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Abstract
This paper reports the results of a study for the early detection of bubble formation

during the boiling process using acoustic emission. The feasibility of using AE
technology to detect and monitor early bubble formation during pool boiling is
assessed, and the results show that AE technology is an affective tool for this
purpose. There is a clear correlation between the AE signal levels and height of the
water level above the heated surface during the boiling process. The different types
of heated fluid influence AE energy levels during the bubble formation process.
Statistically, it was found that the best AE parameters to indicate bubble formation
were AE-RMS, AE-Energy and AE-Amplitude.
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1. Introduction
Cavitation is an undesirable phenomenon generated by pressure waves associated
with bubble formation and collapse in a liquid and can cause serious damage to
hydraulic components, increasing maintenance costs, decreasing the life of
equipment, and reducing production and revenue. Cavitation occurs when a liquid is
subjected to pressure fluctuations which cause pockets of the fluid to experience
local pressures which are equal to or lower than the saturated vapour pressure at the
given temperature [1][2]. Vapour bubbles form and collapse into micro-jets leading to
erosion and pitting of material surfaces, and causing high levels of noise and
vibration, indeed the pressure pulse emitted by the bubble collapse creates shock
waves [3][4]. The operation of a centrifugal pump under bubble cavitation conditions
for a significant time causes pitting and erosion of the impeller vane [2]. When the

bubble cavities collapsed, they produced sound and dissipated energy in the water

[5]
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Cavitation collapse depends on the number and size of the bubbles. In other words,
large numbers of small bubbles create a high-frequency noise and vibration, while a
limited number of large bubbles produce a low-frequency noise and vibration [6]. A
bubble in order of 6 um diameter will produce sound with a peak frequency of about
500 kHz, and 10 pym diameter yields 300 kHz, as shown in Figure 1, which suggest

the peak frequency of the pulse is inversely proportional to the bubble diameter [7].
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Figure 1: Relation between frequency and bubble size [7].

To decrease the damage caused by cavitation, bubble formation must be monitored

and diagnosed in rotating machines and valves [2].

Alhashan et al., [8] used the AE technique to monitor bubble formation during the
boiling process. They found a clear association between increasing AE levels and
bubble formation. Benes and Uher [9] found that the parameters of the AE signal
correlated with overheating during heat transfer and it was established that the AE
signal could be used to predict the boiling phenomena. Carmi et al., [7] used AE in a
flow boiling experiment for detection of bubble transit, noting the possibility of using
AE for the detection of bubble dynamic events at an early stage in the boiling
process. Baek et al. [10] found that bubble density increases with the increase of the
liquid temperature. Furthermore, they identified a relation between the water boiling
phenomenon and the AE signals in a transparent glass cell at 1 bar. The AE
technigue has been used to diagnose bubble formation and monitor bubble
departure from the heating surface of a boiler to the top of the water free surface. It
was established that the AE-RMS is a sensitive, reliable and robust parameter for

monitoring bubble dynamics its propagation to the water surface during the boiling



process [11]. This work will focus on monitoring of bubble activity and their departure
from heating surface to the water free surface, where finally the bubbles burst at free

surface.

In an investigation of two-phase flows, Masjedian et al., [1] used two methods,
characteristic diagrams and acoustic analysis, in the monitoring and diagnosis of
cavitation phenomena in globe valves. They found good agreement between the two
methods at acceptable levels of accuracy. Jaubert et al., [12] noted that AE is a
good method for the detection of cavitation phenomena in pumps and valves. This
detection can be at an early stage, which makes it possible to study incipient
cavitation phenomena. Alfayez et al., [13] demonstrated the use of AE technique for
the detection of cavitation in centrifugal pumps and found that this was a method to
determine the best efficiency point. Neill et al., [4] used AE technology for the
monitoring and detection of cavitation phenomena in a centrifugal pump and claimed
it was a more accurate method than using vibration measurement. Osterman et al.,
[14] used a visualisation method for the detection of incipient cavitation and made a
comparison with pressure oscillations measured by a hydrophone on various
openings of a valve. They found the visualisation method was more accurate than
hydrophone measurement. Shuib [15] found that when bubble size and liquid
viscosity increase, the level of AE signals also increase. One particular item of
interest in this programme was the investigation of AE energy radiated from bubble
formation. The bubble formation phenomena has potential energy which depends on

the pressure within the bubbles and their volume.

