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Void fraction sensors are important instruments not only for monitoring two-phase flow, but for furnishing an important
parameter for obtaining flow map pattern and two-phase flow heat transfer coefficient as well. This work presents the
experimental results obtained with the analysis of two axially spaced multiple-electrode impedance sensors tested in an
upward air-water two-phase flow in a vertical tube for void fraction measurements. An electronic circuit was developed for
signal generation and post-treatment of each sensor signal. By phase shifting the electrodes supplying the signal, it was
possible to establish a rotating electric field sweeping across the test section. The fundamental principle of using a multiple-
electrode configuration is based on reducing signal sensitivity to the non-uniform cross-section void fraction distribution
problem. Static calibration curves were obtained for both sensors, and dynamic signal analyses for bubbly, slug, and turbulent
churn flows were carried out. Flow parameters such as Taylor bubble velocity and length were obtained by using cross-
correlation techniques. As an application of the void fraction tested, vertical flow pattern identification could be established
by using the probability density function technique for void fractions ranging from 0% to nearly 70%.

INTRODUCTION

Two-phase heat transfer process design, safety, and perfor-
mance improvement necessarily require the knowledge of two
important parameters: the heat transfer coefficient and the void
fraction. Most predicting methods for two-phase heat transfer
are based on experimental studies. Visualization and quantita-
tive measurement revealed that the heat transfer coefficient is
strongly dependent on the void fraction distribution and flow
regime.

One of the imposed heat transfer problems, the flow boiling,
is affected by the influence of flow direction on the heat trans-
fer coefficient and void fraction during fully developed nucleate
boiling in vertical channels. Studies on void fraction measure-
ment have been performed by means of many techniques in
heated tubes with subcooled liquids, and show that, at low flow
rates, the direction of the flow affect the void fraction consider-
ably. Furthermore, where counter-flow can occur, the value of
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actual void fraction governs the upward or the downward flow
boiling heat transfer at identical flow conditions.

Many void fraction measuring techniques have been exten-
sively studied lately in connection with not only determining the
void fraction itself but also with characterizing the two-phase
flow structure and regime. Due to its fluctuating nature, flow pa-
rameter identification relies mostly on measurement techniques,
and a specific instrumentation development is needed. Evidently,
two-phase flow instrumentation must be quite reliable for labo-
ratory and industrial application and, therefore, the development
of instrumentation for the void fraction measurement is the key-
stone for the multidimensional multiphase flow modeling as well
as for flow monitoring purposes [1]. In this context, many tech-
niques for measuring the void fraction have been developed, and
their particular success depends on a specific application. Gener-
ally, their signal response is two-phase flow structure-dependent
and can be designed to indicate void fraction values that are in-
stantaneous or time-averaged, local or global.

One widely used technique for void fraction measure-
ment is based on the measurement of the two-phase electri-
cal impedance, the working principle of which relies on taking
the advantage of the difference in electrical impedance of each
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one of the two phases [2]. Many different sensor configurations
have been devised and can be grouped into two major categories:
namely, invasive to the flow or non-invasive. Many studies have
been carried out using invasive probes mainly for obtaining the
local void fraction distribution and the phase interfacial area,
using, for instance, an impedance or optical sensor type [3, 4].
Other probe arrangements have been conceived in a flush con-
figuration mounted with the pipe wall, which gives them the
clear advantage that they do not disturb the two-phase flow dis-
tribution. These latter sensor types consist of examples of non-
invasive ones. Among those, the impedance probe method is the
simplest and probably the cheapest of all techniques [5].

Industrial processes with intense heat transfer demand more
accurate and reliable instrumentation for their best quality pro-
duction. Simple impedance probes formed by a wall flush
mounted pair of electrodes have been used along with flow data
statistical processing for both vertical as well as horizontal gas-
liquid flow [6–11]. This simple configuration is known to be
accurate to indicate the average void fraction as long as the void
fraction is cross-section uniformly distributed. However, inves-
tigations [7, 8] show that a non-uniform cross-section void frac-
tion distribution changes the instantaneous signal, giving rise to
erroneous indication of the actual average void fraction. There-
fore, for a two-phase flow system in which the void fraction
may be not uniformly distributed over the cross-section, such as
some fluidized bed reactors flows and inclined and horizontal
stratified flows, that kind of a simple pair of electrodes is not
recommended.

