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Abstract 
 

The capability to predict parameters and to develop quantitative predictive models in 
sub-cooled boiling flow is considerable importance to nuclear reactor safety and in many other 
industrial processes. Such predictions are based on heat transfer mechanisms derived from theo-
retical models and from experimental data on bubble dynamics from growth and motion aspects. 
In practice, it is essential to predict the complete boiling curve in system with specific conditions, 
which performs an accurate description of the boiling process, and to point out the transition 
between the regions. The prediction of the boiling curve is based on temperature measurements 
on the surface of the heating element using thermocouples or thermographic and high speed 
cameras [1, 2]. The accuracy of these measurements could be improved by applying acoustic 
emission (AE) method especially in complicated geometries. The current study adopts the AE 
techniques in order to examine the potential of the AE in detection of bubbles during boiling 
process and to point out the transition zones. Preliminary AE work has been conducted in order 
to determine the appropriate AE parameters, and to eliminate mechanical and electromagnetic 
interferences.  

 
The AE findings in terms of counts, amplitude, peak frequency, etc., as a function of the ap-

plied current, revealed the early stages of bubble formation during boiling process. The AE data 
also indicates the transition between the different regions of the boiling curve. The AE results 
were analyzed by spectrum analysis and wavelet analysis in order to determine characteristic 
frequencies and sequences of the water boiling processes. The AE results show a great potential 
to detect in situ the early stages of boiling process and can be used as an efficient tool for moni-
toring continuously possible boiling in industrial pipes where the boiling might be critical and 
damage process. 
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Introduction 
 

There is a growing interest in boiling process characterization from both engineering point of 
view and from fundamental research in various aspects. From practical side, boiling heat transfer 
is used in many industrial processes such as: refrigerator, heat exchanger in the chemical indus-
try, steam power plants and electronic devices, either to generate vapor or because of its effec-
tiveness in cooling. On research side, development of comprehensive quantitative predictive 
models is still long-term goals, since they are based on heat transfer mechanisms derived from 
theoretical models and from experimental data on bubble dynamics from growth and motion as-
pects. The latter has been focused since the development of advanced characterization techniques 
with powerful data processing. The most popularly used methods are the high-speed video cam-
era [2, 3]. Recently, AE is being utilized as a complementary method in the characterization of 
micro-mechanisms of boiling process as implemented in the current study.  
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As a background, macroscopic boiling process is well known and defined since the first dis-
covery of boiling curve by Nukiyama [4], and it is classified as pool boiling or flow boiling de-
pending whether the fluid flow by natural movement or forced to flow by external pump.  Fur-
ther, classification concerns the average temperature of the fluid and divides into sub-cooled and 
superheating boiling. The classical boiling curve for water boiling condition is illustrated in Fig. 
1a and the corresponding suggested micro-mechanisms are listed in Fig. 1b. Up to Point A 
(Stage I), the heat flows from the heating element to the water by natural convection. From Point 
A to C, bubbles form on preferred surface sites on the heating element due to local superheat 
conditions. Towards Point B the bubbles that form and depart from the heating surface collapse 
in the surrounding water due to heat exchange with the cool fluid. Beyond Point B to C, bubbles 
form in vigorous rates colliding with each other and combine to become numerous continuous 
bubbles, depart from the heating surface and continue to float all the way up to the free surface, 
where they pop up and release their vapor to the environment. From C to D, continuous vapor 
film is growing until it covers all the surface of the heating element, becoming Stage V or film 
boiling. As a result, a decrease in the heat flux is observed. From Point D, the dominant mecha-
nism of heat transfer is radiation that increases the transfer rate. 

 

 
 

Fig. 1. (a) Typical boiling curve regimes for water in pool boiling 1 atm. [5], (b) The corre-
sponding mechanisms at the different zones. 
 

Boiling process produces acoustic pressure waves of above 50 kHz resulting from several 
mechanisms: bubble initiating, growth, departure [6], neck detachment accompanied by turbulent 
stream [7], bubble collapse due to heat transfer from the fluid [8], bubble natural oscillation due 
to fluctuation in the equilibrium state and bubble blast due to bursting in water surface [9]. Based 
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on these mechanisms, one can assume that the boiling process involves sequences of pulses, 
whose amplitude, length and time intervals vary randomly. Thus, AE technique has a good po-
tential in revealing and distinguishing between different boiling regimes in the boiling curve. 
Accordingly, one can presume that early stage of boiling nucleation involved bubble formation 
and departure separately from the heating surface. The separation of the signals that contain all 
the characteristic information of the sources is expected. However, in vigorous boiling where 
bubbles collide each other and combine while growing, overlap of the impulses results in signals 
with continuous emission nature. Therefore, amplitude, frequency, phase and time information of 
the original signal are lost in the process. Other experiments [6, 10] revealed relation between the 
self-oscillation of the bubble to its size, and it was concluded that bubble in order of 6 µm will 
produce sound in 500 kHz and 10 µm yields 300 kHz. Acoustic signals pass quite easily in the 
medium of water or metal, but when steam is involved attenuation could reach up to 6 orders of 
magnitude. Thus, in stage I boiling, bubbles may be detected as separate acoustic waves while 
steam production will attenuate the amplitude, power and signal counts in a very sharp form.    

