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a b s t r a c t

Experiments are conducted to study bubble flow behavior during the instability of subcooled boiling
under uniform and non-uniform transverse heating. The non-uniform heat distribution introduces non-
uniform bubble generation and condensation rates on the heated surface, which is different from the
uniform heating. These bubble generation and condensation characteristics introduce a non-uniform
local pressure distribution in the transverse direction, which creates an extra non-uniform pressure
on the flowing bubbles. Therefore, different bubble flow behavior can be observed between uniform and
non-uniform heating conditions. In the uniform heating, bubble velocity fluctuations are low, and the
bubbles travel straight along the axial direction. In the non-uniform heating, more fluctuation in the
bubble velocity occurs at low mass flow rate and high subcooled inlet temperatures, and reverse flow is
observed. Additionally, the bubbles show a zigzag trajectory when they pass through the channel, which
indicates the existence of cross flow in the transverse direction.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Two-phase flow is a very complex physical phenomenon that
exists in many engineering compound systems, such as nuclear
reactors, compact heat exchangers, steam generators, micro-
electronic channels, and others. It is necessary to find out the
thermophysical interactions between liquid and vapor phases,
which can improve the integrity and safety of these complicated
two-phase flow systems [1]. Because bubble behavior can
significantly influence the heat transfer enhancement of sub-
cooled flow boiling, investigations on bubble behavior are
important [2]. In particular, bubble generation is a local phe-
nomenon that depends on the heat flux distribution [3]. Areas
that are exposed to higher heat flux will initiate bubble nucle-
ation before low heat flux areas [4]. This action can be found in
systems that operate under non-uniform heat distribution; such
as nuclear reactors, whereas the power is non-uniformly
distributed along the axial and transverse direction. On the
other hand, the bubble flow behavior can affect the mass flow
rate and pressure distribution and will be different between
by Elsevier Korea LLC. This is an
uniform and non-uniform heating conditions [5]. The incipience
of subcooled boiling greatly depends on the operating conditions,
which has a feedback effect on the bubble flow behavior [6].

Theoretically, bubble behavior can be divided into four com-
ponents: vertical motion, horizontal motion, rotational motion,
and bubble deformation [7]. The bubble flow behavior can be
identified by recording the traveling location, bubble velocity,
bubble interactions, and void fraction as a function of time. Most
researchers used high-speed cameras to observe the bubble flow
behavior and its influence on the surrounding liquid. By using a
high-speed camera, Abdelmessih et al. recognized the effect of
liquid velocity on bubble growth and collapse, in which the bubble
diameter and lifetime reduced with increasing liquid flow velocity
[8]. In 1992, Grienberger suggested that bubble coalescence
greatly depends on the bubble collision frequency, which is
affected by hydrodynamic parameters such as the bulk flow ve-
locity and slip ratio [9].

When large bubbles flow through a narrow rectangular chan-
nel, they assume a donut shape. Several research papers studied
the motion of small and large flattened air bubbles that were
injected into a narrow rectangular channel [10]. The path of air
bubbles that flow in a viscous fluid inside a narrow rectangular
channel changes from a straight path to a zigzag path at lower
mass flow rates and/or higher air bubble velocity and size [11].
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Nomenclature

A Area [m2]
Ab Bubble area fraction [m2]
cp Specific heat [J/(kg$K)]
Deq Equivalent diameter [m]
f Pixel-meter conversion factor [�]
h Channel thickness [m]
hin Inlet enthalpy [J/kg]
IMB Inverse of the modified boiling number ¼ hin _m= Qth

[�]
k Thermal conductivity [W/(m$K)]
_m Mass flow rate [kg/s]
Q Power [W]
q} Heat flux [W/m2]
R Uncertainty [�]
T Temperature [�C]
t Distance [m]
Vb Bubble volume [m3]

Vsection Volume of section [m3]
x Distance [m]

Greek symbols
a Volume fraction[%]/Advancing contact angle

[degree]/Thermal diffusivity [m2/s]
D Difference [�]

Subscripts
h Heated
in Inlet
loc Local
out Outlet
sat Saturation
sub Subcooled
TC Thermocouple
th Thermal
w Wall
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Meanwhile, vortices that form behind bubbles can explain the
oscillating motion of the bubbles [12]. The vortices in the wake
influence the heated surfaces because they help transfer heated
liquid away from the surface and allow cooler liquid to replace it,
which enhances the heat transfer coefficient [13]. In 1998,
Thorncroft et al. found that bubbles slide on the heated surface
Table 1
Operation conditions of subcooled flow instability experiments.

