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Abstract. In this work, we presentha method that allows for the detection of
the local flow regime in a metallic microchannel using on-channel electrical sens-
ing elements. The development of the flow regime is analyzed along a straight
channel (length: 63.5 mupwidth: 1:5:mm, height: 0.5 mm) using 4 transparent
electrodes fabricated on anglass lid:"A constant heat flux boundary condition at
the channel walls is applied to,deionized water flow. Measurements are validated
by recorded videos at the same locations as the sensing elements. The topology
of the probability densities of impedimetric measurements shows a clear connec-
tion with visually observed flow regimes, including bubbly, slug, wavy/churn and
annular flow. The method and test facilities show promising potential for further
investigations into how variable channel geometries and local process parameters
influence microchannel boiling.
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1. Introduction

Mierochannel flow boiling has received much attention in recent years because of its
advantages in terms of high heat transfer enhancement, even at low flow rates and
low pumping powers. Hence, it has the potential to be utilized in many applica-
tions such as refrigeration systems, hybrid vehicle power electronics, cooling of IGBTs
(Insulated-gate bipolar transistor), micro-heat exchangers, miniature thermal control
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systems, and electronics [1, 2, 3, 4, 5]. The latent heat of evaporation of a fluid in the
microchannel can extract a large amount of heat for micro cooling systems. In addi4
tion to the high latent heat flux, the high surface-to-volume ratio enhances uniformity
in thermal performance, compared with typical macro-scale cooling technologies ‘and
energy transport methods. However, several challenges such as pressure instabilities,
bubble expansion reversal flow and lack of critical heat flux data in the literatare have
limited the actual usage of two-phase flow for thermal management in microsystems [6].
The complexity of microchannel flow boiling has not been sufficiently explained and
researchers are still seeking reliable and stable operating conditions for practical im-
plementation [7]. Gaining more knowledge about boiling flow requirés improvement
in technology, such as through the development of local sensors, in order to provide
such a quantitative database.

Fluid properties, channel diameter, heat flux, mass flux and the heated length
of a microchannel are all considered in developing proposed models describing the
hydrodynamics and heat transfer of boiling flow [6, 8]. It Gan'be under§tood from the
literature that there are significant discrepancies between flow regime maps presented
by different researchers because of variety in experimental,procedures and conditions,
as well as the simple matter of individual interpretation =what,constitutes a particular
flow regime and what does not [9]. Many different yariables afféet boiling flow regimes
and these would be difficult to predict only with proposed flow maps currently in
the literature and with high-speed videography alone [£0].£/On the other hand, while
general studies on flow patterns, flow transitions and void fractions are common in
literature, local information about mass and thermal transport inside the channel re-
mains very challenging to obtain. This is largely dueto a relative lack of easily and
inexpensively applied local sensing techniquesswhich may be used on a much broader
range of channel configurations, flow ratespand applied heat fluxes [11]. For these rea-
sons, our current work focusesion implementing electrical sensing elements to produce
local data on microchannel boiling flow. Implementing electrical sensing introduces
new technical and scientific challenges, as well as opportunities, that are worth dis-
cussing. The challenges can be sorted asyboth experimental and analytical. Due to
temperature oscillations and flow fluctuations during boiling and dependency of ma-
terial properties on temperaturé (i€ electrical conductivity and permittivity) and
signal normalization becomes challenging. Therefore, in this study non-normalized
values are analyzed and présented in the results section. The development of sensing
elements that give infermation directly based material properties for boiling two-phase
flow provides the opportunitysfor better process control and enhanced performance of
two-phase flow Systems:

1.1. Boiling flow in macrochannels

A universal.definition is not yet established for the distinction between microchannel
andamaecrochanmel. Researchers have proposed a number of criteria for this issue. For
instance, Kandlikar et al. distinguishes channels based on size: macro channels have
hydraulic diameters, Dy, more than 3 mm, minichannels with a hydraulic diameter
of 200 pmto 3 mm and microchannels with hydraulic diameter 10 um to 200 pm [4].
Harirchian and Garimella defined the distinction between micro and macro size chan-
nels based on confinement of bubbles [12]. In our study, we consider a microchannel
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to be one with hydraulic diameter less than 1 mm - as a result of this channel size,
bubble confinement may be observed.