    
The present study is an additional research attempt in applying acoustic emission (AE) to ex-

plore more on the main mechanisms involved during boiling process, as well to detect the transi-
tion between the various regimes of the boiling curve.   
 

 
Fig. 2.  A schematic illustration of the experimental set-up. 
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Experimental Procedures 

The schematic experimental set-up is depicted in Fig. 2, including a reservoir of water heated 
initially to 55°C by steam and forced by circulation pump to the test system. The system had 
three segments: glass tube with diameter of 32 mm and height of 180 mm and two tubes made of 
stainless steel on both sides. A special joint between the metal and glass was designed in order to 
achieve smooth flow. Through the entire length of the tube, a central stainless steel rod served as 
the heater and was connected to the variable current electrical supply. Just above the upper side 
of the glass tube an immersion thermocouple of type K was located at the middle of the metallic 
tube and measured the average temperature of the water flow. 

 
The AE arrangement included four resonant sensors, PAC micro-80. The two data sensors 

were located near the edges of the outer surface of glass tube and the two guard sensors were po-
sitioned 60 mm away. In order to have a good signal path, silicone gel was used as the couplant 
between the sensors and the tube surfaces. The sensors were attached by special tape and were 
connected to amplifiers with 40 dB of amplification combined with analog filter of 100-1200 
kHz. The amplifiers were connected to the computerized AE system. Preliminary work has been 
performed in order to obtain the appropriate parameters of HDT, LDT and PDT as well as the 
threshold level, which was selected to be 32 dBae. AE activity was tracked continuously with 
current flow. The AE data such as counts, amplitude, duration, peak frequency and more, were 
analyzed in order to detect the very early stage of bubble formation and to distinguish the stage 
transition. Waveforms were analyzed using FFT and AGU-Vallen wavelet analysis functions 
[11], in order to find the characteristics frequencies of boiling mechanisms.  

Results and Discussion 

Figures 3a-c depicted the AE activity with the stepwise applied current during boiling proc-
ess in terms of AE counts and cumulative counts, respectively. As shown up to 150 s, minor AE 
activity is being observed with almost constant counts of about 20. This AE activity is for the 
stage known in the boiling curve as natural convection, and originates from sources such as wa-
ter flow, friction, heating element expansion and adjustments of glued interfaces of the 
glass/metal tubes.  At 150 s, a sharp transition in the AE activity occurs (Fig. 3a) when the 
heater current is increased to above 900 A. This effect also appears in the cumulative display 
(lower arrow in Fig. 3b). This dramatic change indicates the initiation of the boiling process (re-
ferred to transition point (A) from stage I to II), which mainly occurs at the surface defects of the 
heating element. Normally, the water temperature at the vicinity of the heating element is about 
105°C. By expanding this stage (Fig. 3c) one can notice that the AE activity followed a sinu-
soid-like behavior with increasing amplitude with time. Figure 3d shows the expanded pattern of 
one of the sinusoidal wave (marked by an arrow on Fig. 3c) with a profile of alternate burst and 
decay. This characteristic pattern indicates the discontinuity in the boiling process at the transient 
zone between stage I and II, although with the increasing trend in the AE activity. In cumulative 
count display (not shown), corresponding stepwise behavior was noticed. This AE response in-
dicates that the boiling process evolution occurs gradually and not in a spontaneous manner. As 
such, approaching to asymptotic behavior will specify the end of this stage, which is an impor-
tant finding in bubble initiation and growth event sequence. 

 
The results on peak frequency are shown in Fig. 4a. Several distinct frequencies are found in 

stage I, but we notice only limited events had dominant peak frequency in stage II. This result 
may indicate that this stage is mainly attributed to continuous emission with sporadic burst signal. 
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This AE response is a result of two sources: the major one is related to signals overlapping pro-
duced by massive amounts of bubbles forming and their breakaway from the heating element 
surface due to imposed water flow. The second one is associated with bubble collapse due to 
heat exchange with the cooled surrounding liquid. As the current increases, almost linear behav-
ior in the AE cumulative events is observed up to 1000 A (stage II in the boiling curve). Fig-
ures 4b-c illustrates the typical waves related to continuous (stage II) and burst signals (stage III). 
A change in the slope is also observed (2nd arrow in Fig. 3b), which may point out the transform 
from discreet boiling of bubbles (stage II) to coalescence process (referred to stage III).  

