by the multivariate analysis method. Besides, the experimental phenomenon shows that
the bubble diameter and velocity oscillate simultaneously under natural circulation when the inlet subcooling is
40K and the heat flux exceed 200 kW/m?,
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1 Introduction for the visual observation of the bubble
characteristics such as bubble diameter, bubble
velocity, bubble growth rate. Finally the effects of the
major thermal hydraulic parameters on bubble
parameters.

More attention has been attracted for narrow channel
for their great improvements on the capability of heat
transfer compared with the conventional channel.
Kandlikar [ regarded a gap size between 1 mm and 3

mm as a narrow channel, and as a matter of fact, the .
studies on

narrow rectangular channel is widely used in many
industry fields, such as heat exchangers and the
reactor core of the barge-mounted nuclear power
plants 2., where heat transfer enhancement by the
behaviors of the bubbles sliding along the heating
surface has been reported by many researchers in
recent years.

The main purpose of present work is to investigate
bubble behaviors in upward subcooled flow boiling
in a vertical narrow rectangular channel under natural
circulation. In the subsequent part of this paper,
overview of the past studies is first reviewed, Then
experimental method used in this study is introduced
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2 Past experimental
characters of bubble behaviors in a
narrow rectangular channel

Various researches show that the bubble behaviors in
a narrow rectangular channel is distinctly different
from that of a convectional channel due to confined
geometry [3-12],

Okawa et al. I3 41 studied bubble behaviors in vertical
narrow rectangular channel. The following three
different bubble rise paths were observed after the
departure from a nucleation site: (i) some bubbles
slid along the vertical heating wall for a long distance,
(i) some bubbles disappeared due to the
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condensation of subcooled liquid, and (iii) some
bubbles might reattach to the heating wall.

Li et al. Bl focused on the behaviors of sliding bubble
in a vertical narrow rectangular channel. Two kinds
of sliding bubble were observed in the experiment.
The velocity and diameter of some bubbles changed
quickly and had shorter lifetime, while the other
bubbles survived for a long time and their velocity
and diameter were approximately unchanged.

Those two kinds of sliding bubble were also found in
the study of Junsoo et al. [®l. They also conducted on
experiments to further study the influence of thermal
parameters on bubble behaviors. The results showed
that: (i) at low mass fluxes (i.e.,140 and 280
kg/(m?s)), more bubbles grew fast near the
nucleation site, then shrank subsequently, and (ii)
sliding bubble preferred to grow steadily as mass flux
increased (i.e., 420 kg/(m? s)).

According to the work by Yuan [" 8 the sliding
bubbles enhanced the wall heat transfer and that the
system pressure has the significant effects on the heat
transfer through the impacts on bubble behaviors.

The mechanism of sliding bubble behaviors was
visually studied by Xu et al.l*11, They found that the
sliding bubbles were in spherical shape according to
the observation from the wide side of the narrow
rectangular channel. The sliding bubble velocity
increases with increasing bubble diameter and liquid
flow rate. However, the velocity is less than local
liquid velocity at the initial moment, and it will
exceed the local liquid velocity with time going.

Yang et al. 12 found that sliding bubble velocity
approximately conformed to a normal distribution,
and the bubble sliding velocity increase with the
increase of its diameter.

Puli 31 conducted on experiments to study the
influence of pressure on bubble diameter distribution,
and the results showed that the quantity of smaller
bubbles increases with the increase of pressure.

In Maurus’s work 1, it was also found that the heat
flux and liquid mass flow rate affect the bigger

bubbles more obviously, while have little effect on
the smaller bubbles.

For the studies associated with bubble diameters, the
work concerning the bubble departure diameter is
abundant. In a work by Zeng %1, a forced convection
boiling facility has been fabricated in which bubble
departure can be investigated. Their analytical results
show the influence of liquid velocity and wall
superheat on bubble departure diameters. Klausner
116] and Thorncroft (171 further studied and proposed a
model in a detailed analysis of various acting on
growing and sliding bubbles for predicting bubble
detachment diameters and sliding trajectories.