Despite the many studies on flow boiling in microchannels, the physical mecha~
nisms behind the evaporation processes are still unclear, due to the extremely complex
thermal and hydrodynamic interactions. The evaporative process and the conveetive
flow mechanics in microchannels (as well as macrochannels) are highly coupledjleading
to this complex behavior. The fact that the Taylor instability law may not be applied
to describe interfacial processes is a special consideration in flow boiling seenarios.| A
scale analysis by Kandlikar [13] suggests that surface tension and evaporation _omen-
tum forces play a dominant role at the microscale. The evaporative process inside the
microchannel induces signifcantly different flow patterns, compared to macrochannels,
due to confinement effects. The flow patterns are the result of the action of ferces, such
as the surface tension, inertia shear, gravity and evaporation momentum at the liquid-
vapor interface. Gravitational forces are considered here to bewmegligible. The heat
flux plays an important role in the hydrodynamics of boiling:flow in-& microchannel
and high wall superheating is required at boiling incipience. Researchers have charac-
terized the influence of the channel dimension on the flow patterns, as confirmed by
experimental visualization [14, 15].

L

Flow regime identification is one of the most important aspects to consider in
seeking to describe the governing mechanisms of microchannel flow boiling. Many
researchers have classified gas/liquid flows innierochannels, as bubbly flow, slug flow,
annular flow and annular/churn flow [12, 16]5 The observed patterns in minichannels
are typically reported to be similar to.those observed in macrochannels. By contrast,
some additional features are noted for.mierochannels; (1) confined bubble expansion,
(2) decrease of the liquid film thickness surrounding the vapor slug, (3) lack of mist
flow, and (4) diminishing churn and stratifiedyflow. Consequently, changes in channel
diameter and operating conditiomy(i.e. heat flux, mass flux, and pressure) exert even
more influence on the configuration of flow regimes [4, 5]. Figure 1 presents repre-
sentative flow regime maps showing the effect of microchannel size, as well as mass
and heat flux, on evaporation. "The corresponding flow regimes in Figure 1 may be
described as follows; N

e Bubbly flow:“In’ bubblyflow, the vapor phase is distributed as discrete bubbles
in a continuous liquid phase. The bubbles are smaller than the channel diameter,
as shown infFigure 1-aybut may vary widely in size. This flow regime is mostly
observed near to the inlet at high mass flow rates.

e Slug flow: As the vapor bubbles grow and coalesce, larger bubbles form, filling the
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Figure 1. Schematic of boiling flow regimes in microchannels and minichannels.
a) bubbly flow .b) slug flow . ¢) churn and wavy annular flow . d) annular flow
and mist flow.
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width of the channel and elongating in the axial direction along the channel. They
often demonstrate a ”bullet shape”, as shown in Figure 1-b, and are separated
by liquid slugs. One key feature that affects bubble velocity and mass transport
is the fact that the bubble is surrounded by a thin film of liquid, i.e. the gas is
not directly in contact with the channel wall.

e Churn flow and wavy annular flow: At low and medium fluid flow rates, the
liquid slugs begin to disappear (Figure 1-¢) and the large vapor core breaks into
unstable collapse patterns; this results in a highly disturbed flow pattern withha
churning or oscillatory motion of liquid film on the wall.

e Annular flow: A liquid film remains on the channel wall with a continueusscentral
vapor core. The film liquid thickness tends to decrease with increasing heat flux.
At higher mass flux, the annular flow may be disturbed periodically with' chaotic
waves (wavy annular flow).

e Mist flow and Post-dryout: The liquid film surrounding the vapor core becomes
thinner as heat flux increases, leading to dryout at themwall surface. The vapor
core becomes unstable and very small liquid droplets may,be entrained in it.
Post-dryout inverted-annular flow may appear at{a critical heat flux, when the
channel walls completely dry out.

&

There are several works published reporting flow maps and prediction methods.
However, these prediction methods mainly depend on'special experimental boundary
conditions such as channel cross section dimensions and aspect ratio, channel path,
fluid properties, mass flux, heat flux, solid material properties and fluid under test and
do not provide universally applicableiprediction information about local flow regime
in a microchannel. Consequently largerdifferences and high uncertainties in the pre-
dictions are present [17, 18]. It has beemsshown that different channel geometries
and designs can influence the flow regimes that develop, and subsequently the heat
transfer mechanisms - i.e. Dean mixing in curved channels or Taylor re-circulation in
fluid slugs in segmented flow 19, 20].5This has led us trying to implement electrical
sensors for flow regime detection, in order to use direct measurement and avoid these
prediction uncertainties. ~N

