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Abstract

Space transportation systems require high-performance thermal protection and fluid management for systems ranging
from cryogenic fluid devices to primary structures, and for propulsion systems exposed to extremely high temperatures,
and other space systems, e.g., integrated circuits and cooling/environment control devices for advanced space suits.
Although considerable developmental effort is underway to bring promising technologies to a readiness level for practical
use, new and innovative methods are still needed. One such method is the Advanced Micro Cooling Module (AMCM),
essentially a compact two-phase heat exchanger constructed of microchannels and designed to rapidly remove large quan-
tities of heat from critical systems by incorporating phase transition. This paper describes the results of experimental
research in two-phase flow phenomena, encompassing both an experimental and an analytical approach to the incorpora-
tion of flow patterns for air–water mixtures flowing in microchannels. Specifically addressed are: (1) design and construc-
tion of a sensitive two-phase experimental system which measures both ac and dc components of in situ physical mixture
parameters including spatial concentration, using concomitant methods; (2) data acquisition and analysis in the amplitude,
time, and frequency domains; and (3) analysis of results including evaluation of in situ physical parameters, and assessment
of their validity for application in flow pattern determination.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Although there are many different types and combinations of two-phase flows, this work deals with an adi-
abatic heterogeneous mixture of water and air flowing in a square submillimeter microchannel. In comparison
to single-phase flow, i.e., that of water or air alone, two-phase flow is significantly different due to the presence
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of other independent variables such as velocity of the mixture and its components, spatial concentration, film
thickness, and the spatial and temporal distributions of these parameters. The effect of these additional vari-
ables creates interesting challenges in describing the flow phenomena, since these variables greatly influence
the nature of the two-phase flow, resulting in significant differences in reported results, compounded by diffi-
culty in defining the experimental conditions, in verifying and validating the measured and calculated data,
and in comparing the results of different experimenters.

It is recognized today that two-phase flow in large channels and pipes is still scientifically one of most chal-
lenging problems to be explored since the 1940s, when Lockhart and Martinelli published a model for two-
phase flow in pipes (Keska and Fernando, 1994), treating two-phase flow as a pseudo-homogenous mixture;
and Duckler in the 1960s and Govier in the 1950s through 1970s recognized the significance of flow patterns
for large pipes and introduced the concept of a flow pattern map based on superficial parameters, principally
velocity (Vance and Lahey, 1982). This approach is still being used today; however, more and more experi-
menters are using in situ parameters in their investigations. Using X-ray measurement techniques for void
fraction/concentration determination, Zuber and Jones in the 1960s and 1970s measured concentration fluc-
tuations using statistical analysis (Vance and Lahey, 1982) and analyzed concentration signals in the time and
frequency domains for steady-state conditions, detecting different images for various flow patterns which they
identified visually. In the 1970s, other methods of concentration measurement were developed by many
researchers, including a capacitive densitometer and a flow pattern detector introduced in patents by Keska
et al. between 1973 and 1977 (Keska and Fernando, 1994). These innovations increased the spectrum of tools
available to two-phase flow investigators in this predominantly experimental two-phase research field, and
they made possible further progress in this complex endeavor, not only for large pipes, but also several years
later for two-phase flow in minichannels and microchannels. By measuring the fluctuation of in situ concen-
tration in air–water mixture flows in small channels using their own unique measurement systems, Vance and
Lahey (1982) suggested a derivative of PDF as an objective flow regime indicator, while retaining other super-
ficial parameters as flow determinants. Using in situ parameters, viz., concentration, film thickness and
velocity, Keska et al. (Keska and Fernando, 1994) reported attempts at incorporating flow patterns into a phe-
nomenological two-phase flow model, including definition of the flow pattern coefficient (Keska and Miller,
1998; Keska and Smith, 1998) with application to micro heat exchangers using two-phase flow in microchan-
nels. Subsequently for minichannels, attempts at comparing signals for measurements of concentration, pres-
sure, and optical noise signals using a built-in sensor cluster, were presented in (Keska and Miller, 1998; Keska
and Smith, 1998) and (Keska and Williams, 1999; Keska et al., 1999). An extension of this work in application
to microchannels, based on measurement of these parameters in the same time and space and comparing the
results obtained for various flow patterns, is the subject of this paper.