Starting from the model proposed by Klausner [16], an
improved force-balance model of bubble departure in
forced convection boiling has been developed by
Colombo [8 | where modifications were made on the
correlation of surface tension force and a new
equation governing bubble growth considering
condensation on the bubble cap.

However, few studies focus on the distribution and
mean characteristics of bubble parameters, which
also have a significant influence on the analysis of
boiling heat transfer and the building of wall heat
flux partitioning model. Therefore, Zeitoun et al. 11
visually investigated on the bubble behaviors in
subcooled flow boiling of a vertical annular channel
under low pressure and mass flux condition, where
the mass flux, heat flux and subcooling were found to
have significant effects on mean bubble size. They
also reduced a correlation to model the mean bubble
diameter with those observed parameters mentioned
above.

However, the bubble characteristics for natural
circulation flow in a vertical narrow rectangular
channel are still unknown, although many researches
have been performed in narrow rectangular channels.
Natural circulation flow is driven by the density
difference between the riser and down-comer in some
operational condition of nuclear reactor, e.g. a safety
related operational event 2%, and the reactor coolant
through the core by natural circulation 3. Such
systems enhance safe operational potential and
reliability compared to pumped systems. Therefore,
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the study of bubble behaviors is needed to meet the
purpose of understanding the boiling heat transfer
mechanism under natural circulation condition.

3 Experimental methods
3.1 Description of the experimental facility

An experimental loop as shown in Fig.l was
designed and constructed for the study on the
characteristics of bubble in a narrow rectangular
channel under natural circulation. The experimental
loop is mainly composed of a primary loop, an
auxiliary loop, and a visualization part.
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Fig.1 Schematic diagram of experimental loop.

The primary loop mainly consists of four major parts,
including a pressurizer, a preheater, a test section, and
primary side of condenser. The pressurizer is
connected with a nitrogen bottle to maintain the
system pressure in loop. The fluid is preheated to the
projected temperature firstly in the 45 kW preheater,
and then injects to the test section for subcooled flow
boiling experiments. A DC power supply with a
capacity of 2000 A/50 V is adopted to provide a wide
range of heat flux to the test section. After the fluid
leaving from test section, the temperature is reduced
to a subcooled state at the condenser before returning
to the pump in primary loop.

The auxiliary loop is composed of a water tank, a
cooling tower, a centrifugal pump and secondary side
of condenser. The function of auxiliary loop is to
provide cooling water to cool the working medium
from superheated state to subcooled state, and to
ensure the subcooled flow boiling which is certain to
occur in the test section.

Visualization experimental system is achieved from
the direction of wide side of the channel as shown in
Fig. 2. AFAST-CAM SAS5 high-speed digital camera
and a 105mm F2.8 macro lens are used to record the
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bubble behaviors. The frame rate is set to 5000 fps
and the corresponding viewing area is about 20 < 20
mm? in this study. In order to clearly record the
bubble behaviors, two fiber lamps (power level
adjustable within 0-150W) are utilized to provide
sufficient illumination for the filming. The camera
and fiber lamps are fixed on a 2-D guide rail, and the
camera is able to move horizontally and vertically.
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Fig.2 Schematic of visualization system.
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Fig. 3 Arrangement of temperature measuring points.
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To enable visualization of the bubble behaviors, the
channel is designed to be single-side heated. The total
heating length is 550 mm. The temperature is
measured by N-type shielded thermocouples, and the
pressure is measured with pressure transducers at the
inlet and outlet of the test section. There are totally
17 measuring points to measure the heating plate
temperature distribution along the flow channel. The
arrangement of temperature distribution points along
the flow channel is illustrated in Fig. 3.

3.2 Experimental conditions and procedure
Deionized water is used as working fluid in this study.
To avoid the effect of dissolved non-condensable
gases in the water on experimental phenomena,
eliminating  non-condensable gas before the
experiment is necessary. For the sake of reducing the
solubility of the incondensable gas in the fluid, the
cooling water loop is cut off and the deionized water
is heat up to saturate boiling state at the exit of the
test section. The non-condensable gas is released
from the water experimental loop through the venting
valve located at the top of the circulation loop. The
degassing process can be checked by observing the
bubbles generation locations and the sizes in the test
section. Bubbles generated by non-condensable gases
are much smaller than that generated at heating
surface. When subcooled boiling occurs in the test
section, there is no bubble generated at the inlet of
test section until satisfactory degassing level.