As a proposed solution, a multiple-electrode sensor is re-
quired to eliminate the misreading due to that void fraction
non-uniform distribution problem. One of the earliest multiple-
electrode impedance sensors was analyzed by Merilo et al. [12],
who tested a rotating electrical field applied to a six-electrode
sensor configuration promoting an improvement in flow signal.
Later, other studies were carried out in connection with the de-
termination of instantaneous signal response to void fraction
wave propagation [13–15]. Electrical impedance tomography
is a modern technique that has brought some considerable ad-
vances and demonstrates a two-phase flow reconstruction princi-
ple based on signals of many flush mounted electrodes [16–18].
The electrical impedance measurement technique can also be
applied to the liquid-liquid mixture for mass content determi-
nation according to Rocha and Simões-Moreira [19]. The au-
thors obtained a transference function of the mean electrical
conductivity of different ethanol and gasoline blends at several
temperatures.

The technique developed in this work aims to investigate
the influence of the volumetric void fraction distribution over a
cross-section analyzing the exiting signal from two impedance
probes. Two eight-electrode sensors and their electronic circuits
were built. Next, the two sensors were mounted in a vertical
tube for void fraction measurements. Besides measuring void
fraction, a sensor signal processing investigation was also carried
out in order to obtain other relevant flow parameters, such as
Taylor bubble propagation velocity and length and flow regime

identification. To achieve these goals, statistical tools were used,
including auto- and cross-correlation (AC & CC) and power
density function (PDF).

EXPERIMENTAL FACILITY

Multiple-Electrode Impedance Sensors

Two multiple-electrode impedance sensors formed by eight
stainless steel electrodes flush-mounted on the inner wall of an
acrylic tube were built for measuring the bulk impedance of
a gas-liquid two-phase mixture in adiabatic upward gas-liquid
flows, as can be seen in the still pictures in Figure 1. Figure 1a
shows the two sensors before assembling, while Figure 1b is a
still picture of the sensors mounted in the test section.

Two-phase flow was obtained by injecting compressed air
through a porous media with porosity of 80 to 100 µm mounted
at the bottom of the test section (bubble generator in Figure 2). It
was estimated based on visual inspection that air bubbles had an
average length of L B

∼= 4.0 mm or less, and the setup produced
a nearly uniform air bubble distribution across the test section
without any noticeable preferential bubble pathway, as inferred
from observing the bubbles progressing upward. The overall test
tube length was LT = 2.0 m having an internal diameter D =
52.3 mm.

Compressed air flow rate was measured by a set of four orifice
plates designed to cover the whole range of flow rates (0 <

jG < 1.72 m/s) studied within uncertainties of ± 0.01 m/s.
The test section was filled with regular faucet water, having
the compressed air forced through the bubble generator at the
bottom of the test section. An air-water separator was located
at the top of the test section (see Figure 2) in order to drive the
water excess to a drainage tank as well as to venting the air
to the environment. Electrical sensor signals were acquired and
stored in a regular PC provided with a 16 analog channels data
acquisition card system at a 100 Hz sample rate.

Actual void fractions were obtained either by the gravimetric
method or the quick closing valve method, as will be discussed
later. The electric signals were compared with the measured void
fractions.

Figure 1 (a) Multiple-electrode impedance sensors before assembling, and
(b) sensors 1 and 2 mounted in the test section. Electrodes cable connections are
also visible.

heat transfer engineering vol. 29 no. 11 2008
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Figure 2 Experimental facilities: (1) multiple-electrode impedance sensors,
(2) 52.3 mm i.d. acrylic tube, (3) quick closing valves (QCV), (4) air bubbles
generator, (5) air-water separator, (6) compressed air supply, (7) shut-off valves,
(8) orifice plates, (9) coaxial connecting cables, (10) electronic circuits, (11)
computer for data acquisition and storage, and (12) differential pressure mea-
surement columns.

Electronic Circuit

The present type of sensor operates based on the dissimilarity
of electrical properties of the two fluids (in the present case, air
and faucet water). Other fluid pairs or liquid-vapor system may
also be tested. According to the operational frequency of the
signal applied between the electrodes along with the knowledge
of the electrical properties of the fluids, the average dominating
impedance of the two-phase mixture filling in the cross-section
may be either resistive, capacitive, or both. The sensor analyzed
in this study operates in the resistive range. The elementary elec-
trical model of the sensor and the measuring system that operates
without electrolysis near electrodes surfaces can be compared to
a parallel RC circuit, as it is well-posed in Merilo et al. [12] and
Olsen [20], among others. The analysis of a parallel RC shows in
a simple way that, for the resistive operating range, it is possible
to associate the overall two-phase mixture resistance with the
corresponding electrical average conductivity, as follows:(

k

kw

)
≈

(
V − Va

Vw − Va

)
, (1)

where the subscript a indicates the situation of air alone fills in
the test section, and w is the situation of water alone fills in the
test section. The dimensionless conductivity (k/kw), the time-
average of the dimensionless conductivity signal, was obtained
from a total sample period of 20.47 seconds, summing up to
2,048 records.

