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Design of a non-intrusive electrical impedance-based void 1 

fraction sensor for microchannel two-phase flows0F
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Abstract 7 

A non-intrusive electrical impedance-based sensor is developed for measurement of local void 8 

fraction in air-water adiabatic flow through rectangular microchannels.  Measurement of the void 9 

fraction in microchannels is essential for the formulation of two-phase flow heat transfer and 10 

pressure drop correlations, and may enable real-time flow regime control and performance 11 

prediction in the thermal regulation of high-heat-flux devices.  The impedance response of the 12 

sensor to a range of flow regimes is first investigated in a crosswise (transverse) configuration 13 

with two aligned electrodes flush-mounted on opposing microchannel walls.  Numerical 14 

simulations performed on a multi-phase domain constructed from three-dimensional 15 

reconstruction of experimentally observed phase boundaries along with the corresponding 16 

experimental results serve to establish the relationship between void fraction and dimensionless 17 

impedance for this geometric configuration.  A reduced-order analytical model developed based 18 

on an assumption of stratified gas-liquid flow allows ready extension of these calibration results 19 

to different working fluids of interest.  An alternative streamwise sensor configuration is 20 

investigated with two electrodes flush-mounted along a single wall in the flow direction in view 21 

of its potentially simpler practical implementation in arrays of microchannels.  It is shown that a 22 

correlation between time-averaged impedance and void fraction can be established for this 23 

alternative configuration as well. 24 

Keywords: microchannel, two-phase flow, void fraction, impedance meter, sensor design  25 
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1. Introduction 26 

Integrated liquid cooling of microelectronic devices with embedded microchannel heat sinks 27 

offers improved heat dissipation efficiency by avoiding the thermal conduction and contact 28 

resistances associated with remote heat rejection.  The thermal and hydraulic behavior of fluid 29 

flow in microchannels has therefore been extensively investigated [1–3] as a means to address 30 

the increasing cooling demands of high-performance electronics.  Allowing the working fluid to 31 

boil improves heat transfer, but models that predict thermal performance under these conditions 32 

are specific to the particular two-phase flow regime encountered [4], which must be mapped as a 33 

function of channel dimension, heat input, and mass flow rate [5,6].  Flow regime maps for small 34 

channels and transition criteria governing macro-to-microscale boiling behavior have been 35 

developed based on visualization of flow boiling for water and refrigerants [6–9].  Regime-based 36 

heat transfer [10] and pressure drop [11] correlations developed for microchannels, as well as 37 

macrochannel flow boiling correlations [12], require void fraction measurements or predictions 38 

as inputs. 39 

Measurement techniques that determine the void fraction during flow boiling in microchannels 40 

are required to formulate and employ regime-based heat transfer and pressure drop correlations.  41 

Also, from the standpoint of system operation and flow rate control, real-time void fraction 42 

sensing can be used to anticipate and avoid conditions of dryout or departure from nucleate 43 

boiling [13].  For development of correlations, void fraction is typically measured by image 44 

analysis of high-speed flow visualizations performed under conditions where optical access is 45 

artificially made available [13–16].  A variety of alternative radiation-, ultrasound-, and electrical 46 

impedance-based void fraction sensing methods have been developed to enable real-time 47 

measurement without optical access [4,17].  As underlined in [18], the mechanical and electrical 48 
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design of electrical impedance techniques is relatively simple and this approach can be 49 

implemented at reasonable cost; hence, it is an attractive alternative for the microchannel heat 50 

sink application of interest. 51 

Electrical impedance-based methods encompass three primary implementation approaches: 52 

intrusive wire mesh sensors that detect phase at discrete locations on a grid over the flow cross-53 

section [19,20]; non-intrusive electrode-pair sensors flush-mounted in a pipe wall [21,22]; and 54 

impedance tomography sensors that use sets of circumferential electrodes [21,23].  The current 55 

study focuses on void fraction measurement using electrodes flush-mounted in the wall of a 56 

microchannel due to the simplicity of incorporation into the channel geometries. 57 

A variety of electrode configurations have been proposed in the literature including helical 58 

electrodes wound around the channel [24–26], opposing electrodes [22,27,28], and electrodes 59 

placed along the channel length [29].  The last two designs are readily applied to microchannels; 60 

however, great care must be taken to characterize the sensor for this unique geometry and scale.  61 