Acoustic Emission is a physical phenomenon that occurs where transient high
frequency elastic waves are emitted by a sudden release of energy from local
sources within the body of a solid or liquid, such as might occur in turbulent flow or
with cavitation [16][17][18]. Application of AE is not limited to detection and diagnosis
of cavitation in hydraulic systems such as centrifugal pumps and valves; it can be
used as a monitoring tool for different types of industries such as petroleum
engineering using gas-liquid pumps [19], mechanical processes such as bearings

and gearbox faults [20], and chemical processing plants [21].

Here, the AE technique is applied to the monitoring and detection of bubble

formation during pool boiling while the bubbles are still in their early stages of



development [8]. To date, published work shows few attempts to apply the AE
technique to the monitoring and detection of bubble formation in pool boiling [9][7].
There are many different ways of monitoring and detecting bubble formation in
boiling processes, valves and pumps, including vibration, but AE is a useful
technique because its frequency range is about 100 kHz to 1 MHz [22][23] so the
range of frequency for the AE sensor is above the limit of human hearing and above

most environmentally generated noise.

Most of the published reports on bubble formation and collapse that made use of AE
methods were to observe cavitation in centrifugal pumps and valves. Here, this area
of research has been expanded to assess the feasibility of the use of the AE
technique for monitoring bubble formation in boiling processes. Heat transfer in so-
called boilers in used in many industries such as chemical, manufacturing and power
plants. The capability for early detection and diagnosis of bubble formation during the
boiling process to identify such phenomena as overheating is also relevant to
nuclear safety and many another industrial processes [7][24].

Bubble formation is considered one of the most common causes of failure in process
systems and the early detection and of bubble formation during fluid transportation in
pipes, valves and centrifugal pumps would be immensely beneficial. A condition
monitoring programme that could successfully detect the early signs of bubble
formation to be used as a warning signal for control purpose to avoid the
consequence of bubble collapse (cavitation) is highly desirable. This investigation
addresses the applicability of AE techniques to detect bubble formation
characteristics (such as bubble size, bubble generation rate, and detachment of
bubbles during pool boiling) to monitor and detect liquid properties and the liquid
level above the heated surface. The boiling process provides a good opportunity to
study bubble formation due to the controlled increase of liquid temperature. In
addition, this will provide a good opportunity to characterise and differentiate
between bubble formation and its bursting at the free surface during the boiling
process. Finally, this research will provide a new reference for the use of the AE

technique for monitoring of bubble activities in process systems.



2. Mechanisms of Acoustic Emission Created from Bubbles
Bubble formation, collapse and burst generate pressure waves which can be
detected within a wide frequency band. The size of the bubble can be calculated
using Equation (1) for the natural frequency of oscillation of the bubble, derived by
Minneart [25].

1 [3m
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Where, fy the resonance frequency of the bubble, d is the bubble diameter, ¥ is the
polytropic constant of the gas inside the bubble, Py is the hydrostatic pressure and p

is the liquid density.

The sound caused by bubble occurrence, oscillation and burst at the free surface is
dependent on the bubble’s size. The period of the pulse produced by bubble
collapse and burst is very short, in the order of ms [13]. For pool boiling The bubble’s
development can be divided into five stages: 1) bubble formation at the heat
exchange surface, 2) initial bubble increase in size, 3) bubble coalescence, 4)
splitting of bubbles, and 5) bubble bursts at the free surface [15][16]. Neill et al., [4]
found that the energy density created by bubble formation is high and includes
associated shock waves in the surrounding liquid which can be observed using an
AE sensor [26]. Leighton et al., [27] concluded that many sources of sounds in
oceans were caused by pressure waves generated by gas bubbles inside the liquid.
It is known that the pressure pulses associated with bubble formation and bursting at
the surface of the liquid act as sources of acoustic emission [28][29]. Bubble activity
as a source of AE and acoustic energy release into the surrounding fluid from the
bubble formation and collapse have been used to determine fluid properties [30]. In
pool boiling the highest acoustic emission occurs as the bubbles are detached from
the heated surface [31]. Blanchard et al., [32] observed that such bubbles coalesce
in tap water more readily than in sea water. Abe [33] found that sea water foams
more than fresh water. and that bubbles produced in sea water are smaller and

continue for longer than in pure water.

