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Bubble dynamics is important in flow boiling of minichannel, and ultrasonic field effects bubble behaviors.
However, flow boiling bubble movements in minichannels under ultrasonic field have received little research
attention and are still poorly understood. In this paper, the effects of ultrasonic field on bubble dynamics are
experimentally studied by capturing the bubble motion behaviors of the flow boiling bubbles. The ultrasonic
frequencies are set to 23, 28, 32, and 40 kHz. Bubble tracking algorithm, which studies the growth, trajectories,

velocities, and traveled distances for bubbles, is created to qualitatively describe bubble motion behavior of flow
boiling in minichannel. It is found that after the application of ultrasound, the detachment frequency, velocity,
and travel distance of the bubbles significantly increases, and the growth behavior and trajectory are extremely
complex, the two-phase gas-liquid flow is extremely unstable. The bubbles gain kinetic energy as the ultrasound
frequency increases. Finally, numerical simulations are used to quantitatively investigate the mechanism of
bubble motion in microchannels under ultrasonic fields.

1. Introduction

Many micro-scale thermal mass transport problems must be solved as
advanced engineering technologies such as microelectronic devices,
biochips, and high-power LED lights are developed. The heat generation
power of professional electronic devices, for example, is estimated to be
greater than 1000 W/cm? [1,2]. Flow boiling in microchannels is highly
efficient heat transfer form with enormous potential for thermal man-
agement of miniaturized electronic devices with high heat fluxes [3,4].
However, due to recent rapid increase in heat flux, microchannel flow
boiling systems require corresponding improvements to improve heat
transfer. Various heat transfer enhancement methods have been used to
improve efficiency, compactness, and reliability of flow boiling systems.

Since the 1960s, researchers have been increasingly interested in
ultrasound as a new and effective method of enhancing heat transfer
[5,6]. Wong and Chon [7] conducted experiments to investigate the
effects of ultrasonic vibrations on heat transfer by natural convection
and boiling. They discovered that ultrasound had a significant impact on
boiling heat transfer. The ultrasound effects on boiling heat transfer are
being studied for the first time. The use of ultrasonic field to improve
pool boiling heat transfer was demonstrated by Moehrle and Chung [8].
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They discovered that ultrasonic vibrations accelerated the detachment
of bubbles from a heated surface. The effect of a 40 kHz ultrasound field
on pool boiling heat transfer was studied by Liu et al [9], who discovered
that acoustic streaming not only increased fluid disturbance but also
accelerated the formation, growth, and detachment of bubbles. The ef-
fect of ultrasonic vibrations on two-phase flow in a microchannel was
investigated by Lu et al. [10]. The bubble velocity has a linear rela-
tionship with the ultrasound displacement amplitude and frequency, but
the acceleration amplitude has a nonlinear relationship with frequency.

The nucleation, growth, and detachment of bubbles are caused by
heat transfer generated by fluid flowing through heated wall [11,12]. As
a result, the vapor mass in volume decreases, and the saturation
boundary gradually expands in the fluid via conduction and convection,
eventually occupying the entire channel [13]. Qin et al. [14] studied the
flow field of deionized water and the growth behavior of bubbles at
nucleate boiling using a high-speed camera. The visualization results
showed that bubble growth is closely related to coolant flow velocity. Xu
et al. [15] studied air-water mixed flow regimes in microchannel. They
found that bubbly/slug flow produced bubble detachment in the im-
mediate vicinity of the expansion nozzle, and observed the abrupt
changes from annular flow to slug flow. Hoque et al. [16] used particle
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image velocimetry and kinetic energy spectrum to study the effect of
bubble size on kinetic energy distribution. They observed that turbulent
transport and pressure diffusion term had significant contributions in
the vicinity of the bubble surface. Gao et al. [17] employed high-speed
imaging to investigate bubble behavior, quantificationally analyzed
bubble flows generation interactions and qualitatively discussed the
special conjunct bubble behavior. Studying the bubble motion during
flow boiling is very important for understanding the heat transfer re-
gimes and will contribute to various engineering systems and applica-
tions, such as the cooling of electronic components [18,19], spacecraft
and aircraft thermal management [20], nuclear facilities [21],and air
conditioning and refrigeration [22].

As is well known, bubble motion behavior reflects heat exchanger
heat transfer efficiency. Furthermore, studying the bubble motion
behavior during flow boiling can help explain the flow boiling process.
Xu et al. [23] found that the fully developed turbulent gas-liquid slug
flow and slug translation velocity depended on the local maximum ve-
locity adjacent to the trailing edge of the Taylor bubbles in a long hor-
izontal pipe with an inner diameter of 51 mm. Many methods have been
employed to investigate the bubble velocity during flow boiling in
minichannels [24-28]. Pavlov et al. [24] used a high-speed camera to
trace the motion of a single bubble in a rectangular minichannel. They
found that the velocity of the bubble in the rising direction did not
follow the Poiseuille parabolic distribution and observed that wall re-
striction markedly disturbs the bubble wake. Kumar et al. [29] revealed
that bubble velocity was closely related to the acoustic streaming, fre-
quency, and sound intensity of the ultrasonic transducer. Kim et al. [30]
experimentally investigated the bubble motion behaviors induced by
acoustic streaming and found that they were a major reason for the heat
transfer enhancement during pool boiling. Some researchers employed
numerical simulations to investigate bubble motion behavior. Azadi
[31] studied the slug bubbles motion feature in a square minichannel.
The simulation results showed that the backflow region shrank with
increasing liquid flow rate and bubble velocity and a significant pressure
drop occurred in film flow when passing through the minimum film
area. Vivekanand et al. [32] carried out numerical simulations of the
effects of modulated wall motion on slug flow and heat transfer and
showed that it significantly improved heat transfer. Most of those nu-
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The objective of this study is to investigate bubble motion behavior
of flow boiling in minichannel heat sink with and without ultrasonic
field. The ultrasonic frequency is set as 23, 28, 32, and 40 kHz. Flow
visualization is carried to analyze dynamic behavior of bubbles in
minichannel. A new video analysis algorithm is proposed to inspect the
bubble movement features with and without ultrasonic field. This
exploratory study will help facilitate the application of ultrasonic fields
to flow boiling in micro/micro channel heat exchangers. Our study is
expected to video algorithms and inspiration for future investigations on
heat transfer during flow boiling.

