
ECI International Conference on Boiling Heat Transfer 
Florianópolis-SC-Brazil, 3-7  May 2009 

 

 
 

 
 

INTRODUCTION 

Natural circulation phenomenon has been important to 
provide residual heat removal in cases of "loss of pump 
power" or plant shutdown in nuclear power plants accidents. 
The new generation of compact nuclear reactors includes 
natural circulation of their refrigerant fluid as a security 
mechanism in their projects among the called passive systems 
[20]. 

In this regime, fluid circulation is mainly caused by a 
driving force (“thermal head”) which arises from density 
differences due to temperature gradient. Many circuits under 
this regime are called termosyfons and have been applied to 
refrigeration on chemical processes, electronics, solar energy 
heating, nuclear energy and many others. The pressure drop 
from each phase depends significantly on void values, which 
in turn has a mutual influence on the two-phase flow pattern. 

Two-phase flow patterns have been studied for many 
decades, and the related instabilities have been object of 
special attention recently. Boiling reactors development was 
one of the major motivations for this study to grow in 
importance due to its consequences on reactor operation and 
safety. Many different instability categories have been 
established during this period both related to natural and 
forced two-phase circulation. Type-I instabilities, related to 
gravity effects, are very important to natural circulation 
boiling-water reactors which gained special importance during 
the 1990s with the SBWR (simplified boiling-water reactors) 
development [4]. 

Many test facilities were built in order to study low 
pressure natural circulation conditions related with design and 
operational problems and their associated changes in flow 
patterns and hydro-dynamics with consequent heat and mass 

transfer modifications. Bubble reaction rates optimization, 
stress caused by slugging, and other mechanisms have to be 
taken into account in new projects arising recently. Although 
most of two-phase flow patterns have been modeled, new 
applications have raised new interest in testing the old models 
with new detailed information that is increasingly fast 
becoming available through visualization and data processing 
in recent decades [1]. Online detection and classification of 
flow patterns has been one milestone for many of these 
studies. 

Characterizing flow parameters and transitions has been 
studied through many techniques using different temperature, 
pressure, mass flow rate and other sensor signal analysis. 
Seleghim and Hervieu [12] proposed a relation between flow 
pattern transition and time-frequency covariances of void 
signals where the dynamic state of an established flow pattern 
must follow the eigen-trajectories establishing signal analysis 
criteria to detect changes on dynamical states of flow. Most of 
these features were used in neural network models which 
could also detect transitions based on signal changes [1]. 

Visualization is becoming an increasing new technological 
resource to study two-phase flow patterns. Although the 
results show improvements in visualization technology, there 
is a gap in image processing techniques development using 
artificial intelligence resources being used to estimate flow 
patterns and parameters based on acquired digital image [10]. 
Digital information obtained trough charge-coupled devices 
(CCD) is recently changing into accessible and cheap 
technology, enabling much more two-phase flow visualization 
experiments which range from qualitative use of it [6] to 
improved image processing techniques [5,8,13]. Most of 
qualitative visualization is usually associated with other flow 
parameters sensors or estimation as hot-wire anemometer 
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[17], conductivity probe [16], electrical-resistance-
tomography [2], multiple-electrode impedance [11] and 
others. More recent work uses more elaborated image 
acquisition techniques as particle velocimetry [3,9] or 
numerically optical treatment [14,15]. 

The accuracy of two-phase flow heat transfer prediction has 
been improved with new models that require precise 
prediction of pattern transition among others like void fraction 
and dry angle. 

Artificial intelligence methods can significantly add new 
resources on pattern detection and image processing 
techniques. Image processing improvements and database 
handling capabilities are increasing their abilities to elucidate 
old doubts about two-phase modeling and bringing new 
phenomena details into possible study and systematic 
observation field. 

METHODOLOGY 

Experimental facility 

Natural circulation cycles on an experimental loop are 
studied through fifteen temperature sensors and two CCD 
cameras.  

Experimental facility is composed of an all glass-made 
cylindrical tubes loop which contains about twelve 
demineralized water liters, a heat source by an electrical 
resistor immersion heater controlled by a Variac, and a 
helicoidal heat exchanger working as cold source (figure 1). 
Visualization is possible in all regions of the circuit. 

The heater is composed of two electrical resistors that can 
be controlled up to 8000W. The coolant is tap water at 
ambient temperature. There is an expansion tank acting as a 
pressurizer partially filled with water, opened to the ambient 
at the top end and connected to the loop at bottom end [19] 
which is not shown on figure.  

Temperature measurements and image acquisition were 
concomitantly done in order to estimate and characterize 
phase transitions patterns and correlate them with the periodic 
static instability (chugging) cycle with respect to time 
observed in this circuit.  