Ceccio et al.,, [34] confirmed there is a significant difference between bubble

occurrence in salt water and fresh water. It was noted that the acoustic emission



from bubble cavitation in fresh water was lower than that produced by salt water.
Additionally, they pointed out that small bubbles provided higher frequency acoustic
emission compared to large bubbles. Bubbles of similar size created similar acoustic
emission regardless whether they were in salt water or fresh water, and the chemical

differences did not appear to influence the sound directly [34].

3. AE parameters
Root Mean Square (RMS) is a measure of the continuously varying AE signal

“voltage” into the AE system. It is an electrical engineering power term defined as the
rectified, time averaged signal, measured on a linear scale and recorded in volts.

This measure is often used for signal analysis [18][35]. RMS can be calculated as:

2 2 2
RMS=\/X1+X2+ ........ + Xy @)
N
Where, X1, X5 ....... Xy are sampled values of the voltage, and N is the total number

of samples.
Energy, E, is defined as the integral of the square of the voltage signal (« ) over the
test duration (T) and calculated using the Equation (3) [18][36].

E = a?(t)dt (3)
Counts are the number of times the AE signal crosses the detection threshold. Also
known as ring down counts or threshold crossing counts [18].
A hit is the detection and measurement of an AE signal and depends very much on
the threshold level [18].
AE-Amplitude is the maximum (positive or negative) value of the AE signal during an
AE hit [18].

The threshold feature records the value of the threshold at the time of an AE hit.

4. Experimental Work
This investigation was built on previous work in this area [7][8]. In these experiments,
a cylindrical vessel was used to separate the bubble formation and bursting regions.
Three different types of water and three different liquid levels were used during the

pool boiling tests, as shown in Table 1.



Table 1: Base experimental parameters for boiler tests.
Water Type Water Level (mm) above

heated surface

Tap Water

Demineralized Water 100 — 200 - 350

Salt Water (5g/L) Concentration

The boiling tests were performed using a general purpose test-rig, as shown in
Figure 2. It consisted of a stainless steel water boiler of 270 mm inner diameter and
440 mm in height. The maximum capacity of the boiler is 26 litre. It is integral with a
heater, located at the bottom, and used to heat the water inside the boiler. The
circular heater has an external diameter of 150 mm. Constant electrical power of

2500 W was supplied to the boiler heater throughout the experiments.
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Figure 2: Schematic of experimental arrangement for pool boiling.

100 mm

Two commercially available piezoelectric AE sensors (Physical Acoustic Corporation
type “PICO”) with an operating range of 100-1000 kHz were used. The sensors were
attached to the external surface of the boiler using superglue, as shown in Figure 2.
The AE sensors were 200 mm vertically apart. The first channel was attached 100
mm above the bottom surface, to detect the initiation of bubble formation. Channel 2

was positioned 200 mm above channel 1 to monitor bubble burst and oscillations
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when the bubbles are at the water surface. Measurements of the water temperature
were made continuously every second using a thermocouple that was fixed inside
the pool boiling 5 mm above the surface of the heater, see Figure 2. The acoustic
sensors were linked to a data acquisition system by a preamplifier, set at 40 dB gain.
The system was set to continuously acquire AE waveforms at a sampling rate of 2
MHz. The software (signal processing package “AEWIN”) is incorporated within a PC
to monitor AE parameters such as AE-RMS and AE-Energy (recorded at a time
constant of 10 ms and a sampling rate of 100 Hz).

The author chose a threshold level of 36 dB, after observing that the AE sensors still
recorded some background noise when the level was set between 28 and 32 dB.
AE-hits measuring just background noise at a range of five threshold levels are
plotted in Figure 3. At 34 dB, zero noise was recorded, but the threshold value was

set at 36 dB to ensure consistent results throughout the test period.
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Figure 3: Threshold levels test for operational background noise.

