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Fig.4 Schematic of natural circulation loop
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Fig.5 Comparison with measured natural
circulation flow rate
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Fig.6 Heat transfer process

Gas

a0

o0 -

600 -

surface temperature (Cal) [C]

500 600 Toa B0 900
Surface temperature (Exp)(‘C)

Fig.7 Prediction accuracy of surface temperature
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1) INTRODUCTION

Much effort has been directed to the study on two-phase
flow in the last decades because of its important
industrial applications, as for example, nuclear power
plant steam generators, boilers, paper-making industry,
processing of chemicals for the production of food,
pharmaceuticals, petroleum transportation, etc. The two
phases can flow according to several topological
configurations called flow patterns or flow regimes,
which are determined by the interfacial structure between

both phases. The existence of a particular flow regime
depends on a variety of parameters. These parameters
include the fluids properties, flow channel size, geometry
and orientation, body force field and flow rates.

Despite the wide use of multiphase systems, their
hydrodynamic and kinematic mechanisms are not
completely understood. The interfacial structure has a
profound impact on all transport processes in a two-phase
flow system. Consequently, flow regime identification
and the prediction of their transition boundaries are



relevant in the study of two-phase flow systems.

Various models have been developed to predict the
transition criteria between the flow regimes. The first
studies in this field have been confined to circular flow
geometry (Taitel et al., 1980; Mishima and Ishii, 1984).
Additionally, models for other flow channel geometries
such as annuli (Kelessidis and Dukler, 1989; Das et al.,
1999; Sun et al., 2004; Julia and Hibiki, 2011), rod
bundles (Venkateswararao et al, 1982) and rectangular
channels (Hibiki and Mishima, 2001) have been
developed.

In particular, flow regime transition models are important
in Drift-Flux and Two-Fluid formulations since the
available constitutive relations for the drag coefficient
and interfacial area concentration show strong flow
regime dependence. In all the cases, reliable
experimental flow regime maps are needed to understand
the physical phenomena involved in the flow regime
transitions as well as to validate the models.

In the last ten years, a collaborative research task has
been developed between Universitat Jaume | (Castellon,
Spain) and Purdue University (Indiana, USA) in order to
obtain more objective, accurate and fast two-phase flow
regime identification methodologies in
thermal-hydraulics applications. In the next sections a
brief summary of this research is given.

1) FLOW IDENTIFICATION
METHODOLOGY

REGIME

Flow regime definitions are based on linguistic
descriptions and graphical illustrations like those in
Figure 1, and therefore, their identification is strongly
subjective. Many researchers have been working on
developing objective flow regime identification
methodologies. Every identification process comprises at
least two main performers (Figure 2): indicator and
classifier. First of all, a feature that is intrinsic to the
subject to be identified and that makes it different from
the other subjects in the group is needed (flow regime
indicator).  Secondly, a procedure to classify the
subjects according to this feature is required (flow regime
classifier).

Consequently, most flow regime identification
approaches have two steps in common: the first step
consists of developing an experimental methodology for
measuring certain parameters that are intrinsic to the flow
and are also suitable flow regime indicators. In the
second step, a non-linear mapping is performed to obtain
an objective identification of the flow regimes in
accordance with these indicators.

Flow regime identification results are plotted in flow
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Figure 1. Two-phase flow regime representations in a)
upward vertical flow: bubbly, slug, churn and annular
flow regimes, b) horizontal flow:bubbly, plug-slug, wavy,
annular
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Figure 2. Two-phase flow regime identification process.



regime maps (FRM). These maps are graphs displaying
the flow condition information in which the flow regime
is identified in the x-y coordinates. Different options
for the x-y axis variables in the flow maps are available.
If the superficial velocity values are known this is the
preferred option. The superficial velocity, j; or js, is
defined as the volumetric flow rate divided by the flow
channel area. However, in steam-water flows the local
superficial gas velocity is not usually known accurately.
In this case, other options for the x-y axis are considered,
for instance mass velocity vs. flow quality have been
used in different works.

I11) FLOW REGIME INDICATORS

In the last decades, important work obtaining more
objective flow regime indicators has been developed.
There are two important parameters to characterize the
two-phase flow geometry, namely void fraction and
interfacial area concentration (o and ). Consequently,
the flow regime indicators have to be related to such
parameters. In order to obtain the flow regime indicator
two different procedures are needed. First, a signal
measured with an experimental device related to void
fraction or interfacial area concentration is needed.
Then, some statistical parameters of the signal are
calculated and used as indicators.

Experimental technigues:

The duration of the experimental signal used to build the
flow regime indicator represents the 95% of the total
duration of the identification process. Consequently, the
experimental technique should be chosen carefully
(Figure 3).
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Figure 3. Two-phase flow regime identification process
time length scale.