Fluid conductivities are strongly temperature-dependent. To
get around this problem, a common technique is to work with
a dimensionless conductivity rather than the absolute value
so that the temperature influence is diminished, if not elimi-
nated. Dimensionless conductivity is the ratio between the ac-
tual two-phase conductivity to the water conductivity at the
same temperature. By taking regular water electrical proper-
ties, one can estimate the operating frequency of the applied
signal, which results in a range, for resistive impedance mea-
surement, of f < 110 kHz. This figure comes from the elec-
trical simple model that considers the sensor to be a parallel
capacitor/resistor circuit [18, 19]. On the other hand, the op-
erating frequency should not be too low, as electrode electrol-
ysis may take place. A rough estimation indicates that it may
be present from DC up to 10 Hz for water systems. Based on
these results, an operational frequency of 5.0 kHz was chosen.
The data acquisition system and the electronic circuit were con-
nected with a coaxial cable, yielding a very fast data sampling
and nearly noise-free signals. Finally, module-type software per-
mitted the treatment of the signals. The uncertainties for the
time-average of the dimensionless conductivity (k/kw) were
± 0.04.

The block diagram of the electronic circuit developed for
the impedance sensors is presented in Figure 3. The electronic
circuit was designed for phase shift, demodulation, and filtering
the signals from the electrodes [21]. The signal was generated
by an external and very accurate signal generator source, which
provided a 3.0 Vp/5.0 kHz sinusoidal wave. The AC signal was
applied to a voltage follower in order to draw a negligible current
from the signal source. The signal was driven to each one of the
four circuits designed to control each pair of electrodes. In those
circuits, the source signal first underwent a phase shift process
to obtain 0, π/4, π/2, and 3π/4 rad angular frequency shift to be
applied to a series of four contiguous electrodes. The remaining
four electrodes were supplied with the same signal applied to
the facing electrode, but shifted by π rad, so that a final rotating
electrical field effect sweeping across region enveloped by the
sensor electrodes was obtained. Once the signal was applied, the

Figure 3 Block diagram of the electronic circuit.

heat transfer engineering vol. 29 no. 11 2008
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two-phase bulk resistance produced some voltage drop across
the electrodes. A differential amplifier measured and amplified
the voltage drop over a load resistor in series with the electrodes
and drove it to the signal demodulator circuit. Next, the signal
was rectified, and the supplying carrier AC signal component
was eliminated. A high-pass filter with a 100 Hz frequency cut-
off yielded the instantaneous signal, and the time-average signal
was obtained from a low-pass filter having a 0.6 Hz frequency
cut-off. The last and final stage was an adding circuit of the four
signals, so that both the instantaneous and the average overall
signals were obtained.

VOID FRACTION MEASUREMENT

The actual volumetric void fraction was measured by two
different techniques, which were considered to be the calibra-
tion standards within this project scope. For the void fraction
range from 0 to 0.17, the actual average volumetric void frac-
tion was obtained from the gravimetric method (GM) because the
liquid was at rest, resulting in a small pressure column oscilla-
tion, providing accurate measurements and furnishing an overall
void fraction measuring uncertainty of ± 0.05. According to the
gravimetric method, the average void fraction is given by:

α = ρL

ρL + ρG

h

d
, (2)

where α is the volume-average void fraction, ρL is the liquid
density, ρG is the gas density, h is the differential column
length, and d is the distance between the two pressure taps (d =
1.055 m). Void fractions above 0.17 caused intense column
fluctuation, and the measuring standard void fraction was
replaced by using a quick closing valves setup described below.

The second standard and measuring technique was based on
the use of quick closing valves (QCV). Two electro-pneumatic
valves were located upward and downward from the two sen-
sors that could be actuated simultaneously (0.17 s time delay)
by a triggering signal causing an almost immediate two-phase
flow interruption. Following the flow blockage, the liquid phase
separated from the air, giving rise to two-fluid columns. As the
cross-section area is constant along the overall tube length, it is
straightforward to show that the average volumetric void fraction
could be obtained from:

α = hG

L
, (3)

where hG is the confined gas column length and L = 1.56
m is the tube length section in between the valves. The QCV
technique was used for void fractions ranging from 0.17 to 0.7
and had an overall void fraction measuring uncertainty of ±
0.05. Relevant fluid properties and other testing conditions are in
Table 1.