5. Results Observations and Discussion

5.1 Calibration test

The calibration test was undertaken to quantify the attenuation properties of the
boiler vessel material. Attenuation is any reduction (or loss) in the AE levels strength,
and it is expressed in decibels (dB’s) [23][37][38]. Attenuation tests were carried out
before the laboratory experiments. Hsu—Nielsen sources were used for the
attenuation tests. These tests consist of breaking a 0.5 mm diameter pencil lead
about 3 mm (+/- 0.5 mm) from its tip by pressing it against the outside surface of the

container. With the discovery threshold was set at 36 dB the lead break test was



performed at heights of 50 mm, 100 mm, 150 mm and 200 mm above sensor 1.
furthermore,break test was performed at the same heights below sensor 2. Then an
average value of the maximum signal amplitude of five pencil breaks from each
location was calculated, as shown in Figure 4. Signal amplitude and relative

attenuation have been computed using the following equation (4) [18][38]:

Attenuation(dB) =20* Logm(\%} 4)

d
Where V, and V, are the signal voltages at the signal source location and at the
signal destination location respectively. Measurements revealed that the AE signals

generated on the surface of the boiler are attenuated with increasing distance from

the source as expected and shown in Figure 4.

270, 13
12 4

2 B Height Scm
@ Reference location ~ 11 1 SN Height 10cm

3 p | ) Height 15cm
@ Breaking location 10 . Hoight 200m
5 @4 (-
50mm ~
@3 |2
— &
S0mm @ ;
492 H

50mm

e
50mm

Y o [m—I-

]
150mm- £| = e
E * Ch-1 Ch-2

_ Channel Number
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5.2 Monitoring of bubble formation using tap water
In this investigation, tests were undertaken for three levels of water, at 100 mm (level

with sensor 1), 200 mm (a level midway between sensor 1 and sensor 2), and 350
mm (a level 50 mm above sensor 2). For this particular study, one experimental case
is presented, with tests undertaken three times for each of the three levels. Tests
were terminated once the water temperature reached the boiling point of 100°C. The
onset water temperature condition for all tests was recorded as being a temperature
(20°C). Continuous observations were made of AE-RMS (mV) and temperature (°C)
with time (sec), and the different trends identified. Results for the boiler filled with
water up to a depth of 200 mm, are presented in Figure 5. Note, the water surface

level was 100 mm below sensor 2.
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Figure 5: Measured temperature, and AR-RMS signals for boiling test with tap water
(water level 200 mm).

Stage 3 ‘ Stage:t .
Figure 6: Bubble mechanisms in different stages zones for water level of 200 mm.

Figure 5 above is divided into four different stages. During the first stage, which is
between 0 and around 245 s, the heat transfer mechanism is natural convection and
few bubbles to form on the heated surface. The measured water temperature rose
from its initial value of 22°C to about 35°C. At the second stage, between 245 and
660 s, isolated vapour bubbles form at about 40°C on the heated surface, break
away and rise through the water bursting when they reach the surface. In this stage,
there is a substantial increase in the value of AE-RMS in both channels. The value of
the AE signal in channel 1 is higher than that of channel 2, (1.3 and 0.7 mV
respectively), because the position of sensor 2 is 100 mm above the water surface
and so does not receive direct AE transmission through the water. In addition, for tap
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water, gas voids appear on the boundaries between the water and the small particles

suspended in the water; a phenomenon called heterogeneous nucleation.

As the bubbles begin to form, and then collide with each other, some combine to
produce larger bubbles. Buoyance forces cause the bubbles to rise and as they do
so the water pressure surrounding them decreases and they grow so that the
buoyancy force increases and they accelerate upwards [31].

During the third stage, between 660 and around 1150 s, the value of measured AE-
RMS for both channels decreases. During this period, the sensible heat changes to
latent heat. Not all the bubbles detach from heated surface to the surrounding water,
some combine with adjacent bubbles and stick to the heated surface, causing an
isolating layer, as shown in Figures 5 and 6. This layer is responsible for attenuation
of AE-signals. At about 1100 s, between 75 and 83°C, the value of AE-RMS is a
minimum in both channels. After this both measured AE-RMS levels begin to

increase.