2. Experiment setup
2.1. Experimental system

To clear bubble behavior of flow boiling in minichannel, we design
an experimental loop for the flow boiling experiments under ultrasonic
field. Fig. 1 demonstrates schematic diagram of the loop, which consists
of a working fluid circulation system, a visualization system, a data
acquisition system and an ultrasonic field system. R141b is set as the
working medium, and the physical properties are shown in Table 1. The
working medium is pumped from a reservoir tank and passed through an
overflow valve that spilt it into two streams. One stream return to the
reservoir and the other passes through a filter to prevent clogging the
flow circuit. The volumetric flow rate after injection into a thermostatic
water tank is measured using a rotor flowmeter. The preheated working
fluid enters the flow boiling experimental section, which is insulated
with insulating wool to prevent heat loss. The working fluid is further
heated and converts into a gas-liquid mixture in minichannel heat
exchanger section. The working fluid is ejected from the experimental
section and injected into the water chillers. After cooling, it returns to
the reservoir, bringing the cycle to a close.

Table 1
Physical properties of R141b.
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Fig. 1. Schematic diagram of experimental apparatus.
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2.2. Experimental minichannel section

The minichannel section is the central component of the experi-
mental system, and required precise manufacturing after overcoming
design. A structural diagram of the minichannel section is presented in
Fig. 2(a). The minichannel section comprises an aluminum alloy
pedestal, rectangular minichannel heat sink, ultrasonic transducer, high
borosilicate glass plate, heater plate, two sealing O-rings and cover
plate. The ultrasonic transducer is installed inside the inlet, and the
angle of the mounting bracket is adjusted from 0° to 90°. As shown in
Fig. 2b, the heat sink had 14 rectangular minichannels with length of
220 mm, width of 2 mm in, and height of 2 mm, and their dimensons is
shown in Table 2. 26 bolts hold the minichannel section together. To
prevent working fluid leakage, two sealing O-rings are used. The mini-
channel section is covered with a 20 mm thick high borosilicate glass
cover plate, which forms a rectangular heat sink and allows for flow
visualization.

Fig. 3a shows the thermocouple layout on the pedestal of the mini-
channel heat exchanger. The upper thermocouples (T;-T4, Tin and Toyr)
are placed 5 mm below the bottom wall of the minichannel, and the
lower thermocouples (Ts-Tg) are placed 19 mm below the upper ther-
mocouples. Thermocouples (Ti, and Tyyy) are placed 115 mm away from
the sides of the minichannel and connected to the inlet and outlet buffer
pools to measure the temperature of the working fluid at inlet and outlet.
Thermocouples (T;-T4) are inserted into the measurement opening to
obatin temperature of the minichannel heat sink. Thermocouples (T5-Tg)
are used to collect the temperature data from the heated part of the
bottom housing. Based on those data, the effective heat flux(qe) of the
minichannel heat sink is calculated by using the following Fourier heat
conduction equation:

dT ATu Tw_Tu
A= p ot T

L 1
4 dx H, H, M

where, ATyq is temperature difference between the upper and lower
temperature measuring points; Tqw and Ty, are the lower and upper
temperatures at the measurement opening; H,, is distance between the
upper and lower temperature measuring points, respectively, and 4 is the
heat conductivity coefficient of aluminum alloy (0.155 kW/(m-K)), as
shown in Fig. 3b.

The ultrasonic field is generated by a copper wire that is passed
through a dedicated opening and connected to the output terminal of the
ultrasound generator. As a result, the ultrasound acted directly on the
working fluid, generating ultrasonic field in minichannels. In order to
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Table 2
Minichannel section dimensions.
Wep (mm) Hep, (mm) & (mm) H,, (mm) Wy (mm) Len (mm)
2.0 2.0 0.2 19.5 100 220

measure the pressure variation in the working fluid, six HC3160-HVG4
pressure sensors (P1-Pg, shown in Fig. 4) are evenly distributed along the
axial direction on the other side of the minichannel heat sink. Pressure
sensors (P; and Py) are arranged at the inlet and outlet, respectively, to
measure the inlet and outlet pressure of the working fluid, while P3-Pg
are evenly spaced on the side of the minichannel heat sink, measuring
the pressure of the working fluid flowing through the minichannel.

2.3. Experimental procedure

The experiments are carried out at room temperature (23.5 °C) under
the following operational conditions: mass flux (G) 118.64-218.04 kg/
(mzos), heat flux (q) 10.23-56.51 kW/mz, inlet temperature
35.3-36.5 °C, absolute saturation pressure of minichannel section 152
+ 1 kPa, ultrasonic field frequency 23 kHz, 28 kHz, 32 kHz and 40 kHz,
and sound intensity (I) 12.5 W/ cmz, 25 W/ cmz, 37.5 W/cm? and 50 W/
cm?. The selection for the range of ultrasonic frequencies (between 23
and 40 kHz) is due to that the acoustic flow effect and cavitation effect
with enhanced heat transfer effect can be generated in low-frequency
ultrasound (20 ~ 100 kHz) [6,34]. First, inert gas (N») is injected into
the experimental system to clean the pipeline and check for any leaks.
Then the system is vacuumized by a vacuum pump to remove non-
condensable gases. Subsequently, the working fluid is poured into the
reservoir using a filling device. Before the experiments, the working
fluid is should be fully degassed by boiling in the reservoir for over than
an hour to remove possible dissolved gas. The working fluid from the
reservoir is then injected into the circulation loop by a magnetic pump.
The working fluid is separated into two circuits using the overflow valve:
the overflow working fluid in one circuit returned to the reservoir, while
the fluid in the other circuit passed through a filter, rotameter, and
preheated water tank, and once preheated, it entered the minichannel
section where it is subjected to flow boiling. Control valves are adopted
upstream and downstream in the experimental system to maintain the
absolute saturation pressure in the minichannel section at about 152 kPa
to ensure the constant saturation temperature of the working fluid. Next,
when the mass flux and outlet pressure gradually reach the expected
values, the water temperature in the thermostat tank is adjusted to