No. Mass flowrate [kg/s] Inlet temperature [oC]

1 0.010 35
2 0.03 35
3 0.03 40
4 0.03 50
5 0.03 65
6 0.04 40
7 0.04 50
8 0.04 60
9 0.04 65
10 0.06 35
11 0.06 50
12 0.06 60
13 0.06 65
14 0.065 35
15 0.008 35
16 0.013 40
17 0.021 50
18 0.026 60
19 0.050 85
20 0.080 40
21 0.041 60
22 0.028 40
23 0.032 50
24 0.053 65
25 0.033 51
26 0.053 65
27 0.036 65
28 0.043 40
30 0.051 50
31 0.065 65
during upward flow without lifting off [14]. These authors sug-
gested that bubble sliding has a very large contribution to the heat
transfer capability. In 2009, Hollingsworth et al. mentioned that
the main reason for the enhancement of heat transfer during
bubble sliding is the mixing of cooled liquid inside the wake, and
the increasing thermal conductivity of the thin film beneath the
Thermal power [kW] Remarks

2.70 Const. mass flowrate
3.12 Const. mass flowrate
2.74 Const. mass flowrate
2.63 Const. mass flowrate
1.93 Const. mass flowrate
3.55 Const. mass flowrate
3.37 Const. mass flowrate
3.05 Const. mass flowrate
2.96 Const. mass flowrate
5.03 Const. mass flowrate
4.58 Const. mass flowrate
3.98 Const. mass flowrate
3.57 Const. mass flowrate
5.68 Const. mass flowrate
2.0 Const. Power
2.0 Const. Power
2.0 Const. Power
2.0 Const. Power
2.0 Const. Power
2.70 Const. Power
2.71 Const. Power
2.98 Const. Power
2.94 Const. Power
2.95 Const. Power
3.05 Const. Power
3.05 Const. Power
3.10 Const. Power
3.61 Const. Power
3.65 Const. Power
3.58 Const. Power



Fig. 1. Flow boiling experimental facility.
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bubbles has no significant effect [15]. In 2011, Ozer et al. agreed
with others that bubble sliding on heated surfaces improves the
heat transfer capability more than an increase in nucleation sites
[16]. Meanwhile, sliding improves the mixing and creation of thin
liquid layers beneath bubbles.

The flow operation conditions can significantly affect the
bubble flow behavior. For instance, bubbles usually slide
smoothly after detaching from heated surfaces at lower degrees
of subcooling [17]. Yuan et al. studied bubble behavior at high
degrees of subcooling and different system pressures through a
vertical narrow rectangular channel [18]. The system pressure
affects the growth rate, detachment frequency, and diameter of
bubbles. Additionally, the bubble growth rate will affect the
sliding velocity and trajectory. At high growth rates, the bubble
velocity is lower than the liquid velocity but then becomes
higher than the liquid velocity because of the buoyancy effect. In
2013, Gao et al. experimentally investigated the characteristics of
bubble flow behavior in a subcooled narrow rectangular channel
under flow-instability conditions [19]. These authors observed
that the bubbles collapsed without sliding near the nucleation
sites under higher degrees of subcooled bulk temperature and
higher mass flow rates. Bubble behavior under flow instability
also has many special characteristics. Recently, Yuan et al. visu-
ally investigated the bubble behavior in a narrow rectangular
channel [2]. These authors discussed bubble growth, sliding, and
coalescence at high pressure. The bubbles continually slide along
the heated surface with low growth rate. From the above liter-
ature, the bubble flow behavior is mainly influenced by the heat
flux, bulk flow velocity, and degree of subcooling.