Relative electrode position and shape will influence sensor spatial resolution, sensitivity, and 62 

linearity, as emphasized by Rosa et al. [18].  Also, the response of the sensor to radial and axial 63 

non-uniformities in the flow (especially relevant for two-phase flow patterns) is a primary design 64 

concern, as highlighted by Tsochatzidis et al. [30] for multi-phase flow in cylindrical geometries. 65 

A sensor with electrodes placed in the flow direction along the channel was first used by 66 

Swanson [31] to investigate the gas-liquid interface in annular flows.  Coney [32] used plane 67 

electrodes flush mounted to the wall to measure the thickness of thin liquid films; an analytical 68 

model for the dimensionless impedance as a function of liquid height was proposed.  Spatial 69 

resolution of such probes is limited by the electric field volume of influence; therefore, they 70 

cannot be used for making point measurements [33].  Andreussi and co-workers [29,34] used 71 
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flush-mounted electrodes in the walls of circular 2.3 to 5 cm-diameter pipes to determine the 72 

liquid hold-up for annular, stratified, and bubbly flows.  The impedance-based method was found 73 

to have a strong dependence on the flow pattern.  An electrode separation distance of 1.5 to 2.5 74 

pipe diameters was found to provide a localized measurement at sufficiently close spacing while 75 

still providing a reading independent of the flow regime.  The linearity of experimental 76 

calibrations between the dimensionless admittance and void fraction has been assessed in the 77 

literature for stratified fluid in a macroscale pipe [30,35]; a sensor with a streamwise pair of 78 

electrodes in the flow direction has never been investigated for microchannel geometries. 79 

The current study investigates the design and calibration of the impedance-based void fraction 80 

sensor electrode configurations depicted in Figure 1 for use in microchannels of square cross-81 

section.  In the crosswise configuration, the aligned electrode faces are flush-mounted on 82 

opposing channel walls.  In the streamwise configuration, the electrodes are flush-mounted along 83 

the same channel wall successsively in the flow direction.  This streamwise configuration is 84 

amenable to easier practical implementation in an array of closely spaced channels by 85 

embedding the electrodes in a cover plate serving as the top wall of the microchannel heat sink. 86 

In our prior work [27], the crosswise configuration was investigated; calibration test facilities 87 

and the impedance sensor construction details were presented.  It was demonstrated that flow 88 

regime identification could be realized using a self-organizing neural network for classification 89 

based on statistical characteristics of the temporal impedance signal.  An empirical calibration of 90 

void fraction as a function of dimensionless admittance was obtained based on image analysis.  91 

The current study extends the instrument output calibration for both crosswise and streamwise 92 

configurations via comprehensive analytical, experimental, and numerical characterization.  In 93 

the crosswise electrode configuration, numerical sensor calibration simulations are performed on 94 
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a multi-phase domain obtained from three-dimensional reconstruction of experimental phase 95 

boundaries.  This novel high-fidelity calibration is compared with reduced-order analytical 96 

expressions that enable exploration of sensor design for differing fluids and geometries.  The 97 

streamwise electrode configuration is introduced and investigated experimentally, and numerical 98 

simulation is used as a design tool to assess implementation challenges. 99 

2. Experimental setup and procedures 100 

Experiments were conducted to calibrate the measured sensor impedance against the visualized 101 

void fraction associated with a range of relative gas and liquid flow rates through a 102 

microchannel.  This section summarizes the experimental air-water two-phase flow loop, sensor-103 

equipped microchannel test cells, impedance measurement methodology, and image-based void 104 

fraction measurement procedure. 105 

2.1. Microchannel test cell and flow loop 106 

Experimental test cells were fabricated to investigate both the crosswise and streamwise 107 

electrode configurations described in Figure 1.  The test cells contain a single square 780 µm × 108 