1.2. FElectrical senging for twe-phase flow

Highspeed videography alene eannot be used for regime detection in general laboratory
or industrial applications, as optical access to the channel may not be available. There-
fore, developing a general applicable flow regime detection technique for boiling flow
by other means issnecessary. In the field of multiphase flow sensing, researchers have
implemented electrical sensing elements using different methods such as parallel plate
resistive /eapacitivé /impedimetric techniques, which often are based on wire mesh or
two wize, systems. [There are examples in the literature on both the macro [21, 22, 23]
and‘micro scales [24, 25, 26, 27] that show how different fields of application, such as
the oil and gas industry, fine chemicals production or even bioanalytics can benefit
from integrated sensing systems for two phase flows. The common point in all of
these studies is that the main objective is to detect local void fraction and flow regime
patterns [28, 24, 29, 22]. Implementation of the sensing elements is challenging in
microchannels due to significant noise, inherent variability in fabrication tolerances,

Page 4 of 24



Page 5 of 24

oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - MST-109028.R1

5

and uncertainites in experimental conditions which may play an outsized role in the
results. Channel geometry (i.e. cross-section shape: cylindrical, rectangular, other);
electrode geometry, electrode contact with fluid, and fluid/vapor electrical properties
(conductivity and permittivity) play key roles in understanding the performance of an
electrical sensing system. Consequently each electrode implementation (shape, size,
position, connection scheme...) needs specific calibration and post processing analysis.

There are more examples in the literature on implementation of electrical sensing
in macro-scale than micro-scale systems. On the macro-scale, sensing elements have
with helical-, ring-, or concave-shaped electrodes have been demonstrated [30,27].
Ahmed reports that with an excitation frequency of 1 MHz , tests of twe phase flow
with both ring-type and concave-type sensors show a linear relation between void frac-
tion and capacitance independent of the specific flow pattern [30]. The eapacitance
measurements were further analyzed to identify the flow pattern using the.Probability
Density Function (PDF) and Power Spectrum Density (PSD)of the signal measure-
ments. These could distinguish between slug and elongated bubble flow [30, 31]. Fossa
has investigated ring-type conductivity probes placed om the internal wall of a pipe
with air and tap water inside the pipes (70 mm i.d. and14mm i.d.) [22]. A flow regime
calibration based on observed annular flow, stratifiediand,bubbly flow made it possible
to measure the liquid fraction in the pipe [32]. In an experimental work on vertical
two-phase flow presented by Mi et al., it is shown that void /fraction fluctuations that
are measured by electrical impedance aré statistically,in/{proportion with observed
measurements where various flow regimes are present (i.e single-phase liquid or gas,
bubbly flow, slug flow, churn flow, annular flow) [24]. Using the database of these
measurements, a supervised and self-organized neural network system was developed
to detect flow regimes [21]. For the gas and'eilindustry, capacitive sensors over pipes
have received attention with the motivation of collecting void fraction information for
monitoring, controlling and optimizing cruderproduction [22]. A general observation
to be made, after reviewing the above-mentioned works, is that each sensor system
requires its own individual calibratiomand analysis procedure, which is tailored to the
fluid properties, electrode geometries andychannel configuration. FEM methods have
been used in several cases toanodel electric field for different flow regimes to anticipate
sensor response [22, 33, 34].

In microchannels, as opposed to macrochannels, electrical sensing elements in
tests with two phase flows are typically configured with parallel plate or interdigitated
electrodes on either one'or opposing channel walls [24, 26, 27, 35, 36]. In the work
presented by Paranjape.et al. and Valiorgue et al., two flush-mounted electrodes were
used to perform electrical sensing on adiabatic two phase flow at room temperature
760 x 760 pm microchannel [24, 29]. The analysis of the probability density func-
tion (PDFE) of normalized admittance, which was obtained by using a kernel density
function, showed a ¢lear relation to the flow regime [24, 29]. Gijsenbergh and Puers
reported a systemwith parallel plate electrodes in an array of 100 pm wide to 500 pm
deep silicon etehed channels, with the readout circuit measuring the capacitance. At
room temperature, capacitance relation to the void fraction was reported as being lin-
ear, in water and air media [27]. Co-planar gold electrodes, which were in direct contact
with kerosene-water slug flow in 1 mm x 1 mm showed the potential to analyze the
speed and length of passing slugs with 300 Hz AC excitation signal (at room temper-
ature)35]. These works show that the relative electrode location, shape, boundary
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conditions, as well as system noise, influences the sensor spatial resolution, sensitivity
and linearity [29, 22]. Boiling flow in particular presents a challenge in managing and
accounting for thermal noise.