Keska and Miller (1998), Keska and Smith (1998), proposed an advanced micro cooling module (AMCM)
with two-phase forced convection and phase transition as an effective cooling mechanism to accommodate the
high heat fluxes encountered in various applications such as micro-electronic packages, compact fission and
fusion reactor cooling systems, micro heat exchangers for space power and propulsion thermal control, and
space suit thermal control for a backpack power source such as a fuel cell. To design, analyze and control such
a system, it is necessary to first develop an experimental database for the two-phase flow regimes, and for void
fraction and two-phase pressure drop in microchannels.

The objective of this paper is to report the results of experimental investigations on the sensitivity of depen-
dent, measurable, in situ parameters such as concentration, pressure, and optical signal dispersion, for various
two-phase flow patterns/regimes in air–water heterogeneous mixture flows in microchannels. Experiments
were conducted in transparent square microchannels (996 lm · 996 lm). A high-speed micro-camera was
utilized to visually observe the two-phase flow regimes at various mixtures flow conditions, which vary from
zero concentration for gas-only flow to 1.0 for water-only over the full range of concentration.

This paper also reports the results, with their validation, of an experimental investigation using two con-
comitant (capacitive and conductive) in situ concentration measurement methods in a horizontal air-mixture
two-phase flow loop in microchannels, including documentation of concomitancy between the capacitive and
conductive method of in situ concentration measurements by analysis of the data in the time, amplitude and
frequency domains.
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2. Related work

Most of the work by others in this area for various channel geometries is necessarily experimental, with
some analytical correlations developed from the empirical data. Most commonly, data is obtained for
air–water mixtures, with some experiments using refrigerants, boiling water, or an air–nitrogen mixture. Some
single-phase correlations have also been attempted.

Several teams of investigators have performed experimental work on air–water mixtures using small verti-
cal tubes of various geometries. Zhao and Bi (2001a,b) developed correlations for predicting pressure drops
in single-phase laminar and turbulent flow in miniature equilateral triangular channels (hydraulic dia-
meters ranging from 0.866 mm to 2.886 mm) using high-speed video recorders (up to 12,000 pictures per
second split-screen) and dynamic pressure drop measurements; they compared flow regime transition bound-
aries for the triangular microchannels to experimental data for small round tubes and square channels. In
these experiments, four physical parameters were measured: water flow rate, air flow rate, absolute pres-
sure and pressure drop; air and water superficial velocities were also obtained. Shuai et al. (Shuai et al.,
2003) investigated flow boiling of water in small rectangular channels (hydraulic diameters 0.8 and
2.67 mm) using a video camera to investigate transition of the flow pattern and to generate preliminary flow
pattern maps. Measured parameters included mass flow rate, input heating power, inlet and outlet tempera-
ture, wall temperature, and pressure drop between the inlet and outlet of the test section. Kandlikar (2002)
conducted a comprehensive review of literature on evaporation in small-diameter passages (circular, rectan-
gular, triangular and annular, with characteristic dimensions of 0.035–6.0 mm), including experiments he
had performed earlier for water evaporating in small-hydraulic-diameter (1 mm · 1 mm square) multichannel
passages.

Other experimental investigations were conducted using air–water mixtures flowing in small horizontal
tubes of different geometries. Triplett et al. (1999a,b) performed visual observations of gas–liquid two-phase
flow patterns in long circular microchannels (1.1 and 1.45 mm diameter) and semi-triangular tubes (triangular
with one corner smoothed, hydraulic diameters 1.09 and 1.49 mm), obtaining two-phase pressure drop mea-
surements, and developing void fraction experimental estimates from the photographs. Using high-speed
video techniques, Coleman and Garimella (1999) developed flow regime maps and investigated transition
regions for air–water two-phase flow in round and rectangular tubes with hydraulic diameters from 1.3 to
5.5 mm, for gas and liquid superficial velocities ranging from 0.1 to 100 m/s and 0.01 to 10.0 m/s, respectively.
They concluded that for tubes with diameters less than 10 mm, diameter and surface tensions effects play an
important role in determining the flow patterns and transitions between them. Ewing et al. (1999) performed
similar experimental studies, identifying flow regimes using visual observations and photographic data, in a
small transparent circular channel (1.9 cm ID), and comparing them with predictions made by other investi-
gators. An experimental investigation was also performed (Kawahara et al., 2002) using a mixture of de-ion-
ized water and nitrogen gas flowing in a small horizontal circular tube (0.1 mm ID). Using pressure
measurements and video recorded data, two-phase frictional pressure drop and time-averaged void fraction
were obtained, and two-phase flow patterns were developed and analyzed for gas and liquid superficial velo-
cities of 0.1–60 m/s and 0.02–4.0 m/s, respectively.