780 µm × 50.8 mm long microchannel that was fabricated into a transparent acrylic base plate in 109 

order to allow visualization of the internal adiabatic air-water flow patterns.  An air injection port 110 

is located 10 mm downstream from the water inlet of the flow channel.  Two electrodes (304 111 

stainless steel) of 780 µm × 780 µm square cross-section were flush-mounted in the desired 112 

configuration at a location 25.4 mm downstream from the water inlet. 113 

The experimental flow loop used to provide the test cells with known gas and liquid flow rates is 114 

shown in Figure 2.  The flow loop components and operating procedures are briefly discussed 115 

below; additional details are available in [27].  The de-ionized water stream was treated with 116 
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small quantities (~ 1 mg per liter) of morpholine and ammonium-hydroxide to set the desired 117 

electrical conductivity, σ, and maintain a pH value near 7.  The impact of these chemicals on the 118 

flow regimes, through a change in the surface tension, is negligible [36,37].  Air flow injection 119 

from a compressed-air cylinder was controlled by a needle valve and measured using a mass 120 

flow sensor (Omega FMA6704) with a range of 0 to 100 ml min-1.  Interpolation between 121 

pressures measured at the inlet and the outlet of the channel was used to calculate the actual 122 

volumetric flux of air at the impedance measurement location.  An in-line storage tank open to 123 

the atmosphere served as an air-water flow separator.  In the pumped water flow loop, a needle 124 

valve controlled the flow rate as measured by a micro-turbine flow meter (McMillan Flo-106) 125 

with a range of 0 to 200 ml min-1. 126 

2.2. Impedance measurement 127 

Impedance was measured between the electrodes in crosswise and streamwise configurations.  128 

The signal processing scheme and basic electronic circuit are described in detail in [27] and are 129 

summarized here.  The electrodes were connected to the electronic circuit via 14 gauge copper 130 

cables using silver epoxy to minimize the contact resistance.  The sine wave exciter signal 131 

applied to the electrodes was set with a peak-to-peak voltage difference of 3 V and a frequency 132 

of 20 kHz.  The voltage measured across a reference resistor in a current-to-voltage amplifier 133 

circuit yielded the current flowing through the test cell.  The excitation and output voltage 134 

signals were logged to a high-speed data acquisition system (National Instruments NI 6259-135 

USB) at a sampling rate of 500 kHz and processed using a MATLAB [38] program developed 136 

in-house in order to obtain a measurements proportional to the impedance.  The absolute 137 

impedance value was then determined using a calibration of the processed measurements against 138 
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known impedances from 105 to 106 Ω.  As shown in Figure 3, the relationship deviates slightly 139 

from a linear profile at 20 kHz. 140 

2.3. Image-based void fraction determination 141 

The volumetric void fraction α was determined from flow visualization.  Images were acquired at 142 

100X magnification using a Photron Fastcam-Ultima APX high-speed camera and a Keyence 143 

VH-Z50L lens.  Videos were recorded at 24,000 frames per second with a shutter speed of 144 

120,000 Hz.  The image processing algorithm described in [27] was used to map the three-145 

dimensional air and water regions from the acquired frames.  The key procedural steps are listed 146 

here.  The air-water interfaces in the binary images of the frames were detected using the Canny 147 

algorithm implemented in MATLAB [38].  Unphysical cusped and concave boundaries caused 148 

by light reflections were subsequently removed.  To determine the volumetric void fraction in 149 

the region of interest, three-dimensional air volumes are generated from the two-dimensional 150 

phase boundaries assuming that the air regions are axisymmetric about their major axis. 151 

Examples of two-phase flow distribution images acquired for bubbly, slug, and churn flow 152 

regimes are given in Figure 4.  In order to assess the validity of the image-based void volume 153 

reconstruction, the void fraction, 𝛼, was computed and compared to the gas volumetric flow 154 

fraction, 𝛽 , as determined from the volumetric liquid flow meter and gas mass flow meter 155 

measurements. 156 

The gas volumetric flow fraction is defined as the ratio of volumetric flow rates,  157 

Q1×(Q1+Q0)-1, where subscripts 1 and 0 designate the gas and liquid phases, respectively.  In the 158 

case of homogeneous flow, i.e., under the assumptions of uniform phase distribution in the flow 159 

cross-section and equal phase velocities, the void fraction is given by 160 
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 βα =   (homogeneous flow model). (1) 161 

According to the drift flux model for small tubes, for which the mean drift velocity tends to zero, 162 

empirical correlations in [39,40] suggest the following relationship for 𝛽< 0.9: 163 