Cover plate

O-ring(fluororubber)
Glass

Mini channel

(®)

Fig. 2. Structural diagram of experimental minichannel section. (a) Experimental ultrasonic structure diagram, (b) Rectangular minichannel heat sink view.
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Fig. 4. Temperature and pressure sensor layouts.

achieve the required inlet temperature. Thereafter, the power supply to
the heater plate is switched on and adjusted to achieve the appropriate
heat flux using an autotransformer. Then, the required ultrasonic field
frequency and intensity are set. An Agilent data logger is used to collect
the temperature and pressure data after the system had run for 30 min to
reach a steady state, while the flow boiling video image data are
captured by an SVSI GigaViwe (high-speed digital camera) with a mi-
croscope of Nikon Micro-Nikkor 60 mm f/2.8D and downloaded to a
personal computer for further processing. The parameters of the high-
speed camera are selected as the resolution of 1280 x 128 pixels and
the image capture rate of 4261 frames/s.

2.4. Flow boiling visualization

The working fluid shows significantly different two-phase flow pat-
terns in the minichannel with or without ultrasonic field. Fig. 5 com-
pares the two-phase flow patterns for the ultrasonic field of a frequency
f = 40 kHz, sound intensity I = 12.5 W/cm? and radiation angle 6 = 45°
(It has the best enhancement ratio [35]), to those without ultrasound for
different heat fluxes at the average inlet temperature T, = 35.5 °C and
Re = 658.3. Bubble videos in a typical portion of the heat sink are
continuously acquired for the low heat flux of 10.23 kW/m? with ul-
trasonic field, as shown in Fig. 5(a). The bubbles grow and rise near the
heated wall in the part bordered by red dotted box I, but the video is
blurred due to a large number of very small bubbles present in mini-
channel. These bubbles are easily separated from the heated wall under
ultrasonic vibrations. Consider the red-circled bubble, which gradually

grows on the heated surface in frames 1-5. In frame 5, the bubble
buoyancy exceeds the surface tension, and the bubble separates from the
heated wall, gradually moving toward the mainstream, propelled by the
combined action of fluid inertia force, buoyancy, and the ultrasonic
pressure field. Because it is in the lightly overheated mainstream, the
bubble had contracted by the time it appeared in frame 8. When the
bubble reaches the heated wall on the other side (see frame 10), it begins
to grow again gradually. The movement of this bubble reveals that the
ultrasonic intervention increases the disturbance of the working fluid
and chaotic convection, causing the hot fluid near the bubble to rise.

The red dotted box II in Fig. 5(a) shows that the bubble contacted
intermittently and deformed more during growth due to ultrasound
action. For example, in frame 1, the bubble is round, but in frame 4, it
transforms into an ellipse positioned obliquely to the flow direction. In
frame 8, the bubble transforms from an ellipse to a circle once more.
Furthermore, the length of the bubble changes continuously during the
growth process. The axial length of the bubble, for example, is 1.64 mm
in frame 6, 1.86 mm in frame 10, and 1.43 mm in frame 13. These
bubble deformations alter the temperature, sound, and velocity fields in
the working fluid surrounding the bubbles, thereby improving the
chaotic convection and promoting the mixing of cold and hot working
fluids.

Fig. 5(b) shows video frames of flow boiling for a heat flux of 27.67
kW/m?2. The adjacent bubbles in the red dotted box I gradually merged
without ultrasonic field. In the outlet area of the minichannel (red
dotted box I), there are alternating confined and elongated bubbles, and
small bubbles are entrained in the liquid film. However, in the red
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Fig. 5. Video images of minichannel representative portion with and without ultrasonic field. (a) Py, = 152 kPa, ¢ = 10.23 kW/m? and X,y = 0.033, (b) P, = 160

kPa, ¢ = 27.67 kW/m?, and xoy = 0.105.

dotted box II, due to the effect of the ultrasonic field, the minichannel is
filled with a large number of small bubbles that come in intermittent
contact with the heated wall. In addition, in the red dotted box I many
bubble clusters congregate at this location, and these bubbles finally
merge (as indicated by the circle), leading to the generation of new
bubbles. Compared to non-ultrasonic flow boiling, the bubble transi-
tions earlier to elongated and confined bubbles remain in this state for a
long time. The specific motion features of the bubble caused by the ul-
trasonic field improves heat transfer.

3. Video algorithms
3.1. Video image difference image algorithm

Bubble size variation is significant for understanding the flow boiling
heat transfer of the heat exchanger process. Video subtraction provides a
means for quantitative analysis of bubble growth. The video algorithm is
based on the inter-frame difference [36]. Bubble size variation can be
revealed by subtracting the gray level between adjacent frames from the
bubble. If the gray level is greater or smaller than a preselected threshold
(T), then the bubble size varies and the sequence number of the video
frames are record. The threshold is selected using the algorithm.
Consider two adjacent frames, Iy and I shown in Fig. 6, whose gray
level are f(i,j,k) and f(i,j,k + 1), respectively. The gray level is defined as
follows:

k) — ik
f(l’,j):{lllf(l"]’ ) f(t,], +1)| >T (2)

0 Otherwise

Two frame

Bubble differential

tracked [\ ﬂ operation
Bubble
tracked /\ \J

\ /

Direction b L e
of bubble K kD™ (e 1)-(k)
motion  frame frame

Fig. 6. The Inter-frame difference algorithm.
3.2. Video tracking algorithm

The video tracking algorithm is a new approach to investigating
bubble movement trajectory. It adopts the inter-frame difference and
MeanShift algorithm to locate the target [37]. The MeanShift is based on
the estimation of the probability density gradient function, which is an
iterative process that calculates the mean offset of the current point
[38]. The point is moved to the mean value of migration and is used as a
new starting point to continue moving until the iteration termination
condition is satisfied. Let the traced bubble image area be denoted as, i=
(1,2, ..., n), where n is the number of normalized pixels. The bubble area
is centered at its centroid and the weight of each point is determined by a
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monotonically decreasing contour function, k(x). The gray level feature
of the target is described in this paper, and the weighted gray level
histogram of the target is calculated, as follows:

Po=Cud o k(Ilxl)8lb(x) —u] 3

where, u (1, 2, ..., m) is the position; §(x) is the delta function taking the
values of either “1 or 07, i.e., 5(b(x;)-u) determines whether the value of b
(x;) quantized in the eigenspace of pixel x; in the bubble area is equal to
u, and C, = [0 k(%) |
satisfying > ;pw = 1. The target candidate model with yj as the center
of the current frame is expressed as:

is the normalized constant coefficient,

o) = 30 k(P R Jaeto) ) )

Target tracking can be simplified to the optimal y, making py,(y) most
similar to g,. Use Bhattacharyya coefficient p(y) to measure the simi-
larity between the target model and the candidate model, as shown in
Eq. (5). The MeanShift algorithm is used to find the maximum value.

pO) =plpO)al =D VruD)a. 5)

The target location process is to calculate the mean vector and update
the center position of the kernel function window repeatedly according
to the vector until the conditions are met. The algorithm steps are as
follows:

(1) Calculate the weight of each pixel in the current windows:

w; = Zzl:] %E[b(x,») —u] (6)

(2) Calculate the next new location of the candidate target:

. o—x;i 112

S o (125 1P)
N (Y 7

Zi:’lwig(‘l%l‘ )

where g(x) = —k (x)

(3) If |ly1 —yo| < &, the calculation is stopped. Otherwise, y; will
replace yo and return to the first step, and continue to search for
candidate target locations that the conditions.

3.3. Video velocity measurement algorithm

Previous research has shown that increased bubble velocity and
traveled distance play a significant role in improving the efficiency of
heat transfer [39]. Therefore, it is necessary to study bubble velocity
during flow boiling in minichannel under ultrasonic field. The video
technology used in this article to measure bubble velocity has distinct
desirable characteristics. It reduces costs, eliminates the need for a
complicated installation process, and the system is simple, reliable, non-
contact, high-precision, and has no effect on the heat exchanger. To
record the steady boiling bubbles in minichannel, a photographic
apparatus consisting of a high-speed digital camera, camera lens, 3-D
locating device, and personal computer is set up. To capture the de-
tails of bubble movement, the high-speed digital camera shots 4,261
frames per second at a resolution of 1280 x 128. Images of a repre-
sentative area of the minichannel are recorded to calculate the bubble
velocity and distance traveled. A formula for calculating bubble velocity
suitable for this experiment is derived. As is well known, the equation for
calculating the velocity of a moving object is as follows:
,_Ad_d—d ®

_E_ h — 1

where, v is the velocity, Ad is the distance traveled by the object, and At
is the time interval. However, this equation cannot be used to measure
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the bubble velocity from video images because Ad is not directly avail-
able. According to a principle of machine vision, Eq. (8) can be rewritten
as follow [40,417:

CAd dy—d, f(s)) —f(s1)

=— = = 9
v At h— 1 h— 1 ()

where f(s) represents a monotonic function, and s; and s, are the posi-
tions of the bubble in the image, from which Ad is calculated. If two
consecutive bubble images are assigned to the corresponding points,
lines, or blocks, and the spatial position and angle of the high-speed
camera are fixed, the pixels of the two bubbles in the video images
can be mapped into one another. Let t; and t» correspond to s; and sy
respectively, so that the traveled distance for the bubble in time At (At=|
to-t1]) is As (As=|sp-s1|) (shown in Fig. 7).

It can easily be seen that the unit of bubble velocity in Eq. (9) is pix/s.
For the relationship between the actual velocity of the bubble and the
pixel distance, 4s, the actual distance in the image, Ad, must be found.
According to the principles of machine vision, a matrix relationship
between s-coordinate (x, y, z) and d-coordinate (X, Y, Z) is as follows:

X
Aly| =Ans|Y 10)
V4

Because the between-shots interval of the high-speed camera, At, is
very small, the change in angle 0 is negligible (shown in Fig. 7 (b)). In the
experiment, the size (length x width) of the frame is 1280 x 128 (pix),
while the minichannel width is 2 mm (shown in Fig. 7(c)). Suppose the
actual displacement of a bubble in the minichannel is x (mm), then:

128 1280
2 xcosO

=

(]

(€8]

In the vertical direction, the relationship between the pixel distance
of the bubble image and its actual distance can be expressed by the
following equation:

As  Ad

1280  x 12

Then, by combining Egs. (11) and (12) following equation can be
obtained:

2As

~ 128cos0 a3

Thus, the actual bubble velocity in the minichannel can be obtained
as follows:

_Ad_ 2As  As
T At 128ArcosO  64Atcosd

14

The bubble displacements between adjacent frames captured in the
experiment by the high-speed camera are very small, thus 6 could be
ignored. To reduce the measurement error, the multi-sample and
morphological erosion algorithms are used to calculate As. The video
frame processing algorithm is as follows: (1) a Wiener filter is applied to
denoise the video frame, (2) multi-sampling is used to eliminate the
aliasing effect, (3) the binary and edge of the target bubble are extracted,
(4) morphological erosion is performed to refine the edge definition of
the target bubble, (5) the centroid of the target bubble is calculated, and
(6) Euclidean distance between the current frame bubble position and
the previous frame bubble position is calculated to obtain As. The
centroid of the target bubble is calculated as follows:

n

_ CiA;
Co=25——i=1,2,-n
Zi:lA[
n (15)
_ CyA;
C, === "
) A

i=1
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Fig. 7. Bubble velocity. (a) Front view, (b) 90° rotated view, and (c) Displacement between two-frames.

where, A; is the triangle area inside the target bubble, and (Cy, Cy) are
represents the centroid coordinates.

3.4. Algorithm verification

There are two main factors affecting the precision of image pro-
cessing methods. One is the image resolution. Generally, a measurement
error can occur in the small bubble size or edge of a deformed bubble
[42]. Due to the instability of bubble motion, the baseline can shift by
one or two pixels, especially the interface curvature. The phenomenon
manifests itself as the straight-line aliasing effect, which significantly
affects the measurement precision. Another factor is the effect of noise
on the image [43,44]. Due to the influence of external factors, such as
lighting, temperature, humidity or electromagnetic fields, the gray level
distribution of image features may be degraded, resulting in errors in the
bubble measurements process.