After degassing, auxiliary cooling loop is activated to
create density difference between the riser and
down-comer of primary loop. Then centrifugal pump
is shut off to switch the working mode from forced
circulation to natural circulation. The main
experimental parameters are system pressure, fluid
subcooling, heat flux and mass flux. When a steady
state is reached (the change of temperature less than
0.2°C), the bubble images and thermal hydraulic data
are collected simultaneously. Main experimental
parameters are summarized in Table 1.

Table 1 Experimental parameter ranges

Experimental parameter Range

System pressure (Psys) 0.2-0.4 MPa
Inlet fluid subcooling (ATin,sub) 20-60 K
Heat flux () 100-300 kW/m?
Mass flux (G) 280-450 kg/(m? s)

3.3 Experimental data processing methods

Massive amounts of bubble image data were obtained
in the experiment. Therefore, a batch-processing
method was developed to deal with the bubble
images. Pre-processing of bubble images is made by
Image Pro Plus 6.0, and a sequence of digital image
processing algorithms is applied to deal with the
original video to extract bubble location and shape
information. From the results of image processing,
bubble diameter and bubble velocity of each frame
existed in the filming window are obtained.

Xu et al. M and Yang et al. & investigated
experimentally on the bubble behavior from the wide
side and gap side of the narrow rectangular channel
simultaneously, and they found that the shape of
bubble is approximately spherical. By the authors’
experiments, the bubbles are not confined by the wall
of a narrow rectangular channel whose gap size is 2
mm. So the bubble diameter measured from wide
view is used to represent the equivalent diameter of
bubble. However, the shape of bubble is elongated in
the direction normal to the heating wall due to the
existence of fluid flow and heating wall. Therefore,
the equivalent bubble diameter can be calculated as
the mean value of all bubble diameters measured at
2<intervals (the total is 90 groups) as can be written
as Eq. (1),

D, = f D, /90 (1)

The bubble velocity is calculated according the
bubble locations in successive images. It can be seen
from the video record by high-speed camera so that
the bubble movement in horizontal direction can be
negligible compared with that in vertical direction.
Threfore the velocity of the centroid of a bubble can
be calculated as

e

Y12 - Yt1 C (2)
tz _tl

where y is the bubble coordinate in vertical flow
direction; to-t; denotes the time internal of two

images.

The following equations can be obtained for the
mean diameter and mean velocity of a large number
of bubbles during the shooting time,
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Dave: ml (inleejj (3)

Vae = L [i _ni Ve,j] (4)

where Dae and vae are the average diameter and
velocity of the bubble in the filming window; m
represents the number of frames, and n; represents the
number of bubbles at each frame.

The temperature gradient normal to the heating plate
is almost normal to the heating plate because the test
section is well thermally isolated and the heating
plate is only 3 mm. Therefore, the situation is
considered as one-dimensional steady state heat
conduction problem.

Q
q= ®)
W Ltot
qo
T. =T  ———
w,in w,out 2k (6)

where W, L, 0 is the width, length, thickness of
heating plate, respectively, k is the heat conductivity
coefficient of heating plate.

3.4 Uncertainty analysis

The measurement accuracies of thermal parameters
and bubble parameters are crucial for the reliability
of the subsequent analysis. Some thermal parameters
are directly measured including wall temperature,
pressure, current, voltage, etc. The errors of those
parameters are usually determined by the
characteristics ~ of  measurement  instruments
themselves. The accuracies of those direct measured
parameters are presented in Table 1. While indirect
measured parameters are needed to calculate by some
basic measurement values. The uncertainties of those
parameters can be estimated by the following
Kline-McClintock method 24!

()

where the y is a function of variables X1, X2, X3... Xn, oy
and o; are the uncertainties of y and x;, respectively.

In the experiment, the filming frame rate and
resolution are set to 5000 fps and 12401240 pixels.
The corresponding physical scale of the view window

is about 2020 mm?. Since the uncertainty for
locating the position is within 2 pixels, the
maximum error of bubble location is limited to #0.04
mm. The uncertainties of main parameters are
summarized in Table 2.