 βα 8.0=  (drift flux model). (2)  164 

Figure 5 shows the void fractions obtained from visualizations as a function of values determined 165 

from the measured air and water volume flow rates; a comparison against the homogeneous flow 166 

and drift flux models is also shown.  Visualizations were obtained for a range of gas and liquid 167 

flow rates which ensure coverage of the entire void fraction range.  The void fraction appears to 168 

match the homogeneous flow model better than the drift flux model, for 𝛽 < 0.8.  In [41], the 169 

homogeneous flow model was also found to provide the best prediction of the experimental void 170 

fractions in bubbly and slug flow patterns; it was noted that the homogeneous flow assumptions 171 

did not apply for annular flow with high void fractions.  Figure 5 confirms the deviation of the 172 

estimated void fraction from the homogeneous flow model and the improved match with the drift 173 

flux model for void 𝛽 > 0.8.  This observation offers a validation of the visual reconstruction 174 

method developed for void fraction estimation. 175 

3. Numerical simulation 176 

A numerical simulation implemented in Fluent [42] was used for design and characterization of 177 

the impedance-based microchannel void fraction sensor.  Steady-state simulations of the electric 178 

field were used to predict the overall complex impedance between the electrode pair in the 179 

microchannel flow domain.  The numerical simulation approach was validated against theoretical 180 

values for full-gas and full-liquid impedance in the crosswise electrode configuration. 181 
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3.1. Solution domain and mesh 182 

The domains, boundary conditions, and uniform cubic volume mesh of length L (cell edge length 183 

of d/50) created for the simulation of the impedance of a two-phase mixture in crosswise and 184 

streamwise configurations are shown in Figure 6.  Electrical properties were assigned to the 185 

mesh locally using either the void phases reconstructed from experimentally acquired image 186 

frames or based on the desired conditions for design/validation.  Numerical computation of 187 

impedance could then be performed as presented in the next section. 188 

3.2. Governing equations for electric field 189 

Numerical simulation of the three-dimensional electric field was implemented in Fluent [42] for 190 

both the crosswise and the streamwise configurations.  The electric potential was obtained by 191 

solving the following Laplace equations: 192 

 

1 0ϕ
ρ

 
∇ ⋅ ∇ = 

 
 (3) 193 

 ( )0 0rε ε ϕ∇ ⋅ ∇ =  (4) 194 

where ρ  is the electrical resistivity, ε0  is the permittivity of free space, εr  is the relative 195 

permittivity of the phase, and 𝜑 is the electric potential field.  An analogy with steady-state heat 196 

diffusion is used to solve for the current and charge fields using the energy equation solver in 197 

Fluent [42].  A potential difference of 4 V was applied across the electrodes using Dirichlet 198 

boundary conditions.  Zero-flux Neumann boundary conditions were imposed on the other 199 

boundaries.  An electrical conductivity of 100 μS cm-1 and a relative permittivity of 80 were 200 

assigned to the water phase, while an electrical conductivity of 2.5x10-10 μS cm-1 and a relative 201 
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permittivity of 1 were assigned to the air phase.  The default Fluent [42] convergence criterion of 202 

10-6 was used for the Laplace equations. 203 

The resistance, R, and capacitance, C, between the electrodes were obtained from the resolved 204 

current and charge at the surface of the electrodes, respectively.  The resistive component, ℜ, and 205 

reactive component, 𝑋 , as well as the magnitude, |𝑍| , of the impedance were calculated 206 

assuming the overall resistance and capacitance of the domain are in parallel: 207 

 
  

2 2 21
R
C Rω

ℜ =
+

 

(5) 208 

 
  

  

2

2 2 21
C RX

C R
ω
ω

=
+

 

(6) 209 

 2 2Z X= ℜ +

 

(7) 210 

3.3. DC simulation of AC sensor measurements 211 

The overall impedance for an AC driving signal is predicted based on the overall resistance and 212 

capacitance values obtained from steady-state electrical field simulations.  This assumes that the 213 

DC and AC overall resistance and capacitance are similar for the selected driving frequency.  214 