Finally, in stage four, as the water approaches the boiling stage between 83 and
100°C, there is a gradual but quite steep increase in the value of AE level from 0.8
mV to approximately 2.2 mV in channel 1, due to the increase in bubble formation
because of heat gained by the water. The number of bubbles reaching the top
surface of the water increases, and large bubbles with higher interna; energy levels
start to burst on the water surface. Husin et al. [39] found that AE technology is able
to detect single bubble burst at the free surface of the liquid. Moreover, they
confirmed that AE amplitude and energy of bubble burst at the free surface

increases as bubble size increases.

5.3 Waveform analysis of AE amplitude using tap water

The AE waveforms measured by sensor 1, when the water level was 200 mm,
showed different characteristics depending on the stage. Typical AE waveforms are
shown in Figure 7. During stage 1, at 100 s, between 20 and 30°C, there is virtually
no AE signal because only a few bubbles start to form but generally do not detach
from the bottom surface of the boiler into surrounding water. During the second
stage, it was observed that the value of AE-Amplitude increased to as high as 6 mV
at 495 s. At this stage, more bubbles are formed and detach from the heating

surface, some collide with others and combine to produce larger bubbles.
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Figure 7: AE waveforms associated with the tap water level of 200 mm for channel 1.

At stage 3, the value of AE-Amplitude dropped to 3 mV at 990 s. During this period,
some bubbles combined with adjacent bubbles and adhered to the heated surface
causing attenuation of the AE signals. During stage 4, the value of AE-Amplitude
increased until it reached about 8 mV; the temperature of the water increased, and
large bubbles began to burst on the water surface and this continued until the end of
the test. As the size of bubbles increased so did their internal energy.

5.4 Frequency domain analysis of bubble formation using tap water

The Fast Fourier Transform (FFT) was used to identify frequency characteristics for
bubble activity in tap water with a water level of 200 mm, the results are shown in
Figure 8. The measured AE data was processed to estimate the power spectrum of
the AE signal arising from bubble activity. The spectrum obtained from the FFT was
used to monitor bubble formation during pool boiling. During stage 1 there was a
small peak at about 2300 kHz, indicating the presence of only a few bubbles forming
on the heating surface. These tended to stick to the heated surface where the
temperature was still relatively low. During this stage the heat transfers from heated

surface to the water was by natural convection.

At stage 2, the value of AE amplitude at the peak frequency of about 2300 kHz
increases substantially to approximately 0.2 mV. In this stage, the temperature
increases, the heat flux increase, and bubbles start to form at a faster rate and to

detach from the heated surface. There is a small peak at 1250 kHz which suggests
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the presence of larger bubbles contributing to the AE signal, these might be surface
bursts. At stage 3, the peak value of AE amplitude level decreased gradually to
approximately 0.1 mV. The peak at 1250 kHz also decreased in magnitude. During
this stage, some bubbles combined with others and stuck to heated surface and

formed an insulating layer. This layer reduced the levels of the AE signals.
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Figure 8: Frequency plot of AE amplitude for sensor 1 for tap water, water level of
200 mm.

The AE signal grew substantially during stage 4, reaching its highest level of 0.3 mV
at 2300 kHz. The smaller peak at 1250 kHz also increased in magnitude. During this
stage, there was a lot more bubble activity. Additionally, this stage presents liquid
entrainment, a phenomenon that occurs with nucleate boiling when the bubbles rise
to the water’s free surface and carry with them hot water which helps increase the
overall water temperature. The bubbles to grow and rise to the water’s free surface
under the influence of buoyancy. Then the bubbles burst and release the contained
vapour. As a result, the heat flux reaches its maximum value. Observations from the
spectra of the AE signal note the presence of more bubble formation at a faster rate,
as shown in Figure 8, stage 4. Typically, AE signals associated with bubble activity

increased throughout the boiling test.
5.5 Observation of the influence of different liquid types on AE signal levels

Figure 9 below shows the AE-RMS (mV), time (sec) and temperature (°C) for sensor
1, where the black line represents tap water, the red line demineralized water, and

the green line salt water (5g/L). The plots show clear differences between the three
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liquids. With tap water, bubbles start to detach from the heated surface of the boiler
at around 245 s, and 30°C. In addition, for tap water, gas voids appear on the
boundaries between the water and the small particles suspended in the water; an

event called heterogeneous nucleation.