Table 1 Experimental parameters in the air-water system

Parameter Range of application

Gas superficial velocity, jG 0–1.72 [m/s]
Liquid density, ρL 997.82 [kg/m3]
Gas density, ρG 1.20 [kg/m3]
Void fraction, α 0–0.7
Air temperature 298 [K]
Water temperature 298 [K]
Pressure 150–200 [kPa]

EXPERIMENTAL RESULTS

Calibration Curve

Figures 4a and 4b show the calibration curves of both sensors
covering from disperse bubble flow, bubble-to-slug transition,
slug flow, slug-to-churn transition, and initial churn flow regime.

The calibration curves consisted of curve-fitting the aver-
age dimensionless conductivity (k/kw) data taken from the

Figure 4 Calibration curve for the sensors: (a) sensor 1, (b) sensor 2.

heat transfer engineering vol. 29 no. 11 2008
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electronic circuit against the volume-average void fraction α

measured by one of the two aforementioned methods (GM and
QCV), according to the void fraction range. The linear regression
curve fit was obtained by the least squares method, yielding:

Sensor 1 :
k

kw

= 1 − 1.01 α, (4)

Sensor 2 :
k

kw

= 1 − 0.98 α. (5)

Equations (4) and (5) show that for the wide void fraction
range obtained in this work, the fitted curves are linear for the
overall void fraction (0 to 0.7) and strictly linear for the range 0
to nearly 0.2. The GM presented low variance for the void frac-
tion range of measurement (σ = 0.027), while QCV presented
a larger variance, as can be observed by the standard deviation
(σ = 0.053) in Figure 4. A larger variance coefficient can be
observed mainly for slug and churn flows within the 10% de-
viation curves, as indicated in the figure. It can be attributed to
the dispersion generated by the void fraction measurement by
the QCV technique, as discussed in the next paragraph. Flow
regimes were inferred from visual observation so that regime
separation borders in Figures 4a and 4b are valid only for a
rough indication.

For each test with the same gas superficial velocity ( jG), a
somewhat different void fraction was obtained from the QCV
technique. In order to appreciate the probable reasons for the
discrepancies, potential affecting factors are discussed next. The
first important point is that the valves do not close exactly at the
same time once the triggering signal has been issued. A 10 ms
time lag was estimated. In addition, it was noticed that the time
lag increased as the gas flux became higher. The second fact was
that the calibration curves were obtained by curve-fitting mea-
sured volume-average void fraction over the full test section
length encompassed by the two QCV, while the sensor signals
were always referred for the same two-phase region. This is par-
ticularly more significant for the slug and churn flow regimes.
Moreover, each sensor signal reading was made just before the
flow blockage, and therefore did not correspond exactly to the
same time event. In other words, the electronic signal obtained
elapsed a few seconds before the precise void fraction measure-
ment from the QCV technique. Therefore, it was expected that
this calibration method should induce some variance over the
calibration curve. A way of offsetting or decreasing that prob-
lem was carried out by using statistically representative samples,
which meant to obtain a significant amount of experimental data
for the same flow conditions. The present study was carried out
obtaining a total of about 400 points for the calibration curves
of both sensors, sweeping the void fraction range of 0 to 0.7.

Void Fraction Asymmetric Effects

Void fraction asymmetric effects were simulated by a quite
simple static test that consisted of inserting a non-conducting

Figure 5 Schematics of the void fraction non-uniform distribution experi-
ments: (a) non-conducting cylinder at central position, and (b) non-conducting
cylinder in various asymmetric positions, (EP = electrode pair), off-center e =
12.0 mm, cylinder diameter dc = 20 mm.

cylinder, dC = 20 mm, into the test section, as depicted in
Figures 5a and 5b. The cylinder was made out of a polytetrafluo-
roethylene (PTFE) material, which was found to be good enough
to reproduce the non-conducting distributed gas phase. There-
fore, in practice, the cylinder mimicked the impedance effects
of air bubbles.

Voltage signals were measured having the PTFE cylinder in-
sertion into the test section. The cylinder was first inserted at
the central position of the test section filled with pure water,
simulating a symmetric void fraction column distribution, and
the voltage signal was recorded as seen in Figure 5a. Next, mea-
surements were carried out by placing several off-center cylinder
positions, e = 12.0 mm, at angles of θ = 22.5◦ apart, from po-
sition 1 (θ = 0◦) to position 16 (θ = 337.5◦), simulating an
asymmetric distribution as can be seen in Figure 5b. The tests
were carried out over the sensor having just one, two, or all
the four electrode pairs working. A pair of electrodes was acti-
vated or not by connecting or not its electrodes to the electronic
circuit. For each situation, the dimensionless conductivity was
calculated, according to Eq. (1). The cylinder corresponded to
an actual void fraction α = 0.448.

heat transfer engineering vol. 29 no. 11 2008
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Figure 6 Dimensionless electrical conductivity as function of the non-
conducting cylinder position: (a) one pair of electrodes active, (b) two pairs
of electrodes active, and (c) four pairs of electrodes active.