The selection of which frequency or range of frequencies to employ in any given
AC electrical measurement is also critical to the success of the sensing system: One
must have enough insight into the physical and electrical properties of the'system
components such as the fluids, test housing, and electrical measurement’ equipment,
to be able to build an equivalent electrical circuit; this can elucidate which frequencies
are likely to yield measurable impedimetric differences as a functiondof void éaction
in the channel, given other fixed parameters such as channel and ele¢trodedimensions
as well as ancillary electrical parasitics in the measurement systems. Electrochemical
processes at the electrodes should be avoided and polarization effectsias asfunction of
frequency should be understood. With respect to our work, Valiorgue etwal. suggests
that the electrical impedance in the frequency range between 10nto 100 kHz for water
is mainly resistive and for gas phase is capacitive [29].

2. Experimental method
L

In the current work we implement a system for the direct electrical monitoring of wa-
ter flow boiling in a straight microchannel (width: 1.5 mm‘- depth: 0.5 mm - length:
63.5 mm) in order to assess sensor response compared with real-time video. Electrical
monitoring is far less expensive than video, and is'more practical to apply to indus-
trial systems. Here, the video servespas validation of the interpretations of electrical
sensor readings. A schematic model of .the experimental test rig is shown in Figure 2.
DI-water was pumped through a degasser (Biotech DEGASi PLUS Semi-Prep) before
entering the test housing. A micro annular gear,pump (HNP mzr-7205) produces min-
imal pressure fluctuations inside the microchannel while providing a stable loop flow.
The housing has a modular design which includes a heater block with resistive heater
cartridges. The flow channel is machined into a replaceable plate, which is covered by
a glass lid and is sealed in_the compression housing assembly. The channel plate may
be easily replaced in ordeér to allow testing with different channels cross-sections and
paths (i.e. straight, zig-zag, meander, spiral,...). The housing simultaneously provides
fluidic as well as electrical ¢éontact, while regulating the applied heat flux, and is thus
a central, non-trivial component of this work. Working electrodes on the glass are fab-
ricated using wet-etched indium tin oxide (ITO) and covered with a hard-baked SUS8
layer. Details regarding, cleanroom fabrication process are explained in our previous
published works [25, 37, 38]. The design of the housing and assembled modules are
explained in-detail.in the previous publications as well [37, 38]. For every experiment
condition/shown in Figure 4, video recording of the boiling flow was performed with a
DSLR camera (Canon 500D) mounted to a objective with a magnification of 4X and
a high.speed camera (CHRONOS) in all electrical sensor locations. For each experi-
ment, the heat flux and the flow rate were the set parameters, and 15000 impedance
data, points in a time series were recorded. All impedance measurements were per-
formedywith/an LCR-meter (Hioki-IM3536) connected to the PC. The data sampling
rate varies from ~ 270 Hz to ~ 100 Hz for different tests due to LCR-meter’s internal
settings for auto range detection.
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g
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14 [ Hotplate | = pre S
15 .
16 f.)
17
18 DI Water | .
ITO electrodes Coax spring probe
19 Glass
20 Su8 thin layer
21 T1 - T6: thermocouples located in
22 the channel plate
23
24 'S
25 Figure 2. Experimental test setup schematic
26
;; On the glass lid, 4 optically transparent, ITO. (indium tin oxide) electrodes are
29 present, providing the opportunity to perform electrical measurements while simulta-
30 neously taking video at the same loGation. Overithe channel area, ITO is passivated
31 with a hard-baked layer of SU8-2000.5;, which'has, a thickness of ~700 nm. There
is a patterned opening window in the SU8,at the contact pad location for the ITO
32 . . . . .
33 electrode which allows spring probes to make electrical contact. SUS8 is an optically
34 transparent, photopatternable material suitable for patterning fine features by pho-
35 tolithography. It is very chemically and.mechanically robust, making it ideal for many
36 thermal and chemical microfluidic processes, such as flow boiling. The fabricated glass
37 lid with ITO electrodes is shov‘p in Figure 3-b. There are 6 thermocouples located
38 in the channel plate with a distance of 500 pm beneath the channel bottom wall. A
cross-sectional schematic showing the location of the electrodes and heaters is shown
39 - . . .
40 in Figure 3-a. Thechannel geometry plays a major role in the resulting two phase flow.
41 In these experiments, rectangular channels of 1500 pm x 500 pm, and were machined
45 in stainless steel««The channel plate frame dimensions are 75 mm x 25 mm.
43 The glass'lid is compressed over the metallic stainless channel plate with a sealing
44 . X . .
o-ring ( Figure:3)."A summary of the experimental parameters relating to the channel
45 size, heat/ flux and impedimetric measurements are shown in Table 1. The channel has
46 63.5 mm!| total length and the sensors are located at S1: 17.25 mm, S2: 27.25 mm, S3
47 37.25mm and S4:47.25 mm from the start of the channel. The ITO electrode size is
48 2mm (L) x 1.7 mm (W). According to several reports in literature, surface roughness
49 of the boiling bed might play rule in emerging of the vapor bubbles [39, 40]. Since the
50 metallie.channel plate is heated, we can consider the influence of SUS8 layer surface on
g; top of the channel on the boiling flow negligible.
53
54
55
56
57
58
59
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Figure 3. a. Channel cross section schematic., b. Photograph of the glass lid
with ITO electrodes. c¢. Channel plate front'view. d. Side view of channel plate.
&