Temperature measurements 

Temperature measurements were done with an acquisition 
system by National Instruments controlled by a Labview [21] 
constructed interface. Fifteen type T thermocouples were 
distributed all over the loop at different positions and used to 
acquire simultaneously. The temperature uncertainty was 
estimated to be 0.5 Celsius. An approximate sample rate of 7 
seconds was used to acquire temperature over many chugging 
cycles of two-phase flow. Most of temperature results will be 
published elsewhere. 

In order to compare with image patterns this work was 
based on temperature sensors around the visualization section 
region (figure1) and the one localized at the expansion tank 
(T12, TP2 and T20).  

The heating power was estimated with two percent error 
and for this experiment was raised up to 7270 W with an 
ambient temperature of 25oC. Secondary flow rates were 
measured by a rotameter around 140 l/h. 

Image Acquisition 

Image acquisition was done simultaneously with 
temperature measurements using high resolution (9MP) CCD 
camera with 250µs shutter speed. Lenses mount were 
configured to macro focusing and image acquisition was done 
at one frame per second rate during different cycles of 1000 to 
1500s long. Typical acquisition modes generated 3888x2592 
pixels frames at longitudinal tube section with a resolution of 
approximately 0.03mm/pixel. Backlight illumination 
technique showed the best condition to obtain border defined 
images. 

Images were acquired at an approximate 120 mm 
longitudinal section of cylindrical hot leg tube (46.3mm 
external diameter) shown on figure1.  

 

Fig. 1: Image acquisition mount placed above 8000W 
heater (hot leg). CCD camera (C) is aligned with glass tube 

capturing backlight from continuous illumination sources (R). 
 
Illumination setup included use of backlight technique with 

1500W continuous illumination sources. Acquisition was done 
using a lenses mount configured to a depth of field restriction 
of approximately (10±2) mm. This field included the front end 
(external frontal tube interface) until a section shown on figure 
2.  

 

Fig. 2: Transversal section of imaged section of “hot leg” 
tube side. CCD camera (C) is focused on a 10mm “depth of 

field” tube (T) region. 
 



 

 

Depth of field restriction was intentioned to restrict the 
image region of interest (ROI) in order to select objects which 
would be considered into image parametrization.  Images were 
acquired at 220±20 mm distance from the tube and were taken 
with one second interval. 

Image Patterns Characterization 

Flow patterns were initially classified following established 
chugging instability phases [18,19,22]. These cycles are 
usually divided into three different phases called incubation, 
expulsion and refill periods .These instabilities are considered 
relaxation instabilities characterized by periodic expulsion of 
coolant from the channel. The term chugging was based on the 
expulsion phenomena in a flow situation [18,19]. In the 
present loop this flowing instability occurs on hot leg in a 
regular form with a periodic behavior which was studied in 
this work through image analysis.  

The incubation phase has no net flow at the loop when 
vapor bubbles grow in number and size and vapor remains at 
upper horizontal leg. At this phase the circuit pressure grows 
slightly expulsing the liquid from the cold leg the expansion 
tank. The slug flow is replaced by churn flow at the called 
expulsion phase, when liquid entrained by vapor is expulsed 
from hot leg. The expansion tank level rises to its maximum. 
The final phase is characterized by the inversion of flow rate 
direction caused by the difference of hydrostatic head, 
replacing the hot water at the heater by cold water coming 
from coil cooler. The vapor production at the heater decreases 
and the horizontal part of the hot leg is filled with water again 
beginning the overall cycle once more [18]. 

This periodic flow oscillation behavior can be observed 
thoroughly in our equipment as is all made of glass.  Many 
different parameters, as temperature, pressure, void fraction 
and others can be used to characterize these cycles. 

This work proposes a method to characterize these different 
phases of natural circulation loop chugging through image 
patterns. These patterns should enable further automatic 
detection by intelligent algorithms that could extract and 
select the best image features appropriate for correct 
classification. 

These transitions patterns were classified and characterized 
using image parameters obtained from image data taken over 
many different cycles.  

The proposed method will be exemplified by the main 
transition image pattern selected which is shown on figure 3. 
This image is a typical image which was obtained at transition 
from refill phase to incubation phase at visualization section 
(see figure 1). This typical pattern was observed and detected 
in almost all chugging cycles observed.  

This same image can be characterized as a landmark to 
obtain a measure of overall cycle period. These measurements 
were done and results will be shown further in this work. 

This typical refill-incubation (RI) transition image can be 
described by a wide range of features related to shape, color, 
light, and much other implicit digital information that can be 
used as an efficient automatic detection landmark. 