Table 2 Uncertainties of main parameters

Measured parameters Maximum error (+/-)

Time 10%s
Length 0.5 mm

Heat flux 0.5%

Wall temperature 0.56 K

Calibration of the image 0.016 mm/pixel

Bubble location 0.04 mm
Bubble diameter 0.08 mm
Bubble velocity 0.04 m/s

4 Results and discussions

When subcooled flow boiling occurs, large amounts
of bubbles are generated on the heating surface, and
the bubbles have influences on each other. The
research on the growth characteristics of a single
bubble is not enough to reflect the overall
characteristics of bubble group. Therefore, to
establish a more accurate boiling heat transfer model,
it is necessary to study the bubble group behaviors.

The authors of this paper conducted on a series of
experiments to observe the effects of subcooling and
heat flux on the bubble group behaviors. The
experimental conditions are shown in Table 3, where
height H represents the distance between the shooting
position of high-speed camera lens and the lower side
of the rectangular channel.

Table 3 Experimental conditions

. Inlet
EXP. Height Heat flux subcooling
H/mm q/ (KW/m?) ATinsun/K
A 468 160.8 40.8
B 185 160.0 40.8
C 468 202.8 40.8
D 468 161.5 60.9

A batch-processing method was developed to deal
with the original bubble images to get more intuitive
bubble behaviors images. Figure 4 shows the
processed images of bubbles in the window under the
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four different experimental conditions. It can be seen
from Fig. 4 that there are large differences in the sizes
and the number of bubbles under different conditions.
At the same time, due to the difference of bubbles
growth characteristics, the bubbles diameters are
diverse even under same experimental conditions.

(c) EXP.C
Fig. 4 Bubble behaviors in a narrow rectangular channel under

(d) EXP.D
natural circulation.

In subcooled flow boiling, the bottom of the bubble is
located at the heating wall and the top of the bubble
is in the subcooled fluid. The number of nucleation
sites on the heated wall mainly depends on the
superheat of the heating wall. The size of bubbles is
related to the evaporation rate at bubble bottom and
the condensation rate at bubble top.

By the comparison between Fig. 4 (a) and (b), it can
be found that the sizes and the number of bubbles
increase significantly along the flow direction. In
working condition of B, the local wall superheat is
low and the local liquid subcooling is large due to the
heating distance of along the wall is short. The
superheat is not enough to active many nucleation
sites to generate many bubbles, and the high

subcooling will significantly decrease the bubble size.

Therefore, the number and the size of bubble will
increase with increasing vertical height.

From the comparison of Fig. 4 (a) and (c), it can be
realized that the increase in heat flux will cause the
boiling on the heating wall to be more intense, and
increase the number and the size of bubbles. This is
because an increase in heat flux will increase the wall
superheat, then active more nucleation sites and lead
to more bubbles generate on heating surface. At the
same time, the local subcooling of the mainstream
liquid decreases.

As a result, the evaporation rate at the bottom of the
bubble will increase while the condensation rate at
the top decrease, will lead to an increase of bubble
diameters. The differences of bubble behaviors
obtained from Fig. 4 (a) and (d), it can be seen that
the number and size of bubbles decrease as the
subcooling increases, while the change of bubble
sizes is small. This phenomenon is because the liquid
subcooling itself will not directly affect the
generation of bubbles.

In summary, the inhomogeneity of the temperature
field on the heating surface and the complex interplay
between the bubbles make characteristics of the
bubbles complicated in the narrow channel.

4.1 The distribution characteristics of sliding
bubbles

From the experimental phenomenon, it can be seen
that the sliding bubble diameter and speed is diverse
even under the same operating conditions. The
bubble diameters generated at different nucleation
sites are different, and even generated at the same
sites also different growth characteristics per frame
during the growth process. The distribution
characteristics of sliding bubble diameter and
velocity are illustrated in Figs. 5-7. As shown in
those figures, both the bubble diameter and velocity
cover a wide range, and the distribution of sliding
bubble diameter approximately conforms to a
lognormal  distribution,  while the velocity
approximately conform to a normal distribution.