Various experimental and analytical investigations with two-phase refrigerants and refrigerants with lubri-
cating oil have been carried out in small horizontal tubes. Wong and Ooi (1995) performed an analytical study
of a homogeneous two-phase refrigerant flow in a capillary tube approximately 1 mm in diameter in which the
effects of various two-phase viscosity correlations on the homogeneous flow model prediction were assessed by
comparing predicted pressure drops with measured data. Wongwises et al. (2002) investigated flow patterns in
refrigerants with and without lubricant oils in smooth horizontal tubes with inside diameter 7.8 mm in an insu-
lated vapor compression refrigeration system using temperature, pressure and flow rate measurements. Using
this measured data and that of a high-speed camera, they developed two-phase flow patterns for flows with
mass fluxes of 150–500 kg/m2 s for a lubricating oil concentration of 5%. Yang and Shieh (2001) conducted
an experimental investigation using a refrigerant flowing in small horizontal tubes with inside diameter 1.0–
3.0 mm, comparing the results to similar flows in an air–water mixture. They concluded that surface tension
has a significant effect on flow pattern characteristics in small tubes.
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3. Experimental program

An experimental system for investigating two-phase flow in microchannels was developed. The system con-
sists of a flow set-up with unique measurement systems for obtaining mixture concentration using both capac-
itive and conductive sensors, an optical system, and pressure measurement devices, all interfaced to a
computer-aided data acquisition system based on Lab VIEW and MatLab software. The experimental appa-
ratus consists of a horizontal transparent microchannel of cross-section 996 lm · 996 lm and 105 mm in
length, which is supplied by controlled air and water flow from a mixing chamber. The mixing chamber allows
the air and water flows to become fully mixed before entering the test section, as shown in Figs. 1 and 2. Input
and output flow rates of air and water are controlled and measured by various instruments, viz., cylinders,
rotameters, and scale, time and length meters, all operating in an open-loop mode.
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Fig. 1. Adiabatic two-phase flow system in microchannels: (1) microchannel, (2) static pressure sensor, (3) differential pressure sensor, (4)
temperature sensor, (5) capacitive and conductive sensors, (6) optical sensor, (7) function generator, (8) air tank, (9) water tank, (10) air
flowmeter, (11) water flowmeter, (12) Computer aided data acquisition system (CADAS), (13) air–water mixture input and (14) pressure
sensor.

Fig. 2. Experimental system for two-phase flow in microchannels.
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Within the test section, two independent and concomitant measurement systems were used to measure the
in situ spatial concentration of the air–water mixture flowing through the capacitive and conductive sensors. A
schematic representation of the experimental set-up is shown in Fig. 1. It is important to note that in any
investigation of flow pattern phenomenon where results are based solely on visual observation, the ability
of the observer and the state of the equipment often determine the quality of the results. Secondly, in most
of the reported results in the literature, superficial parameters are used which have an impact on the test loop
properties, thus impeding the transferability of the results to other conditions. Additionally, the bias error of
the instruments used, due to the nature of the spatial and temporal distribution, may significantly impact the
results. One of the objectives, therefore, of this work was to seek a solution, which would minimize those
impacts. The applied solution to that problem was to place all sensors in the same location and to acquire data
simultaneously for all measured parameters, providing the advantage of identical flow conditions for any
given flow pattern, which eliminates the necessity of observation, or even of identifying the flow pattern occur-
ring in the space and time of a particular measurement. If, then, for the same conditions the results are similar,
and if they remain similar as the flow pattern changes, then concomitancy may be assumed for the measure-
ment systems utilized.