Two main methods are used to measure the velocity of bubbles based
on the images, i.e., mean value and ellipsoid fit using the bubble edges
[45]. The relative error, is introduced as the algorithm performance
evaluation:

fo) —f)
)
Table 3 shows the comparison between the maximum three algo-

rithms velocity measurement errors of three algorithms applied to the
same video area without ultrasound.

x 100% (16)

e, =

Table 3
Maximum relative errors of velocity measurement using different algorithms.
Bubble size Velocity Average ellipse Video
/Yy, z /mm range value fiting centroid
mm/ms /e/% /e/% /e/%
y<0.5,z<0.5 0.059 ~ —4.7 ~ 4.2 —4.5 ~ —4.1 ~ 4.0
0.212 3.9
05<y<1,05<z 0.221 ~ —-3.8~43 -39 ~ -3.7 ~ 39
<1 0.347 4.1
1<y<15,1<z 0.436 ~ -3.2~42 —-3.3 ~ -3.1~36
<15 0.651 4.0
15<y<2,15<z 0.721 ~ —-2.7 ~ 3.9 —2.7 ~ —2.6 ~ 3.6
<2 0.804 4.0
y<22<z<3 0.917 ~ -2.6 ~3.9 —2.5 ~ —-2.2~32
1.624 3.8
y<2,3<z<4 1.362 ~ —-2.3~41 —2.2 ~ -1.9~3.0
1.417 3.6
y<2,4<z<5 1.707 ~ -1.7 ~ 3.8 -1.6 ~ -1.6 ~ 28
1.972 3.6

Ref. [46] used a 5 pm needle sensor to measure the bubble velocity,
and the maximum relative measurement error is about 15-20%. It can
be seen that the measurement accuracy is higher than contact and
achieved without the complicated debugging process or complex and
cumbersome measurement equipment.

4. Results and discussion
4.1. Bubble growth

To clearly understand the influence of ultrasonic field on heat
transfer, the changes in bubble size are analyzed quantitatively. Fig. 8
shows the results for the heat flux of 10.23 kW/m? and the ultrasonic
field parameters of I = 12.5 W/cm? and 6 = 45°. The locations of bubble
growth are all sub-cooled boiling regions and bubbles are tracked in the
same region and channels with and without ultrasound field. Bubble
growth is slow in the absence of ultrasonic field, and the bubble image
difference in the bubble area before merging is less than 0.03 mm?2. A
step increase in the tracking curve appeared after about 13-15 ms,
indicating that the bubbles merge into a larger bubble. This increases the
area by about 0.0483 mm? when compared to the original bubble. At 53
ms, the slope of the tracking curve changes. The tracked bubble has
moved away from the heated surface and into the mainstream, accord-
ing to the video images. The superheated degree is lower than near the
heated surface, bubble growth is slower, and the working fluid is in a
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Fig. 8. Bubble growth vs. time with and without ultrasound field (Re = 658.3
and ¢ = 10.23 kW/m?).
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sub-cooled region.

Under the action of ultrasound field, the bubble growth rate is the
same as that without ultrasound field at first. However, the bubble
growth curve has two points where the slope changes at 5 ms and 12 ms.
It is determined from the video that the bubbles grow slowly in the
mainstream from the left to the right-hand side of the heated surface. At
15 ms, the difference in the bubble area is 0.0546 mm?. This shows that
ultrasound promoted the growth of bubbles in the minichannel.

In order to quantitatively analyze the effect of ultrasonic field on
bubble growth, this paper calculates the equivalent diameter of bubbles
because of the irregular shape of the bubble [47].

D=2/ an

where Aj is projected area of bubble. The edges of bubble image are
extracted to calculate the equivalent diameter.

Fig. 9 show typical bubble growth process of minichannel flow
boiling with and without ultrasonic field. In the free growth stage, the
equivalent diameter curve of bubble with ultrasonic field is significantly
smaller than without ultrasonic field, but the equivalent diameter curve
with ultrasonic field is higher than without ultrasonic field in the later
growth stage. This shows that ultrasound accelerates bubble growth in
the later stage. In addition, we also give the change trend of bubble
growth rate at different stages. It can be also seen that, the bubble
growth rate with ultrasonic field is always greater than without ultra-
sonic field in the later growth stage. In general, the growth rate of the
bubble with ultrasonic field is higher than that without ultrasound field.

In Fig. 8, without ultrasonic field, in the sub-cooled boiling region,
the bubble growth mainly occurs through the merging of adjacent
bubbles and the evaporation on the bubble surface. In the boiling region,
most of the working fluid do not reach the saturation temperature and
the temperature of the heated surface is higher in the channels, thus the
superheated degree is high. The tracked bubbles grow rapidly into large
bubbles by merging with adjacent bubbles or by evaporation. The action
of ultrasound results in a drop in the heated surface temperature and
superheated degree. In addition, the liquid is partially subcooled, thus
the evaporation capacity decreased and the bubble growth is slow. In the
sub-cooled boiling region, the temperature of the working fluid is
boiling. In the absence of the ultrasonic field, the working fluid has a
high superheated degree and evaporation capacity is strong. The
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bubbles grow on the heated surface, resulting in a decrease in vapor
volume and slow bubble growth. In this state, the bubble growth de-
pends on merging with other bubbles to form a bigger bubble. However,
under the ultrasonic field, the cold working fluid is continuously
transported to the vicinity of the heated surface, resulting in a drop in
the heated surface temperature and superheated degree. Although the
working fluid is boiling, the heated surface below the superheated point
still causes the oncoming cold working fluid to evaporate. This accel-
erates the growth of the bubble. It is hypothesized that bubble merging
did not occur during the growth process, and that the bubble growth rate
under ultrasonic field is greater than that under non-ultrasound. If
bubble merging is taken into account, the bubble growth rate without
ultrasonic field may be faster than that with ultrasonic field, because
merging into large bubbles is easier without ultrasound field.