 

 
Fig. 3. AE activity with heating current during boiling process in terms of: (a) AE counts, (b) 
Cumulative AE counts, (c) Expanded region between 145 to 165 s, (d) Characteristic profile 
of one of the sinusoidal wave shown by the arrow in (c).    

     

 
Fig. 4. (a) Peak frequency with applied current during boiling process, (b) Continuous-type 
wave associated with stage II, (c) Burst-type waves associated with stage III. 
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Figures 5a-d express the signal amplitude and the heater current vs. test time for the entire 
test, and individually for stage II and III, respectively. As shown in Fig. 5a the main stages and 
the transition zones from one to another are well reflected. In addition, the amplitude level ref-
erence (30 to about 45 dB) is observed up to 40 s after the test was initiated. Although the current 
was increased the amplitude levels up to 145 s remain almost unchanged as compared to the ref-
erence one. However, by refining the data using density function (not shown) signals with 35 dB 
become dominant. Figure 5b emphasizes a dramatic change in the amplitude level in stage II re-
gime from 35 dB up to 70 dB. In stage III in the boiling curve, the increase of the amplitude fur-
ther up to 85 dB (Fig. 5c) indicates a change in the mechanism, which may be associated with 
bubble coalescence. Figure 5d depicted stage III with almost constant amplitude of 85 dB up to 
the final test time.  

 

 
Fig. 5. Signal amplitude vs. time: (a) entire time set,(b) Stage I, (c) Stage II, (d) Stage III. 

 
In order to assess the relation between the known mechanisms and the AE signals, a wavelet 

analysis was applied using AGU-Vallen software [11]. This analysis helped us distinguish be-
tween various types of boiling regime in terms of frequency and amplitude distribution in time 
domain. Those analyses showed that continuous emission (see Fig. 4b) from stage II of the boil-
ing curve is not characterized by any significant peak frequency (not shown here). This type of 
emission is attributed to the initiation stage of the boiling process accompanied by bubble forma-
tion in the range of microns followed by collapse mechanism. In contrast, the column region 
(Stage III) is manifested by discreet AE burst signals as displayed in Fig. 6a. As shown, the 
wavelet analysis is depicted in two and three dimensions indicating on the main peak frequencies 
with the dominated one at 300 kHz. Noise signals that derived from undesired sources, such as 
heating shut-off and contraction of the heating element were around 1000 kHz and easily recog-
nized (Figs.7 a-b). Again the wavelet analysis was shown in two and three dimensions with the 
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dominant noise frequencies. Although the sensors were resonance type, we could distinguish the 
mechanisms based on the fact that the true signal frequency is around the wavelet frequency and 
near one of the resonant of the sensor, but not necessarily the exact one.     

 
Fig. 6. (a) Typical burst wave associated with stage III, (b) Wavelet analysis with dominant 
frequency around 300 kHz. 

 
Fig. 7. (a) Typical noise wave, (b) Wavelet analysis with dominant frequency around 1 MHz. 

 

 
Fig. 8. (a) First approximation of Minnaert equation for bubble sizes vs. frequency, (b) Bubbles 
on heating element surface. 
 

Similar frequency of bubble formation and detachment around 300 kHz was reported by 
Husin and Mba [12]. They were the first to correlate the AE energy of bubble burst with bubble 
size. In addition, they showed that with increasing bubble size, the AE of bubble burst also  
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increases. Statistically, it was found that the best AE parameter indicator for bubble study was 
AE amplitude. Based on the Minnaert equation [10] (Fig. 8a) one can estimate the bubble size 
with regard to the frequency range at stage II of water boiling process, to be in the range of 10-20 
µm. As mentioned by Manasseh [1] bubbles size during formation are in the range of tens to 
hundreds of microns and only active acoustic method may be best to detect such small bubble 
size. Figure 8b shows an example of bubble formation in the range of 0.1-5 mm during boiling 
process at and near the heating element surface [13]. 

Conclusions 

Based on the preliminary AE results, the following conclusions may be drawn: 
1. Good feasibility in detecting very early stage of bubbles formation. 
2. Transitions in mechanisms during boiling process can be distinguished clearly. The transition 

is well observed and characterized by discontinuity, burst and decay profile. 
3. Sequence events during specific boiling stage can contribute to the analysis of dynamic bub-

bles growth, collapse and coalescence. 
4. Peak frequency around 300 kHz is assumed to relate to bubble detachment micro-mechanism.  
5. AE data can serve as complementary information to other characterization techniques in de-

tecting the initiation and progression stages in boiling process monitoring.  
 
 Finally, more need to be done in order to incorporate this powerful technique in predicting 
the incidence of boiling in nuclear reactors. This is also the case for monitoring heat exchanger 
systems in the industrial chemical processes, detecting gas bubbles in the petrochemical industry 
and detecting gas layers in oil drilling [14].   
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