For demineralized water, the bubbles start to detach from the heated surface at
about 570 s, at a water temperature of about 50°C. In demineralized water there are
far fewer small particles in the liquid on which heterogeneous nucleation can occur.
However, the thermal motion inside the demineralized water formed temporary,
microscopic voids which by themselves can produce the nuclear cavitation
necessary for formation and growth of micro-bubbles. An increase in water
temperature meant the local saturation vapour pressure became greater than the

surrounding water pressure and bubbles formed.
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Figure 9: Measured temperature, and AR-RMS signals from sensor 1 for boiling test
with tap water, demineralized water and salt water (5g/L) (water level 200 mm).

From Figure 9 it can be seen that bubbles detach from heated surface to the water
surface in the salt water faster than tap water or demineralized water. With salt water
(5g/L), bubbles start to detach from the heated surface into the surrounding water at
a very early stage, from about 22°C. It was observed that detachment of bubbles
from the heated surface at these relatively low temperatures took place in salt water
(5g/L) but not in either tap water or demineralized water. This is due to the surface
tension of salt water (5g/L) being higher than that of the other two liquids.
Additionally, bubble voids appear on the boundary between the liquid and small salt
particles suspended in the liquid, which is responsible for formation and growth of

micro-bubbles, providing what is called a flat hydrophilic surface [29].
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The mechanism of bubble formation in tap water is the same as in salt water, but
there is a difference in the size of the bubbles. In tap water, many large bubbles
appeared and disappeared in a short time. However, no large individual bubbles

were observed in the salt water.

It can be seen that the detachment of bubbles from the heated surface with tap water
is faster than for demineralized water because in demineralized water, there is a

much lower concentration of mineral ions and other small particles [29][40].

5.6 Statistical analysis of AE parameters of bubble formation during pool
boiling with different liquid types

Bubble formation during pool boiling depends liquid properties such as viscosity,
density and surface density. The AE signals corresponding to bubble formation were
statistically analysed to determine a critical AE parameter indicator for bubble activity
detection. Table 2 shows average values for comparison between AE Amplitude, AE
Rise time, AE Count and AE Energy obtained from sensor 1 (for bubble formation,
over time interval was 1650 s).These statistical parameters were obtained directly
from the AE system (AEWin).

Table 2: Comparison of average AE parameter of bubble formation with different
liquid types during water level of 200 mm at time limited which is 1650 s.

AE Parameters
Liquid Types AE Amplitude | AE Rise Time (us) AE Count AE Energy (atto-joule)
Tap Water {;g) 701 29 5
Demineralized Water 38 1133 75 8
Salt Water (5g/L) 37 27 4 0.33

The AE signals presented in Table 2 were the average of 15 tests based on the raw
data from the AE system. One recommendation could be the use of waveform
analysis for the transient signal instead of taking data from the whole waveform
(statistical AE parameters from the AE system). A comparison of bubble formation in
tap water, demineralized water and salt water (5g/L), is shown in Figures 10, 11, and
12. The results are for AE Rise time, AE Count and AE Energy.
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Figure 12: AE Energy from bubble formation as a function of liquid types.

Figures 10, 11, and 12, show a significant effect of viscosity on bubble activity and
the AE Energy generated. (Where are viscosity values?) The AE signal level
increased as viscosity decreased. These figures show that for demineralised water
the count, energy level and rise time were consistently much the greatest, and for
salt water were much the lowest. This is because the bubbles size in salt water
bigger than that of demineralised water.

Figure 13 shows the AE amplitude decreases with different liquid types. However,
the value of AE amplitude for tap water is 38 dB, the same as for demineralized

water. These the levels correspond to stage 2 in Figure 9
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Figure 13: AE Amplitude from bubble formation as a function of liquid.