4.2. Bubble kinematic velocity and traveled distance

Bubble dynamic such as bubble growth, detachment, and sliding can
be attributed to the improved flow boiling heat transfer. The sliding of
the bubbles disturbs the thermal and velocity boundary layers,
increasing heat transfer between the refrigerant and the heated wall
[48,49]. The video images show that the ultrasonic field significantly
alters the sliding trajectories of bubbles. As a result, more research into
the ultrasonic field effects on the velocity and traveled distance by
sliding in flow boiling is required. Fig. 10 shows the bubble motion
behaviors with or without ultrasonic field in the low thermodynamic
equilibrium quality area with ¢ = 10.23 kW/mz, Re = 658.3, and ATgyp
= 8 °C. Without ultrasonic field (see Fig. 10(a)), the bubble remains
relatively close to the unilateral wall. This type of bubble sliding causes
little disturbance to the working fluid, and cannot move cold working
fluid to the heated wall. Agostini et al. [50] also observed this phe-
nomenon when studying the influence of bubble velocity on heat
transfer. However, under the action of ultrasonic field with f = 40 kHz, I
= 12.5 W/cm?, and @ = 45°, the bubble along a channel slide moves
forward and oscillated between the left- and right-hand side heated
walls, as shown in Fig. 10(b). On one hand, this type of bubble sliding is
clearly beneficial to transferring cold working fluid to the heated wall,
and promoting the mixing of hot working fluid near the heated wall and
cold working fluid in the mainstream both of which are conducive to
improving flow boiling heat transfer [51].

The integrity of the downstream superheated working fluid layer is

T T T T 0.1
147+ Equivalent diameter | Growth rate i 0.09
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é 12r 40 kHz | oty o Q 10.08 :EU?
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Fig. 9. Typical bubble growth process of minichannel flow boiling with and without ultrasonic field.



J. Xiao and J. Zhang

Direction of
fluid flow

e e
LB 1B I 18 B IR B (R
R e [ [ [ (R B [
Bubble slip process. /~0Hz, 426 1fp

@

destroyed during sliding along flow direction, allowing the subcooled
working fluid to supplement the effective evaporation area at the bubble
root. Because evaporation at the bubble root interface is weakened,
bubble size changes slowly during sliding. It has moved away from the
heated wall and toward the mainstream during sliding. For transient
heat conduction, the working fluid is supplemented to the superheated
wall. This phenomenon can enhance flow boiling heat transfer in
microchannels, which has been confirmed by Refs. [52,53]. The pre-
ceding discussion indicates that bubble motion had a significant impact
on heat transfer, and the velocity and traveled distance directly indi-
cated the bubble motion state. Fig. 11 shows how bubble velocity and
traveled distance varied with time under the conditions of ¢ = 10.23
kW/m? and Re = 658.3, ultrasound parameters of I = 12.5 W/cm? and 6
= 45°, and the frequencies of 0 Hz, 23, 28, 32, and 40 kHz. It can be seen
that the bubble velocity is markedly different in the early and late stages
of the movement. Thus, the movement can be divided into two stages:
low-velocity and high-velocity movement. During the low-velocity
stage, the bubbles moved slowly upward along the heated wall
because small bubbles gained little lift. The bubble velocity and traveled
distance are very small with or without ultrasonic field. However, dur-
ing the high-velocity stage, the bubbles gain greater momentum under
the action of ultrasonic field and move faster and farther. The velocity
and traveled distance plot become steeper with the increase in ultrasonic
frequency and the energy obtained by the bubble increases with the
increase in frequency. Moreover, it is also observed in the video images
that in the low-velocity sliding stage, the bubble diameter increases
slowly and the bubble contact angle changes little. However, in the high-
velocity stage, the bubble diameter and contact angle begin to decrease
slowly. This happens because when the bubble enters the high-velocity
sliding, it breaks away from the heated wall and moved toward the
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Fig. 11. Bubble velocity and distance vs. time with and without ultra-
sonic field.
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fluid flow

(b)

Fig. 10. Bubble motion (¢ = 10.23 kW/m?, Re = 658.3, and AT, = 8 °C). (a) f = 0 kHz, (b) f = 40 kHz.

mainstream. The bubble root is in the superheated working fluid layer.
By now, the gas-liquid interface gradually decreases, and more bubble
interfaces contact with the subcooled mainstream working fluid,
resulting in weakened evaporation on the bubble interfaces and
enhanced condensation. The bubble size decreases gradually after it
enters the high-velocity sliding stage. When the bubble sliding velocity
reaches a certain value, the bubble completely separates from the wall
and becomes the bubbly flow.

In order to clearly visualize the bubble trajectories, a new coordinate
system is introduced. The left-hand side wall inside the minichannel is
taken as the z-axis, the width as the y-axis and the left-hand side wall at
the inlet as the coordinate system origin. When the bubble enters the
region of view, the first frame image is captured by the high-speed
camera, the distance from the bubble to the left-hand side wall is
calculated and this position is marked with an “O”. Fig. 12 illustrates the
bubble trajectory under the conditions of ¢ = 10.23 kW/m? and Re =
658.3. With no ultrasonic field (see Fig. 12(a)), the bubble enters the
region of view from the right, and slid and rose slowly along the heated
wall. The bubble merges with other bubbles twice during its ascent,
resulting in the bubble sliding towards the left-hand side wall. The entire
bubble trajectory is essentially stable while sliding along a straight line
on the wall. However, when ultrasonic field is applied (see Fig. 12(b)),
the bubble oscillates back and forth between the walls while moving
upward. Furthermore, sometimes the bubble jumpesd and is found in a
very unstable state. On the one hand, this type of movements is helpful
to transfer cold working fluid to the heated wall. On the other hand, it
stirs the mixing of hot working fluid near the heated wall and cold
working fluid in the mainstream. The high-speed camera recordes 133
frames without ultrasonic field and 117 frames with ultrasonic field of a
single bubble moving through the region of view over the same time and
at the same location. This means that the rising speed of the bubble is
faster when the ultrasonic field is applied, or that the buoyancy of the
bubble with ultrasonic field is greater than that without ultrasonic field.