The two functional forms can be written as

p(x) :( 27[O'X)_1 exp[—riz(ln X —,u)z} (8)

f(x) :( 272'0'X)_1 exp[— 2;2 (x— #)2} 9)
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The confined bubbles in the narrow rectangular
channel with 2 mm in gap are not observed in this
experiment. The bubble diameters are mainly
concentrated between 0.2 mm-1 mm. The bubble
sliding velocity are less than 1 m/s, and mainly
concentrated between 0.2 m/s-0.5 m/s.

From Fig. 5, it can be seen that the maximum value
and standard deviation of the diameter and velocity
distributions increase along the flow direction. This
indicates that more bubbles with large diameter
generate at the top of the heating plate. At the same
time, the bubble sliding velocity generally increases
with increasing diameter. This is because the bubble
size affects the drag force on it, which leads to an
increase in bubble velocity.

Figure 6 shows that the distribution standard
deviations of bubble diameter and velocity increase
with the increase of heat flux. This phenomenon
means that the increase of heat flux not only
promotes the larger bubble generate in the channel,
but also benefits the survival of small bubbles, and
the changes of bubble diameters will affect the
bubble velocity.

It can be seen from the Fig. 7 that the change of
distributions of sliding bubble diameter and velocity
is not obvious when the inlet subcooling changes
from 40 K to 60 K. That is because the number of
bubble generation mainly depends on the wall
superheat. The subcooled liquid flows through the
heating wall, and reduces the wall superheat,
resulting in a significant reduction of bubbles
generated on the wall.

The bubble diameter depends on both of the wall
superheat and liquid subcooling. When the
subcooling of mainstream liquid is high, the change
of wall superheat is not the main factor affecting
bubble growth. The subcooling of both 40 K and 60
K have enough ability to reduce the diameters of
bubble generated at the wall to a similar value.

Moreover, the bubble sliding velocity and diameter
have same trend. Therefore, the distributions of
bubble diameter and velocity are almost unchanged

although the bubble number changes when the
subcooling changes from 60 K to 40 K.
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Fig. 5 Effect of vertical height on bubble parameters.
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Fig. 6 Effect of heat flux on bubble parameters.
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Fig. 7 Effect of subcooling on bubble parameters.

4.2 The mean characteristics of sliding bubbles
4.2.1 Effects of thermal parameters on mean diameter
of sliding bubble

The distribution characteristic of sliding bubble
parameters from the previous studies gave the
following observations: To better understand the
group behavior of sliding bubble, the bubble mean
characteristic is obtained. The effect of inlet
subcooling on bubble mean diameter is as shown in
Fig. 8.

It is found that the sliding bubble diameter decreases
with the increasing inlet subcooling, and this may be
attributed to the following reasons: The condensation
process existed on the top of the bubble is
strengthened due to the increase of the bulk fluid
subcooling. In addition, the specific volume of the
fluid decreases with increasing inlet subcooling,
resulting in the increase of fluid velocity under
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constant mass flow rate. As a result, the superheat of
heating wall decreases, thus the evaporation rate at
the bottom of a bubble decrease. Both factors above
are not beneficial to the bubble growth process,
which can result in smaller bubble size. It is found
that the bubble mean diameter is almost unchanged
when the subcooling changes from 40 K to 60 K,
which is consistent with the analysis of the
distribution characteristics of bubbles.
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Fig. 9 Effect of pressure on mean bubble diameter.

The bubble mean diameter under different pressure is
depicted in Fig. 9. As seen in Fig.9, the pressure has
significant effect on sliding bubble diameter. Many
studies focusing on bubble behaviors have shown that
bubble behaviors depend on the forces on bubbles. In
terms of the forces on the bubble, the unsteady drag
force acting on bubbles attributed to the asymmetric
growth of bubbles which is much greater than other
forces in a narrow rectangular channel U],

The component of this force is in the direction
normal to the heating surface, which makes the
bubble more inclined to attach on the nucleation site
and grow. The surface tension of the bubble is also
related to the pressure. Under low pressure, the
unsteady drag force and the surface tension are large,
both of which contribute to bubble grow at its
nucleation site for a long time. When under higher
pressure, the two forces are much smaller, which lead
to bubble departure from its nucleation site very
easily. If the bubble would detach from the heating
wall, then the evaporation rate at the bottom of the
bubble will be reduced, resulting in a decrease in
bubble diameter. Therefore, the bubble diameter will
decrease as the pressure increases.