All measurement systems, including both concentration measurements, were used to monitor the parame-
ters of interest in the same time and space, thereby avoiding the necessity of accurately determining the flow
pattern for the specifically measured conditions. Because the positioning of the sensors allowed the measure-
ment of in situ concentration values concurrently within the same space and time, an effective comparison of
concentration signals in time was obtained for all measurement systems.

In using the capacitive method of concentration measurement, the capacitance of a sensor is a function of the
geometric configuration of the sensor and the dielectric constant of the mixture, which is a function of concen-
tration for any given mixture (Keska and Fernando, 1994). This is illustrated by the following equation:
C ¼ 1:01e0lc

ln 1þ pD
bc

tan h2 0:7 D
bc

� �� � ðe1cv þ ð1� cvÞeaÞ ð1Þ
where C is the capacitance (F), D is the channel diameter, or plate width (m), bc is the capacitor plate
width (m); e0 is the dielectric constant (–), ea is the dielectric constant of air (–), el is the dielectric constant
of liquid (–), lc is the length (m), cv the volumetric concentration (–) and h = height (m).

For concentration measurements using the conductive method, the conductance G of the sensor, made up
of two plates each of area A with a distance l between the plates, and with a resistivity qm between the plates
and the mixture flowing between them, can be expressed by the following equation (Keska and Miller, 1998;
Keska and Smith, 1998):
1=G ¼ ½qwcv þ qað1� cvÞ�
l
A

ð2Þ
where G is the conductance (S), qw is the density of water (kg/m3), cv is the air concentration (–), qa, qw, qm are
the resistivity of air, water, mixture respectively (X m), l is the distance between plates (m); and A the plate
area (m2).

The two concentration measurement systems consist of two electrodes opposing one another on the inside
of the microchannel in a non-intrusive way, and the changes in capacitance and conductance values over time
were translated into a proportional analog voltage signal and fed into the Computer Aided Data Acquisition
System (CADAS).

In the calibration process for the concentration measurement systems, correlations between the capacitance
and conductance of the sensor and in situ spatial concentration of the mixture were established based on pre-
viously published procedures and models (Keska and Fernando, 1994). An example of the calibration process
for typical flow conditions is illustrated in Fig. 3a.

In the top row (Fig. 3a), for given and steady-state flow conditions, the conductance of the sensor is mea-
sured as a function of time at four-second time intervals, after which, by means of the calibration curve, the
conductance is converted to a concentration signal over time as shown in the equation below.
CvðGÞ ¼ ððGi � GaÞ=ðGw � GaÞÞ ð3Þ
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Fig. 3a. Calibration of signals from conductive and capacitive concentration measurement systems.
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where Cv is the mixture in situ concentration by volume (–), G is the conductance (lS), Gi is the conductance of
ith component (lS), Ga = air conductance (lS) and Gw the water conductance (lS).

Similarly, in the second row (Fig. 3a), for the same flow conditions, capacitance values of the sensor are
measured as a function of time, also at four-second time intervals. Using a calibration curve, these data are
converted to time-varying concentration values according to the following equation:
CvðCÞ ¼ ððCi � CaÞ=ðCw � CaÞÞ ð4Þ

where C is the capacitance (F), Cv is the mixture in situ concentration by volume (–), Cv(C) is the mixture
in situ concentration by volume from capacitive sensor (–), Ci is the capacitance of ith component (F), Ca

is the capacitance of air (F) and Cw the capacitance of water (F).
Concentration measurements for both concomitant systems were obtained in identical time and space. Ide-

ally, if the concentration values as a function of time for the conductive system are equal to the concentration
values vs. time measured by the capacitive system (shown in the top and bottom rows of the last column of
Fig. 3a), then both the measurement systems and the procedures used can be considered to be concomitant.