- Visual observation: This represents the easiest flow
regime to be obtained; therefore it was the first one used
in  experiments. Both researcher sighting and
CCD/CMOS cameras can be used. Even if high speed
CCD/CMOQOS cameras are used important drawbacks are
present in this approach: partial information is obtained
in high velocity, large diameter pipe flows or flow regime
transitions.

- Indicators related with void fraction signals: The first
experimental techniques that were used in two-phase

flow regime identification methodologies provided void
fraction information. Thus, the flow regime is defined
as a time-averaged, volume-averaged or area-averaged
pattern. In this regard, Jones and Zuber (1975) employed
a linearized X-ray system to obtain very accurate
area-averaged void fraction measurements, <o>. This
experimental set-up allows measurements in almost
every experimental set-up. However, the use of
radioactivity complicates this approach and it is only
indicated for applications in which other experimental
techniques can not be applied.

Local pressure transducers have been also used for
volume-averaged void fraction measurements (Cai et al.,
1994). This represents a quite simple experimental
set-up. However, some difficulties are not -easily
overcome owing to the presence of gas which might be
trapped in pressure lines. It is still used in some
experimental work.

Area-averaged void fraction measurements obtained
from impedance meters have been used to obtain flow
regime indicators (Mi et al, 1998; 2001). The
experimental set-up needed for this experimental
technique is more complex than the one used in dP
measurements and is based in the difference in electrical
conductivity between gas and liquid. An alternating
current is supplied to the electrodes of the meter and the
electrodes are connected to the electronic circuit, which
is specially designed so that the output voltage of the
circuit is proportional to the measured admittance
between the electrodes. The void fraction measured by
the void meter is an instantaneous, area-averaged void
fraction.

- Indicators related with bubble chord length signals: In
this case conductivity probes are used to provide the flow
regime indicator. Conductivity probes signals are based
on the difference of conductivity between water and air.
The first probe designs were composed of two sensors;
however, these probes were only utilizable with spherical
bubbles (bubbly flows). This limitation was overcome
with the use of four-sensor conductivity probes (Kim et
al., 2000). The a; calculation is a time consuming process,
so bubble chord lengths, Lg, are used as flow regime
indicators. Lg is directly connected with a; and it can be
obtained by multiplying the local residence time and the
bubble interface velocity. Thus, the flow regime is
defined as a time-averaged bubble chord length pattern.
The main advantages of this approach (Julia et al., 2008)
are that provide local information which can be very
useful for a multi-dimensional computational fluids
dynamics (CFD) two-phase codes where different flow
regimes in the flow geometry can be used. In addition,
the simultaneous identification of local flow regime in
different radial locations provides 2D local flow regime
maps that can be used to identify new standard flow



regime configurations, not available with the

conventional identification methods.

- Other indicators: More sophisticated flow regime
indicators are also available. Ruzicka et al. (1997) used
the Kolmogorov entropy from pressure signals in order to
discriminate between flow regimes. Furthermore, Zhang
and Shi (1999) developed a methodology using the
Shannon entropy of the power spectral density, PSD, of
pressure oscillation signals in a two-phase flow loop. In
addition, Elperin and Klochko (2002) used the wavelet
transform in order to identify two-phase flow regimes.
Finally, Lee et al. (2008) used the chaotic characteristics
of time sequential impedance probe signals in order to
identify flow regimes in upward vertical two-phase
flows.

Statistical parameters:

In general, flow regime indicator signals can not be
directly used as flow regime indicator. Instead, some
statistical distributions obtained from these signals are
used to obtain the indicators. The probability
distribution function (PDF) and its cumulative version
(CPDF) are frequently used. The CPDF is an integral
parameter and is therefore more stable than the PDF. In
addition, it has a smaller input data requirement that
makes it useful for fast identification purposes.

The complete distributions are not directly used as flow
regime indicators. In order to facilitate the
classification, some statistical parameters of the
distributions are employed:

- Mean value, standard deviation and skewness of the
PDF (Mean+std+skw): this set of 3 statistical parameters
represents the indicator most used in flow regime
identification work (Mi et al., 1998; 2001).

- Principal Component Analysis (PCA): PCA is a useful
statistical technique that compresses the data by reducing
the number of dimensions, without much loss of
information. This is done by transforming the data into
orthogonal components (Mohamad-Saleh and Hoyle,
2002).

- Four indexes (4IND): In order to characterize the CPDF
following a simple and fast procedure, the four indexes
of the components at which 0.25, 0.5, 0.75 and 1 values
of the CPDF are reached, were selected as characteristic
of the CPDF shape (Hernandez et al., 2006).