This assumption is justified in the following. 215 

The effect of frequency on the overall impedance has been addressed in the literature [32–34] 216 

with respect to impedance sensors.  It was observed that the overall impedance was altered at 217 

low frequencies by the presence of a number of capacitive and resistive elements which arose at 218 

the electrode-electrolyte interface [33].  The origin of such elements was discussed in [33], and 219 

attributed to the deposition of surface active ions.  This has been reported to be responsible for 220 
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long term drift of the impedance magnitude and phase at operating frequencies of less than 221 

1 kHz [33]. 222 

Mitigation of this phenomenon at similar geometric scales as the current study was investigated 223 

in [32] by varying frequencies over the range of 60 Hz to 150 kHz for a water conductivity value 224 

of 250 µS cm-1.  The water solution resistance became asymptotic for frequencies above 10 kHz, 225 

while the capacitance continued to decrease at a frequency of 100 kHz.  As the frequency used in 226 

the current study is 20 kHz, it is assumed that the liquid resistance corresponds to this asymptotic 227 

value.  The electrical properties for the calculation of the impedance of air were approximated to 228 

those of vacuum and are therefore considered to be independent of frequency. 229 

3.4. Validation of numerical simulation 230 

Simulated impedances for a single-phase domain, with the flow length limited to one electrode 231 

width in a crosswise configuration, are in agreement with impedances predicted analytically for 232 

parallel plates as shown in Table 1. 233 

Simulations were performed for increasing domain size to determine when the impedance 234 

becomes independent of the domain length in the flow direction.  For the crosswise electrode 235 

configuration, the predicted impedance changes by less than 1% for a domain flow length 236 

increase from 3d to 5d; a domain flow length of 3d was chosen for further analysis of the electric 237 

field. 238 

The electric field was simulated for a full-water domain to identify the fluid zone that influences 239 

sensor response.  Figure 7 plots the electric field in the crosswise direction, as well as envelopes 240 

of the percentage of the total current passing through planes parallel to the electrodes.  241 

Approximately 30% of the current flows outside the fluid region bounded by the ends of the 242 
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electrodes.  The fluid in the region beyond the electrode cross-section has a smaller weighted 243 

influence on sensor impedance; however, the current flow path curvature in this region would 244 

cause a differing impedance response to voids at the center and near the side walls of the 245 

channel.  This spatial dependence illustrates the difficulty in defining the instantaneous void 246 

fraction observed by the sensor for purposes of calibrating against the numerical simulations.  In 247 

this work, the sensor calibration curve is generated for convenience based on the void fraction 248 

defined as the fraction the volume of gas occupying the channel between the electrodes for a 249 

simulation domain flow length of d. 250 

The 95% envelope shown in Figure 7 is also a useful design parameter that dictates the minimum 251 

pitch required for independent operation of multiple sensors placed along a channel. 252 

4. Results and discussion: Crosswise configuration 253 

Reduced-order analytical expressions are presented to explain the crosswise electrode sensor 254 

behavior from first principles assuming a simplified liquid-gas flow structure.  A simplified 255 

calibration developed from these analytical predictions is compared to the experimental 256 

measurements and to high-fidelity numerical analyses that take into account realistic flow 257 

structures. 258 

4.1. Analytical prediction of stratified air-water flow impedance 259 

Theoretical expressions for the full liquid (𝑍0) and full gas (𝑍1) impedance between electrodes in 260 

a crosswise configuration are given as 261 
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where 𝜔 is the angular frequency, 𝜀0 the vacuum permittivity, 𝜀𝑟1 the relative permittivity, and i 264 

the imaginary unit.  At the operating frequency used, the sensor impedance behavior is 265 

dominated by the liquid-phase resistance and the air-phase capacitance.  The impedance of a 266 

continuous phase is proportional to the length and inversely proportional to the cross-sectional 267 

area of the path between two electrodes.  The simplified analytical model assumes that the liquid 268 

and gas phases are perfectly stratified as illustrated in Figure 8.  Under this assumption, the 269 

length of the path between electrodes is equal to the distance between the electrodes, d.  The gas 270 

and liquid phase cross-sectional areas are respectively proportional to α and (1-α), as shown in 271 