Most related research focused on the inspection of air bubble
flow behavior, and very little debate has been conducted on
condensable vapor bubbles, particularly under flow instability
operation conditions. To the authors’ knowledge, the influence of
the heat flux distribution on the vapor bubble behavior during
flow instability has not been addressed yet, and no vapor bubble
behavior under non-uniform transverse heat flux can be found in
the current available literature. Hence, this paper will be the first
experimental research that investigates the physical phenomena
of bubble flow behavior under uniform and non-uniform trans-
verse heat distribution during flow instability conditions. This
research is performed by recording the movements of bubbles
with a high-speed camera. The vapor bubble flow behavior,
including the bubble trajectories, bubble velocity, traveling dis-
tance, and bubble fluctuations as a function of time, is reported
in this research work. Because bubbles flow differently under
various operating conditions, this paper discusses the variations
in bubble flow behavior between uniform and non-uniform
heating cases at high mass flow rate, low mass flow rate, high
degree of subcooling, low degree of subcooling, and different
applied heat fluxes. This work focuses on the differences in
bubble velocity and trajectory instability through a one-side
heated narrow rectangular channel. The experimental results
demonstrate that an approximately zigzag path can be observed
only under non-uniform heating because of the different trans-
verse pressure distribution.
2. Experimental setup

A series of experiments were conducted under atmospheric
pressure to explore the bubble behaviors during subcooled flow



Fig. 2. Experimental test section: (a) uniform heating and (b) non-uniform heating.

Fig. 3. Heat flux and wall temperature distribution for the two test sections (Tin ¼ 40oC,G ¼ 629kg=m2s and Qth ¼ 2:70kW ).
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Fig. 4. Image processing: (a) original image, (b) contrasted image, (c) binary image (B/W), (d) complemented image, (e) holes filed image, and (f) final binary image.

Fig. 5. Reference scale from image processing calibration.
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boiling through a narrow rectangular channel. A wide range of
operating conditions, including mass flow rates (0.03e0.13 kg/s),
inlet temperatures (35e65�C), and thermal power (500e6,250 W),
were applied to the experimental test sections under both uniform
and non-uniform heating to better understand the bubble pa-
rameters. Table 1 summaries the operation conditions whereas the
Flow Instability is observed. The experiments are performed in
two different procedures; the mass flowrate remains constant and
the power increasing slowly until the flow instability occurs. In the
second procedures, the power is kept constant and the mass
flowrate reduces slowly until the flow instability occurs. The
applied range of thermal power will introduce different range of
heat fluxes. For the uniform heating test section, the applied heat
flux ranging from 33 to 416 kW/m2. For the non-uniform heating
test section, the low heat fluxes areas that are located at the
middle of the heated surface are ranging from 20 to 290 kW/m2,
and it will be from 50 to 625 kW/m2 for the high heat fluxes areas,
which are located near the edges. Additional details regarding the
experimental facility (uncertainty analysis, visualization tech-
nique, and experimental procedures) were reported in our previ-
ous studies [20,21]. A schematic diagram of the flow boiling
experimental facility is shown in Fig. 1. The experimental loop
comprises a test section, preheater, flowmeter, heat exchanger,
main and supply pumps, water reservoir with condensing tank,
data acquisition system, pressure transmitter, pressure trans-
ducers, and thermocouples (TC).
2.1. Test section

The experiments were conducted in two test sections: uni-
formly and non-uniformly heated sections. The thickness, width,
and length of the flow channels of the two test sections were
2.35 � 54 � 566 mm, respectively. The flow channels were heated
on one side across an area of 50 � 300 mm, and the opposite side
had a polycarbonate window to directly observe the bubble be-
haviors on the heated surface. The only difference between the two
test sections was the 1� 30mm air gap in the non-uniform heating
test section, as shown in Fig. 2. The primary objective of this air gap



Fig. 6. Image sequence of bubble generation and condensation under uniform heating conditions.

Fig. 7. Void fraction distribution as a function of time under uniform heating conditions.
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Fig. 8. The observation of liquid flow velocity and direction.
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was to prevent heat flow towards the center region, which resulted
in greater heat transfer into the edge regions, as illustrated in Fig. 3.
The figure shows local heat flux and temperature distribution in the
transverse direction for both test sections under the same opera-
tion conditions. A CFX simulation results are added to the figure in
order to display the transverse power distribution between the
three experimental measurement points in the transverse direc-
tion. For both test sections, the wall temperature was measured by
K-type thermocouples, which were distributed along the axial and
transverse directions. In the non-uniformly heated section, double
thermocouples were inserted through the heated block to calculate
the local heat flux by using the one-dimensional conduction
equation:

q}loc ¼
k
x
DT (1)

where q}loc is the local heat flux, DTD is the temperature difference
between the double TCs, x is the distance between the double TCs
(2 mm), and k is the thermal conductivity of the aluminum block
(~205 W/(m∙K)). However, the exposed heat flux into the uniform
heated test section was calculated directly from the total imposed
thermal power divided by the total heated area:

q}¼
�
Qth
Ah

�
¼
�

_mcpðTout � TinÞ
Ah

�
(2)

where _m is the mass flow rate, Cp is the coolant specific heat, Tin is
the coolant inlet temperature, and Tout is the coolant outlet tem-
perature. The one-dimensional conduction equation was used to
estimate the surface temperature based on the measured
temperature:

Tw¼ TTC � q}t
k

(3)

where Tw is the wall temperature on the flow side, TTC is the
measured temperature from the TCs, t is the distance between the
TCs and the wall (1.2 mm), and k is the thermal conductivity of the
aluminum block (~205 W/(m∙K)).
Fig. 9. Instantaneous bubble flow velocity compared to the average liquid velocity
under uniform heating conditions: (a) _m ¼ 0:06 kg/s, Tin ¼ 65 oC, Qth ¼ 3:57 kW; (b)
_m ¼ 0:065 kg/s, Tin ¼ 35 oC, Qth ¼ 5:68 kW; and (c) _m ¼ 0:032 kg/s, Tin ¼ 50 oC, Qth ¼
2:94 kW .



Fig. 10. Bubble velocity standard deviation under uniform heating conditions.
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2.2. Image processing

A high-speed camera (Phantom Miro-EX4) was used to visu-
alize the bubble flow behavior during the instability of subcooled
flow boiling. The camera resolution was 512 � 512 pixels for the
uniform heating case, and 800 � 600 for the non-uniform
heating case at rate of 1,200 fps, which is around five times of
bubble departure frequency during the flow instability condi-
tions [21]. Image processing was performed with the free ImageJ
software to evaluate the flow velocity, direction, and flow path of
bubbles. A 2000-image sequence was analyzed for each case. All
the images were scrolled manually one-by-one to track the
bubble parameters accurately with time. MATLAB image pro-
cessing toolbox was used to determine the void fraction and
bubble diameters. The original image was uploaded to the code
in gray, as shown in Fig. 4(a). The contrast level was then
changed to make the bubbles clearer, as shown in Fig. 4(b). The
image was converted to a binary image (B/W), as shown in
Fig. 4(c), and the complementary image was computed, as shown
in Fig. 4(d). The holes in the B/W image were filled with white
pixels, as shown in Fig. 4(e). Each white pixel indicates the ex-
istence of a bubble (gas). Finally, noise was removed from the
binary image, as shown in Fig. 4(f). The properties of the image
were measured by using the final processed binary image. The
equivalent diameter of each region in the image was calculated
as follows:

Deq ¼ f
�
4A
p

�0:5
(4)

where A is the area of the region (bubbles), which is the number of
pixels, and f is the pixel-meter conversion factor. This equivalent
diameter was considered the bubble diameter in the region. Bub-
bles were assumed to be spherical if the diameter was smaller than
the channel thickness h and donut-shaped if the diameter was
greater than h. Therefore, the bubble volume was calculated as
follows:

Vb ¼
4
3
p

�
Deq

2

�3
Deq �h (5)

Vb ¼p

�
Deq

2

�2
�hDeq > h

The void fraction awas calculated by dividing the summation of
the bubble volumes by the total volume of that section (Vsection ¼
f � resolution size � hÞ:

a¼
P

Vb

Vsection
(6)
2.3. Uncertainty analysis

The uncertainties associated with the experimental parameters,
such as; geometry parameters, measured parameters, and derived
parameters, were reported in our previous study [20]. However, the
uncertainty associated with the bubble diameter, bubble velocity,
and void fraction will be discussed in this section. Several un-
certainties are existing during the measurements of bubble diam-
eter and void fraction; camera resolution, the bubble size, the
distance between the high-speed camera (HSC) and the observed
objective, and the image processing technique. The observation
view of HSC is 25 Х 25 mm for the uniform heating case, and 50 Х
37.5 mm for the non-uniform heating case. Thus, 1 pixel equals
0.0488 mm and 0.0625 mm for uniform and non-uniform test
section, respectively. The bubble size was measured by counting
the number of white pixels that shown in Fig. 4(f). A reference scale
was placed on the observation window to provide guidance of the
measurements, as shown in Fig. 5. The actual dimension of the
reference scale is 5 mm, which corresponds to 102.4 and 80 pixels,