- Entropy (S;): The entropy computation is based on the
CPDF distribution of the area-averaged void fraction or
local bubble chord length. The area-averaged void
fraction entropy (S,) and the bubble chord length entropy
(Sg) are defined as a conventional Shannon entropy.
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Thus, the entropy provides quantitative information
about the disorder in the area-averaged void fraction or
bubble chord length distributions (Hernandez et al.,
2010). Figure 4 shows a summary of the two-phase flows
indicators used in literature (Julia et al., 2009).
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Figure 4. Timeline of two-phase flow regime identicators:
Experimental technique (statistical parameter).

IV) FLOW REGIME CLASSIFIERS

In the last decades different flow regime classifiers have
been used:

- Researcher (visual Flow Regime Map): In the first flow
regime identification works the flow regime indicator
was the visual information obtained by the researcher.
Then, the only flow regime classifier is the researcher
him- or herself. Obviously, this mapping methodology
is strongly subjective, and the results are highly
dependent on the researcher.

- Researcher rules: After the introduction of some
statistical parameters of the PDF of void fraction signals
as flow regime indicators (Hubbard and Dukler, 1966;
Lee et al., 2008), it was possible to introduce some rules
regarding the mean and standard deviation of the PDF
distributions were used to perform the classification.
However, these rules were decided based on the
researcher’s knowledge, so the objectivity of the
classification is not guaranteed. In addition, some
classification problems arise in the transition boundaries
between flow regimes since the rules are static by nature.
Nevertheless, this type of classifier is still used.

- Artificial Neural Networks (ANN): A significant
advance in objective flow regime mapping was achieved
by the use of artificial neural networks (Cai et al., 1994;
Mi et al., 1998; 2001). ANNs are able to self-identify
these complicated relationships, generating
non-parametric methods which are capable of non-linear
mapping. In the case of flow regime identification,
where the traditional classifier systems present some
difficulties in classification, this ANN advantage implies
an enormous simplification. Another important
advantage of the ANN approach is its fast response,
which enables it to be included in more complex
procedures, such as decision trees and optimization



applications. In the case of two-phase flow regime
identification, two ANN types have been used as
classifiers: Self-Organized Neural Networks (SONN) and
Probabilistic Neural Networks (PNN). SONN are trained
without supervision and was developed by Kohonen
(1987). PNN belong to the family of radial basis
networks and are trained by supervised learning. PNNs
are based on the combination of Bayes decision strategy
and Panzen’s method of PDF approximation (Specht,
1990).

Researcher
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rules
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Figure 5. Timeline of two-phase flow regime classifiers.

In addition, in order to minimize the effect of the fuzzy
flow regime boundaries on the flow regime identification
results, a committee of neural networks, SONN or PNN,
can be assembled. If a single neural network is used,
some of the flow regime identification results are
unstable, mainly in the flow regime transition zones. If
a committee of neural networks is used, flow regime map
repeatability higher than 95% can be achieved
(Hernandez et al., 2006). The number of ANN needed
in the committee depends on the experimental matrix,
flow regime indicators and flow channel geometry. In
most cases 50 ANNs in the committee are enough to

» 2D Map (3 radial positions)

Flow Fegime Map by Meural Metwark. 2-D Wap

obtain stable identification results. If an ANN
committee is used the PNN architecture is preferred due
to its fast training process. The same training and
identification groups are used for all the neural networks
that integrate the committee. Finally, the identification
result is obtained by averaging the results provided by all
the neural networks that compose the committee. Figure
4 shows a summary of the two-phase flows classifiers
used in literature (Julia et al., 2009).

V) EXAMPLE

- Flow Regime Map obtained by conductivity probe in
air/water upward vertical flow:

Technical details: 50.8 mm ID pipe, z/D=67, 115 flow
conditions: 0.01 m/s<j;<10 m/s; 0.03 m/s<j<2.5 m/s, 4
sensor conductivity probes in 3 radial locations (r/R=0,
0.5, 0.9), Flow Regime indicator: 4 Indexes of CPDF
distribution of bubble chord length, Flow Regime
Classifier: committee of 50 ANNs (SONN type),
published in: Julia et al., Nucl. Eng. Des., vol. 238, pp.
156-169, 2008.

Local flow regimes in three different radial locations
provide identification of eight global flow regimes.

VI) CONCLUSIONS

Two-phase flow regime identification
methodologies are important in order to
understand the physical phenomena involved in
the flow regime transitions as well as to validate
the flow regime transition models. Two main
components are involved in the identification
process: flow regime indicator and classifier. In
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Figure 6. Flow regime map obtained by using three conductivity probes in different radial locations.
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the first flow regime identification works, visual
information and the researcher him- or herself
were used as flow regime indicator and classifier.
However, this identification methodology provides
subjective results. Since then, a great effort has
been made in order to improve performers and
obtain more objective results, however visual flow
regime maps can still be found in recent
literature.

An important development in two-phase flow
regime identification methodologies can be
observed in the last decades ranging from totally
subjective visual criteria to a combination of
signals from experimental devices and automatic
computational classifiers providing more objective
and reliable results.
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