4.3. Influence on bubble motion

The direct reason for the change in bubble velocity is the instability
of two-phase flow caused by the confined bubble growth and elongation.
Different heat flux or mass flux conditions has an important effect on
bubble confinement and elongation; thus, they also strongly influence
the instability of flow boiling. The boiling number is usually used to
characterize the combined effect of heat flux and mass flux on flow
boiling instability [54]. The larger the boiling number, the stronger the
instability of flow boiling in minichannel. Therefore, the study of the
influence of operating conditions on bubble motion will consider the
boiling number, Bo, which is defined, as follows:

q qv
Bo = =—
Ghyy  Ap,
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Fig. 12. Bubble trajectories with and without ultrasonic field. (a) f = 0 kHz, (b) f = 40 kHz.

here h¢g; denotes latent gasification heat, and v represents the fluid ve-
locity in the boundary layer.

Fig. 13 shows the influence of changing the boiling number on
bubble velocity and traveled distance with and without ultrasonic field.
It can be seen in the figures that in the low-velocity stage, whether there
is ultrasonic field or not, the bubble velocity and traveled distance at
different boiling numbers are very close and very small. The velocity
loges at the end of the movement along the heated wall (i.e., the moment
when the bubble separates from the heated wall). Then, the particle
moves along the flow direction, which increases with the increase in
boiling number. In the absence of ultrasonic field, the boiling number
strongly affects the constrained growth and elongation of bubbles in the
moderate thermodynamic dryness region. The larger the boiling num-
ber, the faster the growth rate of confined or elongated bubbles, and the
shorter the time requires to develop into confined or elongated bubbles.
As a result, the instability of gas-liquid two-phase flow become severer,
the bubbles gains more kinetic energy, the sliding distance is longer, and
the bubbles separates from the heated wall at a faster velocity. This is
essentially consistent with the experimental observations found in
Ref. [55]. With the application of ultrasonic field, in the high-velocity
stage, the traveled distance for bubbles and their velocity are mark-
edly higher than without the ultrasonic field. By comparing the bubble’s
traveled distance and velocity curves with and without ultrasonic field,
it is found that the time of bubble sliding along the heated wall with
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ultrasonic field is shorter than that without ultrasonic field, and it takes
less time for confined or elongated bubbles to grow at the same boiling
number. The gas-liquid two-phase flow is very unstable, and the bubble
has greater kinetic energy, a longer traveled distance, and detaches from
the heated wall at a higher velocity. This shows that the ultrasonic field
fluctuations promote heat transfer.

4.4. Error analysis

This paper attempts to improve the bubble velocity and distance
measurement accuracy by image algorithm. The relative measurement
error of the bubble velocity and distance, which is expressed by Eq. (16).
Fig. 14 show relative error of measured velocity and distance under 0
Hz, 23 kHz, 28 kHz, 32 kHz, and 40 kHz. The measurement error is
divided into two parts: low-velocity motion and high-velocity motion.
The results imply that most of the relative measurement error are within
+ 4%. Relative to the ultrasonic field condition, the relative error of the
non-ultrasonic field is less than 1% in the low-velocity region and 2% in
high-velocity region. The analysis of the video image shows that the
high-velocity motion of bubbles leads to the blur of the image. In
addition, the ultrasonic filed vibration also causes the blur of the image,
and this phenomenon becomes more apparent as the frequency of the
ultrasonic field approaches that of the camera. The filtering algorithm to
eliminate the blur of bubble image under high-velocity motion needs
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Fig. 13. Bubble movements with and without ultrasonic field. (a) Bubble velocities, (b) Traveled distances.
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relative error low-velocity, (d) Traveled distance relative error high-velocity.
further research.

4.5. Bubble kinetics analysis

The video analysis results show that the bubble motion behaviors
with ultrasonic field are significantly different from those without ul-
trasonic field. The bubble motion features are closely related to the
various forces acting on the bubbles in the channel. Therefore, bubble
kinetic analysis can be used to understand the mechanism of bubble
motion behaviors under ultrasonic field. Those are divided into two
categories: one is from the bubble itself, and the other is applied by the
outfield (such as ultrasonic, electric field, etc.) [56]. This paper adopts
MATLAB numerical simulation code to analyze the forces acting on a
bubble.

As shown in Fig. 15a, the width, height and length of the calculation
domain for single minichannel are 2 mm, 2 mm and 10 mm respectively.
The ultrasonic field is a sinusoidal wave. The acoustic pressure is
transmitted in the y and z directions, and its frequency is 40 kHz and the
acoustic intensity12.5 W/cm? The Poisson’s ratio is 0.5. The mini-
chanels satisfies the Dirichlet condition and the bubble arc satisfied the
Neumann condition. The optimization grid is displayed in Fig. 15 (b).
Grid deformation technology is utilized in numerical simulations.

The ultrasonic pressure field exerted on a bubble act in yz-plane, x-
axis free, and R141b is the same nature and homogenous. Therefore, the
stress-strain relationship is as follows:

11

Bubble < 2mm >

wwy

10mm
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Fig. 15. Computational domain and grid with bubble. (a) Computational
domain. (b) Grid.
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where, oy and ¢, are stresses along y and z directions, respectively, y, is
the shear, E is Young’s modulus, and p Poisson’s ratio. Bubble
displacement in y and z directions are denoted by u and v, respectively,
and the following relations hold for the strain:
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Force balance equations are as follows:
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where K, and Ky, are acoustic pressure. Equation (19) can be normalized
to obtain the following system of elliptic equations:

—V(c®Vu)=K (22)

where, u is a 2-D vector, and c is the following tensor of rank 4 and 2 x 2
matrix:

28+pu 0 0 u
Ci = Ci2 =
0 0 S 0

23)
0 S N 0
€2 = Cn =
w0 0 2S+upu
where S denotes shear modulus, and the definition S = ﬁ u=
K,
284, and K = <K}Z,)
The force at the gas-liquid interface is as follows:
F, = \/2Ipcsin(2xft) @4

where I represent acoustic intensity, p is the medium density and c is the
acoustic velocity. These physical parameters are provided in Table 4.