 

Fig. 3: Image representative of transition from refill to 
incubation phase (RI) in ascending flow from a 133mm 

longitudinal section, 46mm external diameter. 

The first selected feature to be used as an identification 
parameter was the vertical gray intensity level. The image was 
transformed to 8-bit gray levels, and a vertical profile was 
extracted from a central line (width). Figure 4 shows a plot of 
gray intensity levels for each vertical pixel contained in this 
central line.  

Important information contained in this profile can be 
inferred if we compare the peak-to-peak levels over the profile 
with the presence of bubbles in image 3. The "upper" and first 
2500 pixels have a remarkable different gray intensity level 
behavior due to the peaks related to bubble borders. At the 
same time we can observe an overall presence of small peak-
to-peak levels of gray intensity on the last 1300 pixels. 
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Fig. 4: Gray intensity level (8-bit black and white image) 

from image shown on figure3. Levels refer to 3888 pixels on 
image vertical profile from top to down. 

 



 

 

 The peak-to-peak behavior of gray levels can be shown on 
figure 5. Through an appropriate algorithm the vertical profile 
was divided into eight adjacent sections. At each section the 
numbers of pixels with gray intensity levels above a minimum 
threshold were counted. This method enabled us to 
characterize univocally this image and use it as landmark of 
phase transition. Although this transition is taken locally 
(visualization section) it can be used as an overall circuit 
behavior detection mark.  A fuzzy inference system [23] using 
different features is being constructed to detect and classify 
these different phases in an automated way. 
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Fig. 5: Gray intensity level variation (I(t)-I(t-1)) represented 

over the top-down vertical profile. 

PREELIMINARY RESULTS 

Instability Characteristic Phases 
 
Instability characteristic phases are being mapped through 

comparison with other parameter measurements. 
Characteristic phases of this instability (chugging) are 

usually described as Incubation (I), Expulsion (E) and Refill 
(R). Typical images acquired on each of these are shown on 
figure 6. 

 

 
 

        (a)                 (b)          (c) 
Fig. 6: Typical images acquired on characteristic instability 

phases: (a) Incubation (I), (b) Expulsion(E), and Refill (R). 
 

These images were obtained in the described tube section, 
in an experiment carried during 9000s (figure8). A typical 
chugging cycle presented a 49s period after stabilization 
occurred. Incubation phase (figure 6a) presented a typical 
duration of 30s. Expulsion phase (figure 6b) lasted about 5 
seconds and Refill phase (figure 6c) around 14s.  

 
Characteristic Phase Transitions 

 
Transitions between above phases were tentatively 

characterized through grayscale profiles, and initial 
characterization is being done using typical images acquired 
through many cycles. Some typical examples of acquired 
images for Incubation-expulsion transition (IE), expulsion-
refill (ER), and refill-incubation (RI) are shown on figure 7. 

 

 
 

        (a)                 (b)          (c) 
Fig. 7: Typical images acquired on characteristic instability 

phases transitions: (a) Incubation-expulsion (IE), (b) 
Expulsion-refill (ER), and Refill-incubation (RI). 
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Fig. 8: T12, TP2 and T20 temperature cycle period 

behavior through time. 



 

 

Acquired temperatures at T12, TP2 and T20 over a two and 
a half hour experiment are shown on figure 8. These 
temperature sensor positions correspond to an internal thermo-
pair just above visualization section (T12), an external 
thermo-pair just bellow visualization section (TP2) and a 
thermo-pair localized at the expansion tank above all the 
circuit. 

Zoom plot on figure 8 shows details of T12 and TP2 
sensors over one-phase flow to two-phase flow transition 
period. This experiment was done under conditions described 
in methodology section. 

A typical global cycle showed an initial period of 
approximately 80 seconds for chugging oscillation. Figure 9 
shows measured chugging period based on image pattern 
presented on figures 3 and 7c. Period decreases smoothly until 
stabilization at 49s, as shown on figure 9. 
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Fig. 9: RI transition period behavior through time.  

 
The same behavior can be detected using temperature 

measurements over the same period. Temperature were taken 
in 7s steps which led to 14s error bar in cycle period 
evaluations. However, stabilization on 49s cycle period is kept 
clearly on figure 10. 
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Fig. 10: T12 temperature cycle period behavior through 

time.  

CONCLUSIONS 

Image patterns characterization of chugging instability 
oscillation in natural circulation shows coherent results with 
temperature behavior. Feature extraction from different flow 
patterns can be used as input to fuzzy inference system in 
order to classify and measure phenomena behavior in 
comparison with estimated and numerically evaluated 
parameters. 
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