4.2.2 The correlation to predict the mean diameter

The bubble behavior and mean diameter are driven
by the need to understand the physical phenomena
associated with subcooled flow boiling in narrow
channel under natural circulation. The model
proposed by Zeitoun 91 is widely used to predict the
average diameter of sliding bubbles in concentric
annual test section. In his analysis, a dimensionless
diameter form can be calculated by the following
equation:

1.326
Dave i 0.0683(p; / oy ) (10)

1.326
\/U/ g (P| - pv) 0.324 149.2(,0| /,DV)
Re t T 0487 L 16

The comparison between the correlation proposed by
Zeitoun and the present experimental data is shown
in Fig. 10. From this figure, it can be seen intuitively
that the value of average diameter predicted by
Zeitoun model is generally larger than the
experimental value. The reason is because his model
is assumed to be for vertical annular channel under
forced circulation  without considering the
characteristics of bubble behavior in narrow
rectangular channel under natural circulation.

In this study of the average bubble diameter, the
influences of thermal hydraulic parameters and
narrow rectangular channel are analyzed. And it was
found that the liquid subcooling, wall superheat,
pressure and the gap size of narrow channel are the
main influencing factors of mean bubble diameter,
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and it is assumed that the effects of these factors on
bubble diameter are independent.
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Fig. 10 Comparison between Zeitoun’s model and
experimental data.

Thus, the mean bubble diameter in narrow
rectangular channel can be expressed by the
following pure empirical correlation:

e
a b c df| ¢
Dave =k-Ja -Bo -Re -¢ (j

La
(11)
_ACp Bo- 0 pe= W

-
Ja f

where Cyi: liquid specific heat capacity in kJ/(kg-°C),
htg: latent heat of vaporization in kJ/kg, ATw : wall
superheat in K, G: mass flow rate in kg/s; g: heat flux,
in kW/m?, v: liquid velocity in m/s, v: kinematic
viscosity in m?/s, Tw, Ts : wall and fluid temperature
in K, respectively, ¢: the narrow gap width of
rectangular channel.

In the prediction correlation given by Eq. (11), we
introduce Ja to describe the influence of wall
superheat and pressure on the growth of bubbles. The
parameter Bo and Re are introduced here to reflect
the effect of liquid flow on bubble diameter. In fact,
the balance of the evaporation rate at the bubble
bottom microlayer and the condensation rate at the
bubble top determines the bubble growth. However,
the wall superheat and liquid subcooling change
simultaneously with the variation of operating
conditions.

It is difficult to study a single effect of wall superheat
or liquid subcooling on bubble diameter. Therefore,
the dimensionless parameter 6 is introduced to
consider the difference of wall superheat and liquid

subcooling simultaneously. The last term ¢/La in Eq.
(11) considers that the bubble growth is influenced by
the limitation of narrow rectangular channel.

La=Jo/ a(r — ) » and Lais the Laplace number.

With the method of multiple linear regression, the
bubble mean diameter in a narrow rectangular
channel under natural circulation condition can be

calculated as
-0.73318 _ -0.50145
- Bo

Dave ~1.0491x10° - Ja

-18.91624 (12)

R 150351 023428 [8)
La

Figure 11 shows the comparison between the
predicted values of bubble mean diameters and the
experimental values. The comparison results show
that the errors of most experimental data are less than
430%. Therefore, within the range of experimental
conditions, the calculated expression put forward in
Eqg. (12) can be used for the prediction of bubble
mean diameter.
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Fig. 11 Comparison between predicted values and
experimental values.
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Fig. 12 The relationship between sliding bubble mean velocity
and mean diameter.
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4.2.3 The correlation between sliding bubble mean
diameters and mean velocity

From the above research results, it can be seen that
the bubble diameter and bubble velocity have the
same changing trend with the change of thermal
parameters. So it is reasonable to assume that there is
a certain relation between the two bubble parameters.