Fig. 11. Integrated bubble flow velocity under uniform heating conditions: (a) _m ¼
0:06 kg/s, Tin ¼ 65 oC, Qth ¼ 3:57 kW; (b) _m ¼ 0:065 kg/s, Tin ¼ 35 oC, Qth ¼
5:68 kW; and (c) _m ¼ 0:032 kg/s, Tin ¼ 50 oC, Qth ¼ 2:94 kW . Fig. 12. Trajectories of individual bubbles under uniform heating conditions: (a)

_m ¼ 0:06 kg/s, Tin ¼ 65 oC, Qth ¼ 3:57 kW; (b) _m ¼ 0:065 kg/s, Tin ¼ 35 oC, Qth ¼
5:68 kW; and (c) _m ¼ 0:032 kg/s, Tin ¼ 50 oC, Qth ¼ 2:94 kW .
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for uniform and non-uniform test section, respectively. The
captured images were not very clear, and the reference scale and
bubble diameters can be obtained within an error of ±1 pixels. The
image processing was performed manually to obtain higher accu-
racy. During the image processing, the bubbles that have a size of 10
pixels were eliminating. The uncertainty analysis is performed
using Moffat model [22];



Fig. 13. Standard deviation of the bubble transverse location under uniform heating conditions.

Fig. 14. Bubble flow behavior under low IMB numbers: _m ¼ 0:01 kg/s, Tin ¼ 35 oC, Qth ¼ 2:7 kW .
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Fig. 15. Bubble flow behavior under intermediate IMB numbers: _m ¼ 0:036 kg/s, Tin ¼ 65 oC, Qth ¼ 3:1 kW .
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dR¼
 Xn

i¼1

�
vR
vXi

dXi

�2
!1

2

(7)

where dR is the uncertainty result of the dependent variable, R is
the result of a calculation based on one ormoremeasurements, Xi is
the i th independent variable, dXi is the uncertainty of i th variable,
and n is the number of the independent variables. The bubble
volume is calculating in two different ways that depending on the
diameter, as explained in Eq. (5). On the average, the uncertainty of
2 mmbubble diameter will be around 2.4%. Thus, the uncertainty of
bubble volume will be ~5.9% and 4.12%, if the bubble diameter
smaller than the channel thickness and larger than the channel
thickness, respectively. Thus, the uncertainty of the void fraction is
6.2% and 4.66% from its values, respectively.
3. Results and discussion

With the help of a high-speed camera, the bubble flow
behavior was recorded when subcooled flow instability occurred
through a narrow rectangular channel. The results focused on the
investigation of bubble flow velocity, velocity fluctuation, and
trajectory as a function of time under flow instability. The bubble
flow velocity as a function of time was calculated by following the
path of its centroid with time. The results explain the different
bubble flow behaviors between uniform and non-uniform heating
conditions. Typically, thermal hydraulic systems require low mass
flow rates to achieve flow instability as the heat deposited power
decreases and/or the degree of subcooling increases. In contrast,
flow instability occurs at higher mass flow rates once the depos-
ited power increases and/or the degree of subcooling decreases.
To include the combined effects of the operating conditions, de-
gree of subcooling, applied thermal power, and mass flow rate, we
introduced a non-dimensional number, namely, the Inverse of

Modified Boiling number (IMB ¼ hin _m
Qth

). This number represents the

ratio between the total thermal power of the coolant at the inlet to
the imposed applied power into the coolant. The IMB number can
explain the differences in bubble flow behavior through the test



Fig. 16. Bubble flow behavior under high IMB numbers: _m ¼ 0:05 kg/s, Tin ¼ 85 oC, Qth ¼ 2:0 kW .
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section at different heat flux distribution.
3.1. Uniform heating conditions