5.7 Observation of the influence of the level of the tap water on AE signals

Figure 14 shows the relationship between the AE-Energy (atto-joule) measured by
sensor 2 with water temperature (°C) measured by the thermocouple, for a (tap)
water surface level of 100 mm, some 200 mm below sensor 2. The AE-Energy was
only 200 atto-joules for a water temperature of 100°C, this was because sensor 2
was 200 mm above the water surface and the AE signal was transmitted to the

sensor only via the wall of the container.
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Figure 14: AE-Energy measured at sensor 2 with (tap) water level of 100 mm from
the bottom of the boiler.
Figure 15, shows the same process but with the (tap) water surface level at 200 mm,
only 100 mm below the sensor. The value of AE-Energy signal increased to
approximately 250 atto-joules for a water temperature of 100°C, this small increase
was due to the water level being closer to the sensor and the AE signal not having to

travel so far through the wall of the container.
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Figure 15: AE-Energy measured at sensor 2 with (tap) water level of 200 mm from
the bottom of the boiler.
Figure 16 again shows the same process but now the water depth is 350 mm which
is 50 mm above the sensor position. There is a substantial increase in the measured
AE-Energy, about 400 atto-joules when the water approached the boiling phase.

= Channel 2

a
25 em

30 em

Boiler

20 30 40 a0 60 70 80 a0 100 1
Temperature [C]

Heat Source

Figure 16: AE-Energy measured at sensor 2 with (tap) water level of 350 mm from
the bottom of the boiler.

Obviously, the water level has a substantial effect on the measured level of AE
energy with pool boiling. When the water level is below the level of the sensor direct
transmission from water to sensor is not present and the measured signal is only that
transmitted through the wall of the container. Thus, as expected, there is a marked

drop in amplitude of the signal when the water level falls below that of the sensor.

The maximum value of AE-Energy is recorded between 90 and 100°C for all levels

because more bubbles form at these temperatures and their energy increases.
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5.8 Threshold levels of AE signals using tap water

Figure 17 below shows that there is a correlation between a number of hits and level
of the water in the container. When the liquid level rises, the number of hits also

increases due to the increased number of bubbles formed. (Are you sure the rate at which

bubbles were produced increased with water level. | would have thought the opposite was the case
because the pressure on the heated surface gets greater with increased water level and so bubbles
won’t form until a slightly higher temperature. Surely, what is happening is that when the water level is

below sensor 2 the signals are attenuated, don’t reach the 36 dB threshold level and are not counted.)

The value of AE-Hits reached 160,000 hits for a water depth of 350 mm, and
threshold of 36 dB. As would be expected, the number of hits decreased with

increase in threshold level, as shown in Figure 17.
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Figure 17: Effect of level of (tap) water and threshold levels on number of AE-hits for
channel 2

5.9 Energy index of AE signals using tap water

The next phase of the analysis was the use of the Energy Index (El) to identify
bubble formation during the test period with different rates of power-supply to the
plate heater. The Energy Index (EI) is defined as the square of the ratio of root mean
square of a defined segment (RMSsegment) Of @ given signal to the root mean square
(RMS,veran) Of the entire signal and has been successfully applied to experimental
data from gears, bearings, and bubble activity [8][41][42]. For this particular research
investigation every AE waveform recorded throughout the tests, was divided into

1650 segments and EIl was calculated using Equation (5).
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Figure 18 shows the correlation between energy index and measured water
temperature (°C). The blue line represents the AE signal for a 3.0 kW supply to the
heater and the black line shows the AE signal for the 2.5 kW supply.
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Figure 18: Effect of power-supply on the AE levels with (tap) water depth of 200 mm
for sensor 1.
From Figure 18, it can be seen that for a heater of 2.5 kW power, it is obvious that
the El plot follows very closely the AE-RMS plot presented in Figure 5, for sensor 1.
There is an increase in El level with measured water temperatures and bubbles
started to detach from the heated surface to the surrounding water at about 35°C.
The EI of the AE signal decreased slowly between 50 and 80°C, following the plot
shown in Figure 5. In this period, attenuation occurs due to some bubbles sticking to
the heated surface of the boiler, causing of reduction in the AE signal. In the last
moments of the test (100°C), large bubbles were bursting at the free surface, and the

corresponding value of the El at 2.5 kW was recorded as 7, (see Figure 18).