The asymmetric void fraction test results are presented in
Figure 6. Figure 6a shows the dimensionless conductivity (k/kw)
for just one working electrode pair (EP1). It can be seen that the
average sensor signal depends on the cylinder angular position
along the cross-section, presenting some dispersion. The aver-
age sensor signal for two electrode pairs test (EP1 and EP3) are
shown next in Figure 6b, where graphics are displayed of indi-
vidual electrode pair signals as well as of the average signal tak-
ing from the combination of both pairs. A lower dependence of
the average signal in relationship to the cylinder position, when
compared with a single pair of electrodes, can be observed. Fi-
nally, Figure 6c shows the sensor signals for four electrode pairs
(EP1, EP2, EP3, and EP4). Individual signals and the overall
value are also shown. As expected, the graphics show that the

average signal over the four pair of electrodes was less sensitive
to the void fraction non-uniform distribution problem. Conse-
quently, the key conclusion is that the rotating electrical field
makes the sensor less susceptible to deliver an erroneous value
owing to a non-uniform void fraction distribution (i.e., the sig-
nal dispersion is fairly reduced, remaining stable to indicate the
actual void fraction in the test section regardless of its cross-
section distribution). As a final note, it is worth to mention that
the average dimensionless conductivity signal depends also on
the number of active electrode pairs because of the electric cir-
cuit design.

Flow Regime Identification

Statistical analyses have been used as efficient tools for two-
phase flow regime identification and parameter determination
from impedance, optical, or pressure signals [7, 10, 14, 22].
Power spectrum (PSD), probability density function (PDF), au-
tocorrelation (Cxx ), and cross-correlation (Cxy) are quite useful
statistical tools to attain characteristic signals associated with the
passage of the dispersed phase over the probes field. In this way,
signal analyses were carried out for instantaneous impedance
signals of both multiple-electrodes sensors. Time and frequency
spectral analyses are important tools based on allowing spe-
cific pieces of information about the flow structure. With the
implementation of a Fast Fourier Transform, F(x2) algorithm
into software libraries, the Power Spectral Density (PSD) can
be easily obtained as follows:

PSD(x) = |F(x2)| (6)

The PSD was firstly applied to the dimensionless conduc-
tivity time series for determining the noise frequencies. Bubble
characteristic frequencies were obtained by the PSD, as can be
seen in series of graphs in Figure 7. For the bubbly flow regime,
as seen in Figure 7a, the PSD shows that distributed dominant
frequencies fall between 0 to 5.0 Hz. Therefore, bubbles or bub-
ble clusters upward movement has associated characteristic fre-
quencies that fall within that 0 to 5.0 Hz frequency range, a result
that also agrees with the analysis carried out by Vial et al. [23].

In Figure 7b, it can be seen that the PSD for the developed
slug two-phase flow displayed a single characteristic peak sided
by many other peaks of lower intensity having a frequency range
spanning from 1.0 to 3.0 Hz. The peaks represent the liquid slug
bubble frequencies, and the major peak frequency of 1.8 Hz is
clearly associated with the fundamental frequency of the Taylor
bubbles movement. Figure 7c shows the PSD for the transi-
tional regime from slug to churn two-phase flows where both
liquid slug bubbles frequencies shifted to the range between
1.8 to 4.0 Hz. Also, the Taylor bubbles frequency increased
slightly to about 2.0 Hz. Increasing the gas superficial velocity,
jG , the two-phase flow reaches the churn flow regime, the PSD
for which is given in Figure 7d. It can be seen in the latter fig-
ure that the frequency peaks range changed and the Taylor bub-
bles fundamental frequency increased to about 2.2 Hz. Although

heat transfer engineering vol. 29 no. 11 2008
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Figure 7 Power spectra density (PSD) from dimensionless electrical conduc-
tivity signals for different flow regimes: (a) bubbly flow, (b) slug flow, (c) slug
to churn flow transition, and (d) churn flow.

characteristic frequency peaks are well defined as seen in PSD
analysis, their particular values are system-dependent, as other
parameters should be taken into account, such as test section
geometry and entrance effects [23].

Another powerful statistical tool can furnish more similar rel-
evant pieces of information about flow patterns and transitions.
The probability density function (PDF) is related to the prob-
ability that a time series signal will have a specific value for a
determined range of possible values. Mathematically, it can be
interpreted as an amplitude histogram. Such a function can be ap-
plied to the signals for obtaining the occurrence probability dis-
tribution for the dimensionless conductivity time series (k/kw).