Bubble images under uniform heating are shown in Fig. 6. This
figure shows that the bubbles appeared and then disappeared on
the heated surface with a certain frequency, which depended on
the operating conditions (IMB number). The bubbles were
generated uniformly on the heated surface. The behavior of the
bubbles can explain the actions of the instantaneous void frac-
tion, which is illustrated in Fig. 7. The time dependent void
fraction fluctuated in period at a certain frequency as the bubble
generation frequency. While the bubbles generated and coa-
lesced during flow instability, stagnant flow and/or reversed flow
were observed. When large bubbles condensed, the flow direc-
tion and velocity were recovered. The high mass flowrate case
has shorter period than the low mass flowrate one. Because the
bubble flow velocity will be higher at larger mass flowrate. Thus,
at higher mass flowrates, the image sequence that is required to
scan a specific number of bubbles (~200) is smaller than the one
under lower mass flowrates. The liquid flow direction and ve-
locity were observed from the behavior of some small bubbles
that floated in the core of the heated channel, as shown in Fig. 8.
Thus, the instantaneous bubble flow velocity fluctuated at a
specific frequency depending on the operating conditions, as
shown in Fig. 9. This figure shows the bubble flow velocity
compared to the average liquid velocity. The bubble flow velocity
increased and decreased during generation and condensation,
respectively. This velocity fluctuation occurred because of the
bubbles’ effect on each other. When large bubbles formed, they



Fig. 17. Void fraction distribution as a function of time under non-uniform heating conditions: (a) _m ¼ 0:01 kg/s, Tin ¼ 35 oC, Qth ¼ 2:7 kW; (b) _m ¼ 0:036 kg/s, Tin ¼ 65 oC, Qth ¼
3:1 kW; and (c) _m ¼ 0:05 kg/s, Tin ¼ 85 oC, Qth ¼ 2:0 kW .

Fig. 18. Frequency of bubble dwelling through the non-uniform heated channel.
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Fig. 19. Instantaneous bubble flow velocity compared to the average liquid velocity
under non-uniform heating conditions: (a) _m ¼ 0:01 kg/s, Tin ¼ 35 oC, Qth ¼ 2:7 kW;
(b) _m ¼ 0:036 kg/s, Tin ¼ 65 oC, Qth ¼ 3:1 kW; and (c) _m ¼ 0:05 kg/s, Tin ¼ 85 oC,
Qth ¼ 2:0 kW .
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introduced extra pressure forces on the surrounding liquid,
which in turns affected the bubble flow through the channel.
Each individual bubble was affected by different pressure forces
depending on its location in the flowing channel. The amplitude
of the bubble velocity fluctuation reduced when the inlet mass
flow rate increased and/or degree of inlet subcooling tempera-
ture decreased. The standard deviation of the bubble flow ve-
locity is illustrated in Fig. 10. This figure shows the dispersion of
bubble velocity from its average value. The larger standard de-
viation represents the higher fluctuations of bubble velocity.

The vertical location of the bubble centroids as a function of
time was compared to the integrated liquid position in Fig. 11. For
each case, the average bubble diameter has been calculated using
MATLAB image processing. More than 50 bubbles have been
tracked in sequence, and the average travel path of those bubbles
is illustrative in Fig. 11. The wavy line represents the integrated
bubble velocity, and the integrated liquid velocity is represented
by a straight line. The average bubble and liquid velocities can be
approximated by using the slopes of these lines. As shown in
Fig. 11, the bubbles traveled faster than the liquid because of the
buoyancy effect. However, the traveling distance between the
bubbles and liquid increased once the mass flow rate decreased
because the buoyancy force had more influence on the bubble
flow at low mass flow rate. Although the bubble flow velocity
fluctuated, the bubble traveling distance with time always
increased. The typical trajectories of the traveling bubbles
through the uniformly heated test section are shown in Fig. 12.
Regardless of the operating conditions, all the bubbles followed a
straight vertical path. Under uniform heating, the bubbles uni-
formly generated on the heated surface, introducing uniform
transverse interaction forces on the surrounding liquid. Because
of the uniform distribution of the bubbles, the extra pressure
forces from bubble generation were uniformly created along the
transverse direction, which prevented cross flow through the test
section. This behavior can be explained from Fig. 13. The standard
deviation of the bubbles’ transverse location was very low, which
means that the bubbles traveled along straight trajectories even
though the IMB number increased.