With a power supply of 3 kW, the bubbles start to detach from the heated surface at
the bottom of the boiler at around 22°C with a substantial increase in the level of the
El between 22 and 50°C. The EI level is much greater than for the 2.5 kW source,
with increased power supply generating a higher heat flux and causing more bubbles
to form. The level of value of the EIl for the 3 kW heater peaked at 7, and this
occurred between 40 and 50°C, because in this period the bubbles formed at a
faster rate, due to the increased heat flux and heated surface temperature. After that,

there was a gradual decrease in the value of El with increase in temperature from 50
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to 100°C. During this period, the water temperature and bubble size increased,

causing bubbles to burst near the free surface.

It was observed that the power-supply has a significant effect on AE levels such that

when the power supply increases, the trend of the AE signal changes as well.

5.10 Difference between rise times of AE-signals for bubble formation and

bubble burst using tap water

Figure 19 shows a schematic of the measurement positions for determining the
difference between AE-signals associated with bubble formation and bubble burst.
To measure the signals associated with bubble formation, acoustic waveguide 1 with
sensor attached was positioned with its open end 5 mm from the bottom (heated)
surface of the boiler. To monitor bubble burst at the surface, acoustic waveguide 2
was placed with its open end 195 mm from the bottom heating surface. The AE
signal rise times for waveguide 1 were greater than those for waveguide 2; 6494 us
compared to 1753 ps. This increase in rise time is because as the bubbles neared
the surface their diameter increased, the bubbles became larger. The biggest

bubbles burst on the surface of the water at the end of the test.
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Figure 19: AE-rise times for different waveguide positions using tap water at 3 kW
supply.
The identical set up was used to measure AE-RMS to identify characteristics of
bubble activity, such as bubble formation and burst, as shown in Figure 20. This

analysis was performed to assess the ability of the RMS parameter to monitor

bubble formation and burst during pool boiling. The results showed the AE signal for
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waveguide 1 was higher than that for waveguide 2; 3.5 mV and 0.7 mV respectively
at 40°C, see Figure 20. The peak values for waveguide 1, measuring activity 5 mm
above the heated surface, was for the temperature range 30 to 50°C, in the time
period 300 to 700 s (see Figure 5). In this period, there was greater bubble formation
on the heated surface with a few bubbles bursting on the water’s free surface as
bubbles started to detach from the heating surface of the boiler vessel into the

surrounding water.
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Figure 20: AE-RMS for different waveguide positions using tap water at 3 kW supply.

It was noted that the AE signal levels for waveguide 1 gradually decreased to
approximately 0.4 mV between 55°C and 80°C but picking up slightly when the
temperature rose above 95°C. During this stage, some of the bubbles combined with
adjacent bubbles and stuck to the heated surface of the boiler, causing attenuation
of AE signals.

As the water approached the boiling phase between 95 and 100°C, a gradual
increase in AE signal levels to around 1 mV for both waveguides was observed, see
Figure 20. This increase was attributed the heat gained by the water. Furthermore,
this heat caused a significant departure of the bubbles towards the top surface, and
finally, large bubbles began to burst on surface as both their size and internal energy
increased. These results lead to the hypothesis that the AE-signals of bubble
formation are higher and more violent than those of bubble burst at the free surface.

Conclusions
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AE techniques are capable of detecting the formation and bursting of bubbles in the
early stages of the boiling process. Furthermore, this study has demonstrated that
AE parameters such as AE-RMS, AE-Energy, AE-Amplitude, AE Energy Index, and
AE Rise Time are reliable, robust and sensitive for the detection of bubble
occurrence and propagation to the surface of the water during pool boiling. It was
concluded that the condition monitoring of bubble formation using AE techniques
could usefully complement other condition monitoring technologies, all of which are
aimed at reducing energy losses and improving life-cycle costs.

This paper presents the results of an investigation of the application of AE
technology to the monitoring of early stage bubble formation in pool boiling. This
project has established that different liquids will affect the AE energy levels during
bubble formation. It was noted that there is a correlation between AE signals and

water levels; when the water level increases, the value of AE signal increases.

Obtained results are shown that the AE signal can be usefully used for the diagnosis
and monitoring of bubble generation rate in the early stages of pool boiling and
detection of the level of the fluid contained in a heated vessel. Furthermore, the AE
signal can differentiate between similar liquid - which means that the AE signal might

be used to detect the deterioration in boiling process.
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