The correlation between average bubble velocity and
diameter under different conditions is shown in Fig.
12. According to the analysis of the previous research
results and this figure, it can be seen intuitively that
the bubble mean velocity is linearly related to the
mean diameter. This phenomenon can be explained as
that the increased bubble diameter can result in a
larger drag force acting on the bubble which can
cause an acceleration of bubble velocity. In addition,
during the shooting time of 0.2 ms, the mass flow
rate in the test section does not change. With
increasing bubble diameter, the cross section average
density start to decrease. Then the liquid flow
velocity increases, resulting in an increase of bubble
velocity.

4.2.4 The phenomenon of bubble oscillation

When the heat flux exceeds 200 kW/m? and the inlet
liquid subcooling is 40 K, almost all the bubbles are
observed to oscillate in the channel. The vibrations of
the average bubble diameter and velocity over time
are shown in Fig. 13. The value of each point in the
graph represents the average of all the captured
bubbles in 10 continuous frames. It can be seen from
Fig. 13 (a) and (b) that the phase difference of bubble
diameter and velocity is so little that it can be
neglected. So the bubble parameters oscillate almost
simultaneously, and its frequency is fairly regular
about 10 Hz.

This phenomenon can be explained as the larger of
heat flux, the more intense of boiling is, which will
lead to decreases of density in the test section,
resulting in an increase of density difference between
riser and down-comer in experimental loop. It will
increase the driving force of natural circulation, and
finally the increases of mass flow rate. As boiling
heat transfer increases with the increase in mass flow
rate, the wall superheat decreases, the evaporation
rate at the bubble bottom decreases.
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Fig. 13 The characteristic of bubble oscillation.

Those result in a decrease in bubble diameters.
According to the previous analysis, there is a good
linear relationship between the bubble velocity and
the bubble diameter, so the bubble velocity changes
synchronously. Comparison of Fig. 13 (a) and (b) can
be concluded that as the amplitude increases with the
increasing height in the channel when the other
experimental conditions are the same. That is because
under the same inlet thermal parameters, the boiling
is more intense along the test section, which leads to
the phenomenon above more obviously.
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5 Conclusions

In this paper the visualization experiment was
conducted to observe the characteristics of bubble
behavior in subcooled flow boiling in a narrow
rectangular channel under natural circulation. A
high-speed digital camera was used to record the
bubble behaviors, and bubble parameters were
obtained through a series of image processing
methods. Relevant thermal hydraulic parameters
were collected by data acquisition system
synchronously. In the research the following
conclusions can be drawn:

1) The sliding bubble diameter and velocity
approximately follow lognormal distribution and
normal distribution, respectively. The standard
deviations and maximum values increase along
the flow direction and crease with increasing heat
flux and decreasing inlet subcooling.

2) The mean diameter of sliding bubbles continues
to decrease with increasing inlet subcooling and
system pressure, and the bubble average velocity
is linearly related to the average diameter under
experimental conditions. After considering the
main influencing factors of bubble diameters
comprehensively, a model to predict the sliding
bubble mean diameter was proposed.

3) When inlet liquid subcooling is 40K and heat
flux exceeds about 200 kW/m?, it can be found
that bubble diameters and velocities oscillate
synchronously in a narrow channel under natural
circulation.

Nomenclature

bubble diameter, m
temperature, °C

height, m

shooting area, m?

width of the channel, m

length of the channel, m
pressure, Pa

mass flow, kg/m? s

liquid specific heat transfer, J/kg K
latent heat of vaporization, J/kg
time, s

bubble velocity, m/s

heat flux, kW/m?

number of frames

number of bubbles

O Ur=swvwI-—-0

>0
g L

>S5 3o < -

k  heat conductivity coefficient, W/m K
Re Reynolds number

Ja Jakob number

Bo Boiling number

La Laplace number

Greek symbols

o uncertainty
0 thickness of heating plate
6  dimensionless parameter
v kinematic viscosity
p  density
& narrow gap size of channel
o surface tension coefficient
Subscripts
ave average value
tot total
in inlet
out outlet
| liquid
v vapor
sub subcooling
b  bubble
wall

e equivalent
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