Figure 8.  Simplified gas and liquid impedances are expressed as a function of the geometry and 272 

void fraction in Table 2.  The stratified flow impedance for the gas and liquid phases in parallel 273 

is: 274 

 
1 0

0

1
(1 )

r

Z d i dα ωε ε α
ρ

=
−

+
 (10) 275 

As noted by Fossa [35], two-phase flow electrical impedance across an electrode pair with a 276 

conductive liquid behaves as a resistor for tap water and an AC excitation frequency of 10 kHz.  277 

At excitation frequencies above 1 kHz for the air-water system investigated, the overall 278 

impedance estimated using a stratified flow assumption is also predicted to be largely 279 
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independent of frequency at void fractions up to 99%, as can be seen in Figure 9.  The overall 280 

impedance is governed by the resistive behavior of the liquid, and is largely independent of the 281 

gas phase capacitance. 282 

The parasitic impedance of the electronic circuit, Zcircuit, should be subtracted from the measured 283 

overall impedance, Zmeasured, to obtain an isolated measurement of the impedance across the 284 

electrodes.  The overall impedance is measured for a microchannel filled with a liquid of known 285 

resistance (up to 200 kΩ) to assess the circuit impedance.  For this assessment, great care was 286 

taken to minimize the effects of contact resistances by using silver epoxy at electrical junctions.  287 

The measured impedance was compared to the numerical simulation value, which is taken as the 288 

actual microchannel impedance without circuit impedances included.  Since the analytical model 289 

showed that the overall impedance is essentially resistive, the circuit impedance contribution to 290 

the real part of the measured impedance was removed from the measured value according to: 291 

 measured circuitZ =  Z  Z−  (11) 292 

4.2. Dimensionless impedance parameters 293 

Once extraneous circuit impedance is accounted for, the experimental data can be directly 294 

compared to the numerical and theoretical models.  To report such measurements, the 295 

dimensionless impedance Z/Z0 and the dimensionless admittance 1- G* are both used in the 296 

literature: 297 

 
0 0

Z Z   =  
Z

d
ρ , (12) 298 

and 299 
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, (13) 300 

where G is the admittance.  The admittance for a channel filled with water is obtained by 301 

measurements using the calibration curve shown in Figure 3.  The impedance for a channel filled 302 

with air is four orders of magnitude larger than when the channel is filled with liquid, and outside 303 

the measurement range of the sensor; hence, the impedance obtained from numerical simulation 304 

of a channel with only air is used for normalization. 305 

The dimensionless impedance parameter Z/Z0 only takes into account the liquid impedance 306 

properties, and is equivalent to 1/(1- 𝛼) regardless of the dielectric or resistive properties of the 307 

liquid under the assumption of stratified flow.  As a consequence, this number is appropriate 308 

when the overall impedance is dominated by the liquid impedance. 309 

When the overall microchannel impedance predicted for stratified flow given by equation (10) is 310 

substituted in the equation for 1- G*, it simplifies to 311 

 

α=− *1 G . (14) 312 

Therefore, for stratified flow in the crosswise configuration, the dimensionless admittance 1- G* 313 

is predicted to behave linearly with void fraction, regardless of the electrical properties of the 314 

phases.  Since equation (14) is derived while taking into account the impedance magnitude and 315 

phase when the measured impedance is not dominated by the liquid resistance, the impedance 316 

phase of 1- G* must be measured to be relevant over the entire void fraction range, as 317 

measurements of only the impedance magnitude would not approximate the admittance.  318 
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4.3. Comparison between experiment, simulation, and theory 319 

A comparison between the numerical simulations, experimental data, and stratified flow theory is 320 

presented in Figure 10 for both the dimensionless impedance and admittance parameters.  The 321 

data trends are generally well predicted by the stratified flow model.  The void fraction and 322 

impedance measurements were performed for a gas superficial velocity ranging between 323 

0.13 m s-1 and 2.65 m s-1 and a liquid superficial velocity ranging between 0.80 m s-1 and 324 