Table 1. Experimental parameters [411,712 (43].
Property Unit (uncertainty) Value
Channel hydraulic diameter pm 750

ml - min—!
Flow rate (less than 1% Coefficient of variation CV) 0:5 to 4
Channel wall temperature °C ((£0.2% Rdg.)+(£0:8)) 86 to 136
Total heaters applied power ‘Watt 20 to 32.3
Measurement excitation 1z, (less than 0.01%0% 5 Hz) 50
frequency
Measurement potential
peak to peak V (£60 mV.) V (5)
Reynolds number @ 90 °C - 25.66 to 205.25
N

3. Experimental results

Impedance measurements of active boiling flow were performed under 25 different
combinations of flow, raterand applied heat with working electrodes located at four
locations along/the channel. Based on the performed experiments, a flow regime map
was developedwsing video recordings over four sensor positions along the channel (Fig-
ure 4). In_these set of experiments, no pre-heating is applied on the flow. DI-water
enters houising with room temperature and heats up along the channel. This enhances
the chance of‘having several flow regimes in a constant flow rate and power along the
channelas shown in Figure 4. It is notable from the flow map that the further from the
entrance of the channel, the more boiling occurs (Figure 4). Differentiation between
the flow regimes is based on the definitions explained in Section 1.1. We observed that
atilower, flow rates, bubbly flow is not established, rather slug and annular flows are
predomianant. When the mass flux increases, we see bubbly flow even at low heat flux
with spherical shaped bubbles. On the other hand, slug flow is observed at low heat
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flux. By increasing the heat flux, churn flow and annular flow appear. The housing
as a whole has a relatively high thermal mass, so in order to allow for the entire test
setup to come to thermal equilibrium, impedance measurements were not takén until
minimum 20 minutes after the heater cartridges power and flow rate were set. Figure 5
represents example pictures of annular flow and slug that is recorded with camera.

Because of the sampling rate (maximum 270 Hz), the flow rate, and theelectrode
size, the detection of individual small single bubbles is not possible. Agsemblies of
small bubbles, however, can contribute to a net detectable change in the dielectric
constant within the sensing volume. In this set of experiments, since there is no,active
temperature controlled pre-heating before test housing, DI-water enters the test hous-
ing at room temperature. There is a measured temperature gradient along the length
of the microchannel, therefore, it is expected to see different flow regimessunder the
above mentioned sensing points. MATLAB is used for drawing probability density
graphs (Figure 6, Figure 7, Figure 9). After analyzing the videos of the boiling in
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—_ * No boiling —_ ® MNo boiling
S 57| + Bubbly S 5T ¢ Bubbly
E 4l Semi slug annular e o E 4 Semi slug annular e o
3 < Annular e o k= < Annular e o
L3 ] o o 83 ® L I
& ] e ¢ 2 ] > >
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Figure 4. Flow map of boiling tests characterized by visual observation at the
four sensor locations (S1: 17.25 mm, S2: 27.25 mm, S3 37.25 mm and S4: 47.25
mm from the inlet of the channel)
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a. Passing slug — 30 Watt — 1.5 ml/min — S1

slug exit slug body slug entrance
< -
time
b. Annular flow — 30 Watt — 0.5 ml/min = S1 ~
thin layer
I'mm
—