The optical sensor system consists of a light-emitting diode and a cadmium sulfide (CdS) photoresistor con-
nected to an amplifier. The CdS cell detects the light signal passing the microchannels. Changes in light inten-
sity caused by the interphase phenomenon deriving from the flow dynamics of the air–water mixture cause a
change in cell resistance. The cell is a branch of a Wheatstone bridge, and its resistance change alters the equi-
librium of the Wheatstone bridge, changing the voltage output of the bridge. These changes are magnified by
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an instrument amplifier with a variable resistor connected to the negative input terminals of the two opera-
tional amplifiers, thereby controlling the amplification in a range of 100–2000·. With the CdS sensor
fixed in the microchannel in close proximity to the concentration and pressure sensors, two input terminals
from the instrument amplifier module are attached to the system using two Sensym ASCX series differen-
tial and static pressure sensors interfaced to the CADAS. The Lab VIEW software package is used for
data gathering and analysis, system control, and various data processing tasks ranging from data filtering
to digital signal processing, and data manipulation for report generation, including 3D visualizations. The
frequency response of the measurement systems used is as follows: capacitive and conductive systems—
140 Hz, pressure, 1 kHz; and optical system, 500 Hz. The calibration process was conducted at the start
and finish of each data-gathering period using validation procedures for system hardware and software oper-
ation with standard filtering processing signals, for validation of the experimental data using the concomitancy
concept.

4. Results and discussion

In order to assess the individual characteristics and change sensitivity of the various flow patterns investi-
gated, steady-state runs were performed for all flow patterns using each of the four measurement systems
(optical, pressure, conductive, and capacitive) simultaneously. Thus the data were recorded in identical time
and space for the air–water mixture flow in the microchannel.

For any given steady-state condition of the flow, values of pressure, mixture transparency and concentra-
tion all fluctuate as a result of the nature of the flow and physical conditions inside the microchannel. Exper-
imental dynamic pressure and concentration signals consist of two components, an average (dc) and a
fluctuating (ac) component. The actual concentration consists of the sum of the average and fluctuating com-
ponents. An example of the nature of the capacitive and conductive signals for the same time and steady-state
flow conditions, measured by both systems, is presented in Fig. 3b. This example is for an average concentra-
tion of 72% with a difference between the capacitive and conductive systems of 0.7%. The top-row figures show
the time traces of concentration for both the capacitive and conductive systems for a particular flow in the
time domain. These traces represent the superposition of the fluctuating (ac) and time-averaged (dc) compo-
nents for each signal. A visual comparison of the time traces of concentration from these two figures indicates
that the signals for both systems are very similar; however, there are differences of up to 0.7% in the average
values of the in situ concentration (dc components). Also, comparing visually the maximal and minimal tem-
poral values of concentration, a strong similarity is observed in the majority of cases, although some differ-
ences are seen in the capacitive signal, where the maximum concentration is 0.50 compared to the
maximum concentration value of 0.475 for the conductive signal in the same time interval. Further detailed
analysis of differences in specific values, e.g., average value and signal characteristics in a given time interval,
may be useful, and more detailed analysis of concentration signals in the time, amplitude and frequency
domains could conceivably shed more light on the concomitancy of the measurement systems and the proce-
dures employed.

In the next step of the analysis, from the concentration signals (top row, Fig. 3b) the average concentration
values (dc component) for both systems in the same flow pattern were filtered, yielding a temporal fluctuating
(ac) component of concentration in time as shown in the second row from the top, Fig. 3b. The elimination of
the dc component allows for magnified visual observation of the fluctuating components of concentration vs.
time. The result is a high level of similarity between the ac concentration traces of both systems.

In further expanding the depth of analysis of concomitancy and impact of the flow pattern on the signal, the
ac signals are transformed into both the amplitude domain as the frequency of occurrence in function of con-
centration; and frequency domain as the power spectral density in function of frequency. More information
about the domain analysis could be found in (Vance and Lahey, 1982), (Keska and Miller, 1998; Keska and
Smith, 1998) and (Keska and Williams, 1999; Keska et al., 1999). These results are shown in the form of his-
tograms for both the capacitive and conductive systems in the third row of Fig. 3b. Cumulative probability
density functions (CPDFs) over a concentration range of �0.05–0.1 are presented in the bottom row of
Fig. 3b. By analyzing the concentration range, frequency of occurrence, and the distribution shape including
‘‘skewness,’’ taking all signals at the same flow conditions for both the capacitive and conductive systems, a
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Fig. 3b. An example of in situ concentration signals from capacitive and conductive systems in time and amplitude domains.
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strong similarity is noted, indicating that both the capacitive and conductive systems are concomitant with
regard to concentration measurement and effects of the flow pattern for this particular experiment. In order
to assess concomitancy in the entire spectrum of flow patterns, a study of such characteristics in the full range
of flow pattern variation has been conducted by comparing concentration results in the time, amplitude and
frequency domains for over 20 signals vs. time for evenly distributed flow pattern in the whole range of con-
centration from 0 to one for both capacitive and conductive systems. Due to space limitations only a few of