3.2. Non-uniform heating conditions

Unlike the uniform heating case, more interesting behavior
was observed under non-uniform heating, where the bubbles
followed a different trajectory after changing the operating
conditions. The bubbles flowed differently at different IMB
numbers under non-uniform heating. The bubbles formed closer
to the edges than the center region. Fig. 14 shows the bubble
generation actions on the non-uniformly heated surface for a
mass flow rate of 0.01 kg/s, inlet temperature of 35 �C, and
deposited thermal power of 2.7 kW. First, the bubbles generated
and merged on the left edge, whereas the liquid and small
bubbles traveled backwards with short periods of reverse flow.
As large bubbles coalesced near the left edge, the flow direction
could be recovered with higher bubble and liquid velocity.
However, cross flow was observed because of imbalanced bubble
generation and condensation. Afterwards, bubbles did not
generate and small bubbles stagnated on the heated surface.
Second, bubbles formed and concentrated near the right edge,
and similar bubbling action was observed with a different flow
direction. This phenomenon was repeatable during flow insta-
bility with a low IMB number, low mass flow rate, low heat flux,
and high degree of subcooling. However, under intermediate IMB
numbers (lower degree of subcooled inlet temperature and
higher power and mass flow rate), the separation period in the
bubble existence at the left and edge sides reduced. Additionally,
the stagnated and non-generated bubble period was shortened,
as illustrated in Fig. 15. Although bubbles were always concen-
trated around the edges, performing the experiments with a
relatively high IMB number (very low degree of subcooled inlet
temperature, high mass flow rate, and low thermal power) pro-
duced new behaviors. Bubbles generated and condensed, which
caused the bubbles to flow very smoothly through the non-
uniformly heated channel, as shown in Fig. 16.

Intensive image processing was performed to explain this
unique bubble flow behavior. Starting from the void fraction
analysis, the time dependent void fraction showed different



Fig. 20. Illustration of the reverse flow of bubbles under non-uniform heating conditions.

Fig. 21. Variation in the bubble flow velocity at different IMB numbers.
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trends under various operating conditions, which is shown in
Fig. 17. The void fraction fluctuated with time at different fre-
quencies depending on the operating conditions. At low IMB
numbers, bubbles appeared on the heated surface for a short
time, and the appearance frequency rose as the IMB number
increased, as shown in Fig. 18. This behavior reflects bubble
generation and condensation on the heated surface. For instance,
at high IMB numbers (Fig. 16), bubbles always existed on the



Fig. 22. Bubble velocity standard deviation under non-uniform heating conditions.
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heated surface, and the amplitude of the void fraction fluctuation
was lower compared to the cases with low and intermediate IMB
numbers. This time dependent void fraction exhibited various
trends based on the flow instability conditions.

The bubble velocities were obtained by visualizing the flow-
ing bubbles. Fig. 19 represents the velocity of traveling bubbles at
the center and edge regions compared to the liquid average ve-
locity. Similarly, the bubble flow velocity exhibited various trends
at different IMB numbers. When comparing Fig. 19(a) and (c), the
amplitude of the bubble flow velocity fluctuation reduced with
the IMB number. At low IMB numbers (low mass flow rate, high
degree of subcooling, and low deposited thermal power), the
amplitude of the bubble flow velocity changed with time. It is
rising with high maximum of bubble velocity, and reverse flow
occurred during this period. Afterwards, the amplitude of the
bubble velocity fluctuation reduced, which revealed some stabile
sliding bubbles for a short period, and reverse flow was recov-
ered. This behavior was associated with the generation and
merging of large bubbles at the edges, including between the left
and right edges. The reverse bubble flow could be explained by
the same phenomenon. Reverse flow occurs more frequently at
low mass flow rate, high thermal power, and high degree of
subcooled inlet temperature. Fig. 20 illustrates this reverse flow
phenomenon, in which the bubbles traveled forwards then
backwards. At high IMB numbers, the bubbles flowed similarly to
a non-condensable gas, in which the bubbles always dwelled on
the heated surface. Therefore, the bubble velocity fluctuated with
low amplitude, and the minimum bubble velocity was always
higher than the average liquid velocity, as shown in Fig. 21. This
figure shows the minimum and maximum bubble traveling ve-
locity in the center and edge regions. At low IMB numbers, high
variance was observed between the minimum and maximum
velocities, and this variance was higher for bubbles that flowed
near the edges than those that flowed near the center region. As
the IMB number increased, the variance decreased and the
bubble velocities in the center and edge regions became similar.
The standard deviation of the instantaneous bubble flow velocity
is represented in Fig. 22. The standard deviation decreased with
the IMB number, which means that the bubbles flowed in narrow
velocity ranges. The variation in the bubble velocity around the
center region was less than that around the edges because the
high bubble concentrations around the edges created more in-
teractions with surrounding bubbles and liquid.