Figure 5. Sample pictures from highspéed videos a»30 Watt 1.5 ml/min S1.
b. Annular flow 30 Watt 0.5 ml/min /S1 L

channel in each location and sorting them based on flow regime, the shape of prob-
ability density curve is compared with the detected.flow regime. In bubbly flow, for
example, a large count ratio, & would occur atlow void fraction while smaller count
ratios would exist at the higher veid fraetions {4¢]. In this work, low void fraction
corresponds with lower measured channelimpedance, as the liquid phase is more con-
ductive and has a higher dielectric constant,than the vapor phase. Physically, the
PDF curve shape corresponds to,the contribution of each kind of bubble in the mea-
surement [24]. Assuming the faet that enough measurement points were measured
for a sufficiently long time -/”long” being relative to periods of fluctuations in the
channel - the process under measurement is statistically stationary and the topology
of PDF curve must be reproducible.[44]. The PDF is a histogram of impedance ver-
sus count. The shape of the/PDFE can be interpreted as representing different flow
regimes. l.e. a strong peak at a/high impedance value with no other peaks would
likely indicate annular flow with'a large void fraction. Similarly, two moderate peaks
at high and low impedance values may indicate slug flow, where over the period of
the measurement, theypresence of fluid and vapor was similar. More detailed inves-
tigation into the shapes of the PDFs may allow one to distinguish between bubbly
flow and slug flow - in both cases, there may be a similar relative ratio of fluid and
vapor over the full measurement time, but the distributions are different. It must be
noted that in the following sections, the mentioned Reynolds numbers are calculated
based on'viscosity of Di-water in 90 °C, which is slightly below saturation temperature.

3.1.°20 Watt

As theflow rate is decreased, we observe the appearance of boiling inside the channel
at the first sensor location at 0.5 ml/min (Re = 25.7). The impedance probability
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density plots with a heat flux of 20 W are shown in Figure 6. The video of S1 shows
only slugs filling the sensing area when the flow rate is on 0.5 ml/min and no boiling
happens in this location after the flow rate is increased to 1 mllil (Re =51.3) and1’5 Hrfﬁ]
(Re = 77.0). Video observation for the 0.5 m%i] flow rate suggests that some of the
slugs that appear in the impedance measurement signal are due to backward vapor
expansion of bubbles produced downstream of S1. Recorded videos of the S2;°S3,and
S4 locations at 0.5 n%l show slug flow in S2 that has a transition to annular flow at the
S3 and S4 locations. By analyzing the impedance probability density curves at the
four sensor locations when the flow rate is 0.5 m&i;, S2 shows a probability density with
one peak at high impedance (vapor) and the other peak at low impedance,Qiquid).
Due to the small number of passing/filling slugs in S1 location, the peak.6f the vapor
section is very small. Annular flow with an oscillating liquid thin layer (wavy-annular)

shows a different PDF curve (i.e. S4, 0.5 L) with a single peak for the curve at high
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Figure 6. Impedance amplitude measurements and probability density on 20
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3.2. 25 Watt

By increasing the heater power to 25 W, at 0.5 n% (Re = 25.7), all 4 sensors,show
annular flow, which have corresponding PDF curves with a single peak at high
impedance. The impedance amplitude measurements and probability densitysplots
of the measurements are shown in Figure 7. The video shows a continuous vapor core
in the channel in the annular flow shape at all 4 locations. At the S1 location, the
signal value decreases to the baseline of water (~ 60kQ)) with frequent jumps to the
vapor core impedance at 1 I:ﬁln and 1.5 n% Considering the videos, for 1 H% flow
rate, the S1 location shows some slugs passing or filling the sensing area, S2 shows
slug/annular flow and S3 and S4 show continuous annular flow. When the flew rate
increases to 1.5 Ifl‘ﬂl (Re = 77.0), a complete transition between flow. régime can be
observed from recordings along the channel. In the S1 location, seattered bubbles are
passing while S2 shows a denser bubbly flow passing in the channel: With the same
experimental parameters (25 W, 1.5 5311)7 S3 shows a transition from slug/annular
flow and S4 location shows a complete annular flow regime., Theobservation of the
flow recordings for 2 2L (Re = 102.6) shows that in the loeation of S1 and S2 no

boiling is occurring. At this flow rate, the videos show slug flow at the locations of
both S3 and S4.
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Figure 7. Probability density function and impedance amplitude measurements
on 25 Watt
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rates
3.3. 32.3 Watt N