Fig. 4a. In situ spatial concentration signals in time, amplitude and frequency domains from conductive systems for air–water mixture
flow in microchannels: (a) concentration from (G) with DC component, (b) PDF of concentration from (G) with DC component and
(c) PSD of AC component of concentration from (G).
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these measurements are presented beginning with Fig. 4a, where in the top view over 20 time traces of instan-
taneous concentration in 5-s time intervals for given various values of mean concentration are presented in a
‘‘waterfall’’ depiction for the conductive system. Transformation of these time traces into the amplitude
domain in the middle part of Fig. 4a yields a waterfall characteristic of PDF vs. concentration for given mean
values of concentration. With gradually increasing mean values of concentration from ‘‘gas only’’ to ‘‘water
only,’’ it is a gradual change in dominance from all gas to pure water is noted, as distinguished by the location
of the single peak. These changes occur gradually, with the all-vapor left-side peak, to two-sided peaks, and
finally to the all-liquid right-side peak, for concentrations greater than 50%. In comparison to flow in large
channels and minichannels, the PDF images are very similar to those obtained for microchannels. In a direct
comparison of both capacitive and conductive systems, it is useful to compare characteristics for both systems
as illustrated in Fig. 5a, where the PDF functions for both systems are nearly identical. Additionally, a plot of
RMS values vs. concentration for both systems is illustrated in Figs. 6 and 7. These plots verify the con-
comitancy of both systems in terms of concentration, and their sensitivity to flow patterns.



Fig. 4b. Voltage signals related to the interfacial phenomenon in the time, amplitude and frequency domains from optical systems for air–
water mixture flow in microchannels.
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An instantaneous value of a dynamic signal is the sum of two components: its mean value (DC) and its
fluctuating (AC) component, which also can be applied for concentration, pressure, and optical signals. Figs.
4a–4c illustrate the dynamic traces of more than 20 signals in a time interval of five seconds for the entire range
of concentration values between 100% gas and 100% water, in the form of ‘‘waterfall’’ diagrams, for concen-



Fig. 4c. Change of probability distribution function of pressure vs. average (mean) concentration for air–water mixture flow in
microchannels.
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tration, optical signals and pressure, respectively. In these figures the upper frame represents a waterfall of
time traces of the signals; the middle part of the waterfall represents the PDF traces, and the lower part rep-
resents the PSD of the same parameter. For example, in Fig. 5a for over 20 concentration signals in a time
duration of five seconds for the entire range of concentration values between 100% gas and 100% liquid,



Fig. 5a. PDF functions of both in situ concentrations from capacitance and conductance sensors vs. in situ concentration from the
experiments for air–water mixture flow in microchannels.
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the upper chart represents the waterfall of time traces for the concentration signals, the middle part for PDF
concentration after transformation of concentration signals into the amplitude domain; and the lower part
illustrates PSD vs. frequency of the concentration signal after its transformation into the frequency domain.
Fig. 5b shows the previously described characteristics for pressure signals. The time traces of all recorded sig-
nals are difficult to compare and correlate, but after transformation into the amplitude and frequency
domains, their characteristics reveal a great deal of information concerning their structure and the character-
istics of the process. Information such as range and intensity of change, frequency of change, dominant fre-
quencies, and other characteristics of the process are readily apparent. For example, in the PDF waterfall of
concentration signals (Fig. 4a), it is clearly seen on superposition of the two phenomena, that one is determin-
istic and the other random. This is different from the optical and pressure signals, in which both demonstrate
the dominant random nature of the measurements as shown in Fig. 5b. Comparing all signals in the amplitude
and frequency domains, the concentration signals alone demonstrate both deterministic and random para-
meters connected to the physical phenomenon, by way of the gas and water peaks in the amplitude domain.