Bubbles motion behaviors in the minichannel are governed by forces.
When a bubble is attached to the heated wall and does not move, all
forces must be balanced, i.e.:

N F = FotFp+F +Fye (25)

where, Fy; is the surface tension, Fyg; is the bubble growth force, Fqs; is
the drag force, and F, is the acoustic pressure.
The following assumptions are made in the simulation model:

(1) Bubble attached to the heated wall is spherical when surface
tension acted, thus its 2-D model is circular.

(2) Only the acoustic pressure and drag forces are considered, and all
other forces are ignored.

(3) Bubble is assumed rigid, i.e., Young’s modulus is 1.

(4) Bubble do not grow during movement.

Table 4
Physical parameters of the media.
Materials Density /kg/m3 Acoustic velocity /m/s
Aluminum alloy 2830 6400
R141b liquid- phase 1196.3 750.4
R141b gas- phase 7.1 151.1
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Fig. 16 shows the forces acting on the bubble while it is simulated
numerically to move from the left toward the right wall. Acoustic
pressure distributed changes near bubble by bubble existing in the
figure. When the bubble is near the left heated wall, F is weakened near
the wall gas-liquid interface of the bubble. However, it is intensified on
the other side. The drag force, Fy, that prevented the bubble from
moving upward is much larger than on the other side. The numerical
simulation reflects the bubble movement trend toward the middle of the
channel of the heated wall at an angle. While the bubble is in the middle
of the channel, the numerical simulation reveals that the two sides of the
bubble interface are approximately equal to F, and Fys,. The bubble
moves upward the flow direction. The behavior of the bubble movement
is influenced by the fluctuation of ultrasonic field. This issue essentially
consistent with observations made from the high-speed camera images.

In the absence of ultrasonic field, the bubble slides on the heated wall
along the flow direction. The confined and elongated bubble forms a
pressure peak in the fluid near the bubble, which has an effect similar to
a throttle valve [57]. The gas-liquid two-phase working fluid flow is
unstable, which violates the force balance of the bubble attached to the
heated wall in the upstream area for low thermal mechanical dryness
along the flow direction. This fact causes bubbles to move in a sliding
manner near the heated wall. At the initial stage of sliding, the bubble
growth rate hardly changes. At this time, the growth force along the flow
direction could be ignored, and the force components that affects the
sliding motion behavior of bubbles in the flow direction includes only
surface tension and drag force. The surface tension of the bubble
interface could be adjusted by the contact angle for keeping the me-
chanical balance. The bubbles slide along the heated wall when the
dynamic balance relationship is violated. During the bubble sliding
process, this delicate balance is still kept by the surface tension and drag
force. As bubbles continues to grow and elongate or merge with other
bubbles to form elongated confined bubbles in downstream, this leads to
the pressure peak, suddenly disappearing and causing severe two-phase
gas-liquid two-phase flow instability. The surface tension and drag force
balance are irreversible destroyed, thus working fluid flow velocity in-
creases significantly in downstream. As the bubble accelerates, it enters
a high-speed sliding state, departs from the heated wall and joins the
mainstream. In a word, the forces that acted on the bubble during flow
are out of balance, resulting in the bubble sliding movement in the low
thermal dryness area of flow boiling. While in the proper thermody-
namic dryness region, the kinetic balance is violated by the bubble
confined growth, merger and elongation behavior, which lead to flow
instability.

Under the action of ultrasonic field, the resultant force of ultrasonic
field pressure is generated in the y and z directions, so that the above
balance forces are violated earlier and bubbles moved between walls.
The surface tension and drag force that acted on the bubble are weak-
ened by ultrasonic field cavitation and oscillation [58], thus bubble
velocity increases and bubble merging into elongated confined bubbles
is faster. The ultrasonic field makes the contact angle between the
bubble and the wall smaller, which intensifies the instability of the
gas-liquid two-phase working fluid.

5. Conclusions

This study focuses on investigating flow boiling bubbles motion
behavior in a vertical minichannel heat sink in the presence of ultrasonic
field. An ultrasonic transducer is placed inside the heat sink inlet with
the mounting angle from 0° to 90°. Several video algorithms are intro-
duced to quantitatively analyze flow boiling bubble movement features
with and without ultrasonic field. The main findings are as follows:

(1) For the experimental conditions of heat flux 10.23 kW/m? or
27.67 kW/m? and Reynolds of 658.3, ultrasonic field produces
more and smaller bubbles, which leads to video images blurring
in the same parts of the flow in the minichannel compared to the
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Fig. 16. Ultrasonic field pressure distribution at bubble different positions. (a) Left wall, (b) Middle wall, and (c) Right wall.

same flow without ultrasonic field. It is also observed that in
higher frequency ultrasonic field bubble clusters forms more
easily. Furthermore, ultrasonic field enhances the mixing of hot
and cold working fluid and reduces the axial length of bubbles.
Increased bubble production with ultrasonic field leads to an
earlier transition from bubbly flow to slug flow and an earlier
transition from slug flow to churn or annular flow.

In the bubble flow under the same conditions, the video tracking
algorithm found that the bubble area difference is 0.0546 mm?
with ultrasonic field, while it is 0.0483 mm? without ultrasonic
field. At higher frequencies, bubble morphology is more likely to
change during bubble growth. The video trajectory algorithm
reveals that the bubble oscillates between the walls in an S-sha-
ped movement and instability increases with the frequency. This
is beneficial for cold working fluid to contact with the heated
wall. The video image velocity determination algorithm reveals
that the bubble motion develops in two stages: a low-speed phase
and a high-speed phase, the bubble velocities and distances with
time are similar with and without ultrasonic field in the low-
speed phase. In the high-speed phase, those are significantly
faster and further, and these trends become more pronounced as
the ultrasonic field frequency increases.

(3) A pressure simulation model and grid deformed technology are

utilized to analyze bubble forces numerically. The existence of
bubble causes a pressure spike to form in the fluid near the bubble
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and produced gas-liquid two-phase working fluid instability. The
ultrasonic field reduces surface tension and drag forces acting on
the bubble, making the contact angle between the bubble and
heated wall smaller, aggravating instability of flow boiling and
complicating bubble motion behavior. The bubble deformations
observed in the simulation are very close to video images.
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