We observed annular flow in four sensors positions along the length of the microchannel
for high heat flux (80W and 32.5W) and low mass flux (0.5 221). The results for these
four points are particularly interesting, since the peak of probability density curve of
the measurementihas,a shift to lower impedance in S4 rather than S1. The major dif-
ference in the observed flow patterns is the thickness of the liquid film about the vapor
core and theddry-out pattern. It was observed that the liquid film periodically dried
and re-wet«"At the,S3.and S4 locations, the vapor core initially occupied the center
of the channeld Then the vapor core rapidly grew and eventually approached to the
walls leading(to partial dry-out. Additionally, due to the high temperature difference
in thercontact area between the saturated vapor and the glass cover, condensation
occurred andyvapor core shrunk and quickly re-wet the walls. The high temperature
difference with the outside environment is the main reason of cyclic re-wetting on the
glass surface. It is difficult to recognize all details of the process given the speed and
qualitysof the current videography system. We interpret that the high heat flux with
low mass flux input indicates intensified evaporation for a fast-growing vapor core and
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Figure 9. Probability density function and impedance amplitude measurements
at 32.3 Watt feridifferent flow regimes

condensation for a fast re-wetting process. Therefore, the peak of probability density
decreases slightly (from ~ 150k to ~ 100k) but stays in the vapor region from
sensor 1 to sensor 4.

4. Discussions

In this work, it‘has been shown that probability density function of the impedance
measurement,data at various locations along the microchannel has a direct correlation
with two-phase flow regime inside the channel (see Figure 10). Impedance amplitudes
and corresponding probability density curves were used as metrics to analyze boil-
ing flow from/ new perspective. This research was partially presented before [33] in
constant temperature test conditions. To the best of authors knowledge, this investi-
gation is the first time that electrical impedance sensors are implemented over boiling
processes using de-ionized water as the application fluid in a metallic microchannel.
The shapes of the probability density curves provide a path to detect and characterize
the flow regime based on simple electrical measurements, as validated with recorded
video. ‘Four flow regimes were identified: bubbly, slug, slug/annular transition, and
annular flow. When boiling is in the bubbly flow regime, a single peak in the proba-
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regime

bility density in the impedance ~ 55k§) to 70k appears. In all slug flows, two peaks
appear of which the first one represents passing water slugs and the second represents
the vapor phase (see Figure 40 -a). Depending on the individual test, the vapor vol-
ume may differ significantly, resulting in a broader high impedance peak: ~ 110k}
to 200 k2 (see Figure 12). In thie case of transition from slug to annular flow, the PDF
curves corresponding to the transition flow regime present three peaks or an broader
low impedance peak (see Figu%lo -b and -c).

For bubbly and annular’ flow, these respective peaks in the PDFs representing
liquid and vapor phases respectively were analyzed by normal Gaussian fitting, and
the mean values are exported. As for the characterization of slug flow, the statelevels
function in Matlab-was used.sThe function bins data into a histogram with 100 bars
and divides the data into two sub-histograms. Then the state levels are estimated by
calculating the mean of the lower and upper histograms. An example of detected state
levels in slugsflow is shown in Figure 10-a. These mean values are considered represen-
tative of the liquid and vapor phases that repeatedly pass the sensor area. The vapor
phase is|surrounded by asthin layer of liquid on the channel walls. Figure 12 shows
the whisker box plot of the exported mean values from sorted experimental results, in
which the box represents the 25 to 75 percent of the data and the line shows the full
range. The vapor phase corresponding to slug flow lies in a higher impedance range
compared to the annular flow peak range. This can be either due to the fact that
slugs are explosively expanding and the channel experiences a sudden dry out while in
annular flow, a constant thin layer of liquid remains around the vapor core. Therefore,
the liguid makes the media more conductive and decreases the impedance amplitude
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on average. All in all, the distinct range of the impedance amplitude of liquid, bubble
and vapor phase provides the opportunity to detect the boiling flow regime in the
channel. This can potentially be used as a feedback in a cooling system or & phase
monitoring system, especially in cases where thermal noises are reduced or well-knowmn