The dimensionless conductivity time series and the PDF for
bubbly flow regime are shown in Figure 8a. A still picture of
the flow regime is also shown in between those graphics. By
analyzing the PDF graphic on the right side, one can observe
that the probability distribution function has a single distinctive
narrow peak around a mean dimensionless conductivity k/kw,
which turned out to be 0.97 for the particular case studied, cor-
responding to an average void fraction α = 0.03. A typical slug
flow PDF graph is shown in Figure 8b, along with the original
dimensionless conductivity time series on the left-hand side. A
still picture of this flow regime is also shown. By analyzing the
PDF function, one will notice that in conjunction with the high
dimensionless conductivity peak, there is also a second distinct
peak. Both peaks represent the bubbles or bubble clusters in the
liquid slugs high dimensionless conductivity peak, there is also
a second outstanding peak at a low dimensionless conductiv-
ity range. The high dimensionless conductivity peak is clearly
associated with bubbles or bubble clusters passage, while the

Figure 8 Dimensionless electrical conductivity signal and probability density
function (PDF) for different flow regimes: (a) bubbly flow, (b) slug flow, and
(c) churn flow.

other one with the passage of Taylor bubbles. The correspond-
ing average void fraction was α = 0.5. Finally, the time series,
the associated PDF, and a sample still picture for the churn
two-phase flow regime are presented in Figure 8c. As seen, in
opposition to the former flow regimes, a typical wider histogram
emerges, spreading out over almost all dimensionless conduc-
tivity and centered in the low range as shown. The particular case
displayed in Figure 8c refers to a centered peak around k/kw =
0.25, corresponding to an average void fraction α = 0.2.

As seen, the application of the PDF technique to the sensor
instantaneous signal yields a qualitative tool for characterizing
two-phase flow patterns. Furthermore, both PSD and PDF anal-
yses are not quantitatively valid for flow characterization alone,
but they should be used in association with other flow pieces
of information, such as measuring the void fraction, as in the
present work. Those techniques can also be applied to fuzzy
logic functions or neural network studies.

Continuous industrial processes demand qualitative and
quantitative information of the flow dynamics, and some of the
widely used techniques are connected with correlation functions.
A correlation function takes the energy signal associated with

heat transfer engineering vol. 29 no. 11 2008
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two different time series, x (t) and y (t), obtained at two different
monitoring points of the same two-phase flow. They can be as-
sumed as highly correlated or having similar energy spectrum
when compared with a certain time delay (τ) [24]. Two corre-
lation functions commonly used are auto-correlation (Cxx ) and
cross-correlation (Cxy). These functions show how two similar
time series are separated by a time delay from each other in
the sense of energy. The autocorrelation function permits one
to check qualitatively on how much influence the system can
impose to the same time series signal during a finite period, T .
Therefore, by comparing the same time series signal x (t), the
auto-correlation function for a finite time period can be defined
as:

Cxx (τ) = 1

T

∫ T

0
x(t)x(t + τ)dt . (7)

Cross-correlation can be defined as the measure of the process
interaction energy associated with two different time series, x (t)
and y (t). A high cross-correlation between two different time
series signal implies that they are similar or, in other words, that
the two signals have similar associated energy. Cross-correlation
between two different time series signal for a finite time period
can be defined as:

Cxy(τ) = 1

T

∫ T

0
x(t)y(t + τ)dt . (8)

where x(t) and y(t) are two time series obtained at different
two-phase flow regions.

Usually both auto-correlation and cross-correlation are used
in a normalized way, as follows:

�x (τ) = Cxx (τ) − ψ2
x , and (9)

Rxx (τ) = �x (τ)

�x (0)
, (10)

where �x (τ) is the centered auto-correlation function, �x is
the signal average value, and Rxx (τ) is the normalized auto-
correlation function and can assume positive or negative values.
It will take the unit when there is no time delay, τ = 0 (highly
correlated to itself), and the value zero when time delay τ =
τmax (no correlation exists to itself).

At the same way, the normalized cross-correlation is:

�xy(τ) = Cxy(τ) − ψxψy, and (11)

Rxy(τ) = �xy(τ)√
�x (0)�y(0)

, (12)

where �xy (τ) is the centered cross-correlation function, �x and
� y are the signals average value, and Rxx (τ) is the normalized
cross-correlation function, assuming positive or negative values.
It assumes the unit when time delay τ = τC , when there is a high
correlation between x (t) and y (t), and the value zero when time
delay τ = τmax (no correlation exists).