5.1 m s-1.  The numerical simulation uses reconstructed three-dimensional void phases obtained 325 

directly from image frames corresponding to the experimental data points.  Good agreement was 326 

found between experimental data and the numerical simulations even though the numerical 327 

simulations were obtained only for a domain flow length of one channel width for instantaneous 328 

frames representative of their flow regime.  The numerical validation lends confidence to the 329 

sensor measurements and calibration; deviation from the stratified flow model can thereby be 330 

attributed to the different two-phase flow structures present in the actual flow.  The influence of 331 

frequency is predicted to be negligible for the void fraction range investigated.  The impedance is 332 

predicted by numerical simulation to be independent of frequency from 1 kHz to 100 kHz for the 333 

range of void fraction investigated. 334 

As shown in Figure 10(b), the dimensionless impedance calibration of the sensor was found to be 335 

well predicted by Maxwell’s model [43]: 336 

 )2(
31 *

α
α
+

=−G for %10<α . (15) 337 

4.4. Application of sensor for boiling and dielectric fluids 338 
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While the experimental calibration is performed in this work under adiabatic conditions, 339 

practical microchannel applications involve boiling of the working fluid.  The liquid-phase 340 

electrical conductivity and dielectric constant would remain constant during boiling at the 341 

saturation temperature.  The overall impedance would also continue to be dominated by the 342 

liquid resistance.  Therefore, the overall sensor behavior in terms of dimensionless numbers as 343 

shown in Figure 10 is expected to remain the same. 344 

The stratified flow model (equation (10)) is used to predict the overall impedance as a function 345 

of void fraction for a representative perfluorinated dielectric fluid, FC-72, in Figure 11.  For a 346 

dielectric fluid, the measured impedance range as a function of void fraction would span an order 347 

of magnitude, and the impedance sensor circuit would need to be designed for this range.  Both 348 

the liquid and gas contributions to the overall impedance are represented in Figure 11 and it is 349 

clear that the overall impedance would no longer be dominated by the liquid-phase impedance 350 

due to its amplitude relative to the value for the gas-phase impedance.  Therefore the 351 

dimensionless parameter 1-G* should be used instead of (Z/Z0), since (Z/Z0) would only be 352 

relevant for a small range of void fractions.  Depending on the liquid and gas resistivity, the 353 

impedance phase may also have to be measured.  Further, the parasitic impedance of dielectric 354 

components in the system will affect the measurement. 355 

5. Results and discussion: Streamwise configuration 356 

The impedance sensor response was measured experimentally for electrodes placed on top of the 357 

channel in a streamwise configuration with a spacing of d.  To evaluate the sensor response, a 358 

numerical simulation was performed in this configuration for a channel filled with water.  For 359 

electrodes separated by one electrode width, 50% of the current flows across the cross-section 360 
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below the mid-horizontal plane of the channel in the region directly between the electrodes, as 361 

illustrated in Figure 12.  The electric field in the region between the electrodes is thus well 362 

distributed for this geometric configuration, and is suitable for detection of voids even in the 363 

lower part of the microchannel.  It is therefore expected that the impedance measurement will 364 

remain sensitive to void fraction for the predominant flow regimes within the flow channel.  The 365 

overall impedance for the streamwise configuration is of the same order of magnitude as for the 366 

crosswise configuration, allowing use of the same sensor electronics. 367 

Due to the inhomogeneous electric field distribution (a representative curved streamline is shown 368 

in Figure 12), the streamwise electrode configuration is not expected to yield a calibration curve 369 

for measurement of the instantaneous void fraction, i.e., the same void volume may result in 370 

different instantaneous impedance values based on the local values of the electric field.  Instead, 371 

a calibration is obtained based on the time-averaged experimental impedance measurement 372 

versus time-averaged void fraction.  This calibration was performed for the streamwise electrode 373 

configuration at gas superficial velocities ranging between 0.17 m s-1 and 13.7 m s-1 and liquid 374 

superficial velocities ranging between 0.68 m s-1 and 5.5 m s-1.  Such a calibration is shown to be 375 

independent of liquid-phase conductivity for the range shown in Figure 13 indicating that the 376 

same dimensionless numbers as in the crosswise configuration can be used.  Furthermore, the 377 

continuity of the calibration curve does not seem to be affected by the flow regime, as was 378 

observed for the crosswise configuration.  This demonstrates that it is possible correlate the void 379 

fraction to the impedance using a streamwise electrode configuration. 380 
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6. Conclusion 381 