The vertical location of the traveling bubble centroids as a
function of time is compared to the integrated liquid position in
Fig. 23. Unlike the uniform heating case, the non-uniform heating
case exhibited different paths for the bubble traveling distance
under different operating conditions. Typically, the bubbles trav-
eled faster than the liquid because of the buoyancy effect. However,
the traveling distance between bubbles that generated around the
edges and those that generated around the center increased once
the mass flow rate decreased. As shown in Fig. 23(a), the bubbles
moved upward and sometimes stagnated and/or moved down-
wards at low IMB numbers. However, the bubbles near the edge
and center always traveled upwards with almost constant velocity
at high IMB numbers.

We plotted the bubble traveling path in the axial direction at
different transverse locations, as shown in Fig. 24. At low IMB
numbers, cross flow in the transverse direction was observed.
This behavior was related to the influence of a transverse pres-
sure distribution. The high frequency of bubble generation and
condensation near the edges introduced a non-uniform local
pressure distribution that influenced the cross flow of bubbles. At
low mass flow rate, the inertia force was minimal, so the bubbles
could easily be affected by the extra pressure forces that were
created during bubble generation and condensation. The bubble
traveling paths changed from a highly wavy path at low IMB
numbers to a straight path at higher IMB numbers. On the other
hand, the bubbles that generated around the center region were
relatively influenced by large bubbles at the right and left edges.
Thus, the variance of their transverse location was higher than
that of the bubbles at the edge, as shown in Fig. 25. Because the
bubbles mostly traveled in a straight path at high IMB numbers,
the standard deviation of the transverse location was minimal for
the edge and center bubbles. In particular, the inertia force was
more dominant than the extra pressure forces that were intro-
duced during bubble generation and condensation at higher
mass flow rate.



Fig. 23. Integrated bubble flow velocity under non-uniform heating conditions: (a)
_m ¼ 0:01 kg/s, Tin ¼ 35 oC, Qth ¼ 2:7 kW; (b) _m ¼ 0:036 kg/s, Tin ¼ 65 oC, Qth ¼
3:1 kW; and (c) _m ¼ 0:05 kg/s, Tin ¼ 85 oC, Qth ¼ 2:0 kW .

Fig. 24. Trajectories of individual bubbles under non-uniform heating conditions: (a)
_m ¼ 0:01 kg/s, Tin ¼ 35 oC, Qth ¼ 2:7 kW; (b) _m ¼ 0:036 kg/s, Tin ¼ 65 oC, Qth ¼
3:1 kW; and (c) _m ¼ 0:05 kg/s, Tin ¼ 85 oC, Qth ¼ 2:0 kW .
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4. Conclusions

In the plate type fuel reactors, the heat flux is non-uniformly
distribution in the axial and transverse direction. During
abnormal operation conditions, the probability of bubble exis-
tence will increase. Thus, it is importance to explore the bubble
flow behavior under the non-uniform heating conditions, in
which the bubble existence has a direct influence on the thermal
hydraulics, and leads to large perturbations on the reactivity of
the reactor. Therefore, the bubble flow behavior through a nar-
row rectangular channel was experimentally investigated under
uniform and non-uniform heating. This study focused on the
variation in bubble flow behavior during subcooled flow insta-
bility. The bubble flow velocity and trajectory greatly depended
on the operating conditions, including the heat flux, mass flow
rate, and degree of subcooling. Although the bubble velocity al-
ways fluctuated, the bubbles attempted to become more stable in
the uniform heating case. On the other hand, the bubbles fol-
lowed an approximately straight path in the uniform heating
case. Under non-uniform heating, the bubbles moved in the axial
and transverse directions, or a zigzag motion, depending on the
total mass flow rate. Meanwhile, the bubbles exhibited similar
behavior to the uniform-heating case at higher mass flow rate
and a lower degree of subcooling. The amplitude of the bubble
velocity fluctuation was proportional to the transversal
displacement of the bubbles. High transverse displacement
created large fluctuations in the bubble flow velocity, such as in



Fig. 25. Standard deviation of the bubble transverse location under uniform heating conditions.
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the non-uniform heating cases, which had a low IMB number.
Conversely, the bubbles that traveled along a straight path had
small velocity fluctuations, such as in the uniform heating case
and the non-uniform heating case with a high IMB number.
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