Figure 9 Auto-correlation from dimensionless electrical conductivity signals
from both impedance sensors for different flow regimes: (a) bubbly flow, (b)
bubbly to slug transition flow, (c) slug flow transition, and (d) churn flow.

Auto-correlation was applied to the dimensionless conduc-
tivity time series signal for obtaining the average residence time
τR of bubble transit over electrode sensors, as follows:

τR =
∫ T

0
Rxx (τ)dτ. (13)

Auto-correlation for different gas superficial velocities is shown
in the series of graphics in Figure 9. The average residence time
for sensor 1 (τR(1)) and sensor 2 (τR(2)) can be obtained by the
time corresponding to the half of the auto-correlation function,
or Rxx (τ) = 0.5. The product of the average bubble velocity and
the average residence time allows one to estimate the average
bubble or bubble structures length, as follows:

L B = VB
(τR(1) + τR(2))

2
, (14)

where L B is the average bubble length, VB is the bubble or
bubble structures propagation velocity, and τR(1) and τR(2) are
the average residence time for sensor 1 and sensor 2, respectively.

Auto-correlation functions for bubbly, bubbly-to-slug transi-
tion, and slug flows can be seen in Figure 9a, 9b, and 9c, respec-
tively. It can be observed that the function decay is quite steep,
indicating a strong correlation, and the average residence time
(τR) increases from bubbly to slug flow as a consequence of in-
creasing bubble or bubble structures overall dimensions. On the
other hand, the residence time increasing with the gas superficial
velocity trend is interrupted for the churn flow, which indicates
that Taylor bubbles have disintegrated into smaller and faster

heat transfer engineering vol. 29 no. 11 2008
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Figure 10 Calculated bubble or bubble structures characteristic length as a
function of the gas superficial velocity.

bubbles. If one analyzes the auto-correlation for longer peri-
ods for slug (see Figure 9c) and churn (see Figure 9d) flows, one
will find a periodic-type variation of decreasing auto-correlation
function, Rxx (τ), that can be clearly associated with slugs
passages.

The results of bubble and bubble structure lengths are shown
in Figure 10. It can be noticed that for bubbly flow L B is about 4.0
mm, a result that agreed with author’s photographic documen-
tation. According to the Figure 10, bubble length increases with
gas superficial velocity to about 60 mm. The sensor impedance
signal does not have sensitivity enough to measure individual
bubble movement, but bubble cluster motion. By increasing the
gas superficial velocity starting off from the bubbly regime, cap
bubbles began to be formed due to adjacent bubbles coales-
cence and, from this point on, the sensor sensitivity becomes
high enough to capture these structures. For slug flow, it can be
noted that L B increases from 60 mm to about 100 mm, which
is in agreement with visual estimations. The slug to churn flow
transition implies that the Taylor bubbles have collapsed into
smaller bubbles with no defined shape, and the technique should
be used with restrictions at such high gas superficial velocity.

Cross-correlation was applied to the dimensionless time se-
ries (k/kw) for determining the characteristic Taylor bubbles
propagation time (τT B), permitting to obtain the Taylor bubble
velocities (VT B).

Figure 11 shows a series of graphic displaying the cross-
correlation technique applied to the sensor signals according to
several flow patterns. As can be seen in Figures 11a and 11b, the
signal for a low gas superficial velocity does not demonstrate any
significant relationship. It implies that the information energy of
signal from sensor 1 is not the same as the signal from sensor 2
(i.e., there is no correlation between them). The main reason that
can explain this fact is that the distance between two impedance
sensors is such that bubbles distribution modifies completely
as it moves from sensor 1 to sensor 2, because the separation
space (L S) between sensors is too large in comparison with bub-
ble characteristic lengths. As can be observed in the remaining
graphics of Figure 11, the lack of any correlation just happens
to the bubbly flow regime. Cross-correlation for bubbly-to-slug

Figure 11 Cross-correlation from dimensionless electrical conductivity sig-
nals from both impedance sensors for different flow regimes: (a) and (b) bubbly
flow, (c) bubbly to slug flow transition, (d) slug flow, (e) slug to churn flow
transition, and (f) churn flow.

flow regime transition is shown next in Figure 11c, and the graph-
ics demonstrates that there exists a well-characterized peak, sug-
gesting a high correlation coefficient in the low time range. It
means that the system energy propagation does not change too
much as the two-phase flow traverses sensors 1 and 2, giving a
large coherence between signal sensors. The cross-correlation
shape for developed slug flow is shown in Figure 11d. As can be
noticed in that figure, the cross-correlation coefficient increases
as the flow structure becomes well defined. This correlation time
is the propagation time of a single Taylor bubble between the two
sensors. Figures 11e and 11f show cross-correlation for slug-to-
churn and churn flow signals, where the correlation coefficient
reaches a high value and the bubble propagation time decreases.