The response of an impedance-based microchannel void fraction sensor with electrodes placed in 382 

a crosswise configuration was characterized analytically, experimentally, and numerically.  An 383 

analysis that assumed stratified gas-liquid flow allowed for reduced-order prediction of the 384 

observed trends in dimensionless impedance and dimensionless admittance as a function of void 385 

fraction.  This behavior was compared against experimental impedance measurements over a 386 

range of controlled air-water adiabatic flow regimes and numerical simulations.  The sensor 387 

response was validated by performing numerical simulations to predict the impedance of a three-388 

dimensional reconstruction of the actual flow domain; this dual experimental/numerical 389 

calibration approach established the void fraction versus dimensionless impedance relationship 390 

for the crosswise electrode configuration. 391 

A streamwise electrode configuration was also investigated experimentally for its potentially 392 

simpler implementation in arrays of microchannels that are typically encountered in heat sinks 393 

for thermal management applications.  The numerical simulation approach, which was validated 394 

for the crosswise electrode configuration, was used as a design tool to predict the sensor range, 395 

current penetration depth, and magnitude of circuit impedance in the streamwise electrode 396 

configuration.  It was experimentally confirmed for this configuration that a correlation between 397 

the time-averaged impedance and void fraction can be established over the range of investigated 398 

liquid conductivities. 399 
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Tables 500 

Table 1. Comparison of the overall impedance obtained analytically and by numerical 501 

simulations for crosswise electrodes and a domain flow length equal to one electrode width. 502 

 503 

Table 2. Analytical expressions for the liquid and gas phase impedances under stratified flow; 504 

the expressions assume the liquid and gas behave respectively as a pure resistor and a pure 505 

capacitor. 506 

 507 

  508 
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Figures 509 

 510 

Figure 1. Schematic diagram of (a) crosswise and (b) streamwise electrode pair configurations.  511 

The electrodes and microchannel have square cross-sections of side length d and area A. 512 

 513 

Figure 2. Diagram of the adiabatic air-water flow loop used to control two-phase flow through 514 

the crosswise and streamwise microchannel test cells described in Figure 1. 515 
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 516 

Figure 3. Calibration of the electronic circuit output against known impedances. 517 
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 518 

Figure 4. Selected two-phase flow visualization frames for (a) bubbly, (b) slug, and (c) churn 519 

flow regimes obtained at a liquid volumetric flow rate of 100  ml min-1 and respective gas flow 520 

rates of 10 ml min-1, 50 ml min-1 and 100 ml min-1. 521 
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 522 

Figure 5. Relationship between the void fraction 𝛼 estimated using image-based reconstruction 523 

and the measured inlet air volumetric flow fraction, 𝛽.  The trend is assessed against the 524 

homogeneous flow and drift flux models. 525 
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 526 

Figure 6. Schematic diagram of the solution domain, mesh, and electric field boundary 527 

conditions imposed for the (a) crosswise and (b) streamwise electrode configurations. 528 
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 529 

Figure 7. (a) Electric field in the crosswise direction and (b) envelopes of the percentage of the 530 

total current passing through planes parallel to the electrodes in the crosswise configuration. 531 

  532 
Figure 8. Sketch of the stratified flow hypothesis in the crosswise electrode configuration. 533 

Using the stratified flow analytical expression for overall impedance given by equation (10) and 534 

parameters from Table 1, the impedance is plotted as a function of void fraction in Figure 9. 535 
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 536 

Figure 9. Theoretical stratified flow impedance given by equation (10) as a function of void 537 

fraction for frequencies of 1, 20 and 100 kHz and the properties given in Table 1. 538 

 539 

Figure 10. Comparison of experimental data, numerical simulations, and stratified flow 540 

predictions for overall microchannel (a) dimensionless impedance Z/Z0 and (b) dimensionless 541 

admittance 1-G*as a function of void fraction. 542 
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 543 

Figure 11. Analytical model prediction using the stratified flow hypothesis for a dielectric fluid, 544 

FC-72 (𝜌0 = 1013 Ω m; 𝜀𝑟0 = 1.8 [44]). 545 

 546 

Figure 12. Numerical simulation of the normalized potential field in water created using a 547 

streamwise impedance sensor.  548 
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 549 

Figure 13. Time-averaged dimensionless two-phase flow impedance (1-G*) as a function of 550 

time-averaged void fraction for different water electrical conductivities (obtained for an 551 

electrode pitch of d and a sine wave exciter signal frequency of 20 kHz). 552 
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