Fig. 5b. PDFs of AC components of both static and differential pressures vs. the in situ concentration from the experiments for air–water
mixture flow in microchannels.
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In the frequency domain, even larger differences between all signals are noticeable in terms of frequency
ranges, dominant and significant frequencies, and distribution of the energy spectrum in the frequency range,
which is significantly lower than the frequency response of each system. For example, the concentration and
optical signal frequencies were in a similar range of 40 Hz; however, the optical signals contained many local
maxima and more significant frequency than the concentration signals. The frequency range of pressure sig-
nals was in a range of single digits, which is significantly lower than that of the concentration and optical sig-
nals, with one exception in the range 20–30% concentration where the frequency range was as high as 40 Hz.
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More information about the concomitancy of two concentration signals is obtained by comparing devia-
tion of the RMS concentration values measured by both systems for the same time and space. The RMS value
depends on the amplitude of the fluctuations and is given by:
Fig. 6.
for air

Fig. 7.
in situ
RMSi ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
ðCv � CviÞ^2

N

s
ð5Þ
where RMSi is the root-mean square value of the signal (–), Cv is the mixture in situ concentration by volume
(–), Cvi is the in situ concentration of mixture by volume of the ith component (–) and N the number of
samples.

The RMS values of the in situ spatial concentration from both capacitive and conductive systems vs. in situ
spatial concentration are shown in Figs. 6 and 7. As illustrated in Fig. 7, both RMS curves of concentration
from the capacitive and conductive systems are very similar and the curves almost overlap.

The results of RMS values vs. in situ spatial concentration for all five-measurement systems are shown in
Fig. 7, in which the RMS values are plotted against the average concentration. For comparison of each of the
methods, RMS characteristics are developed with respect to average concentration, and if a ‘‘best fit’’ curve
for the experimental points would have been drawn for each system to represent the most likely characteristics,
then the steeper the curve is and the less dispersed the points are, the higher will be the sensitivity and precision
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of this system as used to define the flow pattern. For each of the systems used in the cluster, the RMS values of
a signal that represents the pressures (static and differential), capacitance, conductance or optical measurement
(interfacial phenomenon) of the sensor must be zero for both values of average in situ spatial concentrations of
0 or 1 (respectively for ‘‘air-only’’ and ‘‘water-only’’), because at these two points the mixture is homogeneous
and fluctuations are zero. As documented, the RMS data from the optical system has at least two local max-
ima, as opposed to only one maximum for the other three systems in the cluster. The maximum RMS values
for the concentration signals are 0.75, for pressures around 0.65–0.70, and for optical signals 0.20 with the
second local maximum around 0.75. Data points from both concentration systems are almost identical and
are characterized by very small dispersions in opposition to data points for both pressure systems and optical
system, which reveals that the character of the optical signal is influenced by phenomena other than pressure,
and capacitive or conductive signals.

5. Conclusion

This experimental study, performed in an adiabatic microchannel system constructed to accommodate an
air–water mixture flow over the full range of concentration from 0 (all water) to 1 (all gas), involved the simul-
taneous measurement of in situ parameters (concentration, static and differential pressures) and an optical
signal related to interfacial phenomenon. For concentration measurements both capacitive and conductive
concentration measurement systems were employed. Simultaneous measurement of these parameters in
identical time and space under steady-state flow conditions results in the following conclusions:

(1) all measured parameters (concentration, pressure and optical signal) demonstrated sensitivity to flow
patterns; however, the character and level of impact of each parameter were very diverse,

(2) both the conductive and capacitive systems of concentration measurement were found to be concomi-
tant, with each having the same flow pattern sensitivity as demonstrated by similar ‘‘waterfalls’’ graphs
in all domains (time, amplitude and frequency), where the concentration values measured by both
systems were very similar,

(3) the RMS characteristic of the concentration measurement is suitable for use as a flow pattern determi-
nator or measurand and

(4) pressure and optical signals demonstrated different sensitivity to flow patterns than did the concentration
signals. Furthermore, the optical signals not only possess two local maxima, but they have different
‘‘max RMS’’ values of concentration, and they are also characterized by significant dispersion of values
throughout the range of tested conditions.
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