A typical application of cross-correlation analysis is related
to obtaining the propagation velocity of coherent flow structures.
As such, the average Taylor bubble velocity can be calculated by
determining the bubble propagation time between two adjacent

heat transfer engineering vol. 29 no. 11 2008
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Figure 12 Taylor bubble velocity as a function of the superficial gas velocity.

sensors from the cross-correlation results. It is defined as:

VT Be = L S

τC
, (15)

where VT Be is the Taylor bubble velocity obtained from the
cross-correlation investigation, L S = 0.08 m is the distance be-
tween the two sensors, and τC is the characteristic bubble prop-
agation time. As a matter of comparison, the slug flow model
proposed by Taitel et al. [25] gives an expression for the Taylor
bubble velocity as:

VT B =
{[ 1.2Q

A(1−αL P )

] + 0.35
√

gD
}

{
1 + [ 1.2αL P

(1−αL P )

]} , (16)

in which Q is the gas volumetric flow [m3/s], D is the tube diam-
eter [m], A is the cross-section area [m2], and αL P is the liquid
plug average void fraction. The liquid plug average void fraction
value obtained experimentally by those authors was αL P ≈ 0.3.
Figure 12 shows several Taylor bubble velocities determined
from Taitel et al.’s, correlation, (Eq. [16]), versus the Taylor
bubble velocity obtained by the cross-correlation technique, as
seen in Eq. (15). From the graphics, one can see that a reason-
able agreement exists. However, the authors consider that the
correlation to experiment agreement could be improved if one
used a specific liquid plug void fraction value rather than the
fixed value used by the former authors (αL P = 0.3).

CONCLUDING REMARKS

A rotating electric field multiple-electrode impedance sensor
was tested in the present work. The calibration curves of the
sensors were obtained with the aid of a test facility in which a
vertical upward water-air two-phase flow was established. This
sensor type presented a linear curve for the void fraction range
from 0 to 0.7 for bubbly, slug, and churn flow regimes. The
measuring actual void fraction techniques were the gravimetric

method for 0 ≤ α ≤ 0.17, and the quick closing valves method
for 0.17 ≤ α ≤ 0.7. The sensor signal was quite stable even for
situations where the void fraction is non-uniformly distributed
along the cross-section test area.

Statistical tools such as power spectrum density, probability
density function, auto-correlation, and cross-correlation were
applied to the sensor signals to obtain bubble and bubble clusters
frequencies, velocities, and flow regimes. These techniques were
revealed to be very useful for practical applications.

Multiple-electrode impedance sensors with rotating electri-
cal field analyzed in this work were shown to be of a simple
construction, reliable, and a useful instrument for void fraction
measurement in multiphase flow systems.
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NOMENCLATURE

A tube cross-section area, m
Cxx auto-correlation
Cxy cross-correlation
D tube internal diameter, m
d distance between two pressure measurement points,

m
dC cylinder diameter, m
e cylinder off center, m
f frequency, Hz
Fc cutting frequency, Hz
g acceleration of gravity, m/s2

h differential column length, m
hG confined gas column, m
jG gas superficial velocity, m/s
k two-phase mixture conductivity, �/m
kW water conductivity, �/m
L test section length
L B bubble length, m
L S distance between the two impedance sensors, m
LT test section length, m
Q two-phase mixture volumetric flow, m3/s
Rxx normalized auto-correlation
Rxy normalized auto-correlation and cross-correlation
t time, s
T total time series period, s
V two-phase mixture signal voltage, V
Va pure air signal voltage, V
VB bubble velocity, m/s
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VT B Taylor bubble velocity, m/s
VT Be Taylor bubble velocity obtained by cross-

correlation, m/s
Vw pure water signal voltage, V
x(t) any time series
y(t) any time series

Greek Symbols

α volume average void fraction
αL P liquid plug void fraction
φ signal shift phase angle, rad
�x , �y centered auto correlation functions
�xy centered cross-correlation
θ position angle, rad
ρG gas density, kg/m3

ρL liquid density, kg/m3

σ standard deviation
τ correlation time delay, s
τC cross-correlation time, s
τR bubble residence time, s
τT B Taylor bubble propagation time, s
ψx , ψx signal average value
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Marcelo S. Rocha is currently a post-doc re-
searcher at the Alternative Energy Systems Labo-
ratory (SISEA), Mechanical Engineering Depart-
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