According to the datasheet of LCR meter provided by manufacturer, the device
measurement accuracy of measured impedance amplitude (Z,) can be caleulated by
the Equation (1) and Equation (2) (constant values shown in Table 2): [41]

Table 2. Values of the coefficients for accuracy calculation {[41]. -
Coefficient =~ Name Value
A basic accuracy (10 kQ < Range < 100 kQ),  0.25
basic accuracy (100 kQ < Range < 1 MQ)" 20.5
B basic accuracy (10 kw < Range < 100°k) 0.04
basic accuracy (100 kw < Range < 11 MQ) 0.1
C level coefficient 1.4
D speed coefficient S 8
E cable length coefficient 1.5
F DC bias coefficient 1
G operating temperature coefficient 1
Measurement accuracy = Bagic accuracy X Cox D x E x F x G [41] (1)
. 10 % 7,
Basic accuracy = (A4 + B x |W —1]) [41] (2)

by applying these the impedance measurement uncertainty for each sensor is cal-
culated as follow: N

8.3%< 1241 | accuracy < 10.1%
8.1% < | Zs2laccuracy < 9.7%
814% < 1Zssldccuracy < 13.4%
7.77% D Zsa|accuracy < 12.2%

(3)

An example of uncertainty of the impedance measurement is shown in Figure 11.
In order fo examine the influence of uncertainties of the measured impedance over
PDF curves,/a noise overrthe main measured valued is using a random function in
MATLAB produced in the uncertainty window. The probability density of the noisy
data is calculated with the same method as presented in the manuscript. The box
plot of the noisy data is shown in Figure 12 and compared with presented data in
manuscript./Figure 12 represents that the applied random noise in the uncertainty
window, has minor influence on the final analysis. The reason for this phenomena is
that the bin sizes that are used in making the probability density curves are similar
orbigger than data error. Therefore, the current uncertainty will make little influence
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on the final result and shape of the PDF function in our analysis.
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Figure 12. Whisker plot of the peak value of different phases based on probability
density.
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The experimental method can be further extended in order to correlate the local
heat transfer coefficient during boiling with impedemetric measurements. With larger
datasets, including data from different electrode sizes for experiment condition, it is
possible to train a neural network systems that classify a measurement signal in a
flow regime category [15]. Regarding the limitations of this method following points
most be considered. First, in our case, width of electrodes is slightly (200 nm) bigger
than channel width (1.5 mm). Applying the same method for a much smaller chan-
nel width under range of approximately 500 pm will become more challenging dueto
dominance of noises. With the current setup, the other limitation is high flow rate
boiling. In high flow rate boiling, the vapor bubbles or slugs will pass Verwuickly
under the sensing area. Detection of fast moving bubbles with our sampling rate is
not possible, however, a higher sampling rate measurement system can overcome this
problem. Instead of individual bubble detection, we rely upon data averaged over
the possible sampling period. One goal in the analysis of the PDF shape is to see
if we can nevertheless differentiate between flow regimes without having to uniquely
identify individual bubbles or slugs. This is an approach we introduceshere which will
require additional careful study. Third limitation is usage of this measurement analy-
sis system in unstable temperature conditions that is net\functioning in steady state
condition. In these conditions, temperature oscillations will influence sensor read out.
To avoid this, an extra calibration based on temperatutre issnécessary, which will be
challenging and non-trivial for mixtures of phases:

A lot of boiling heat transfer models, bothhphysics based and empirical, try to
predict heat transfer coefficient based on boundary cendition and flow regime. There-
fore, having more precise knowledge.about flow, regime in different locations of the
boiling channel can be potentially used as'both a feed-in to refine post-processing
of heat transfer studies and feedback for eontrol systems. Using multiple electrodes
simultaneously working along,the channel isiypotentially helpful for system control.
Considering the 95% electric field envelope as limitation for design, the minimum
pitch distance should be bigger"thanilength of the electrode to avoid electrodes sig-
nal interference [29]. In casel of electrode,geometry, the electrode coverage does not
have to be continuous along.the whole length of the channel, however, having multiple
electrodes can help to interpolate what happens between two different points in the
channel. This would then still be a8 inexpensive to implement as a single electrode at a
single location, and would still be/a manageable data handling situation comparing to
highspeed videography or PTV methods. Due to the fact that most of the research on
boiling flow is in_the direction of heat transfer and thermodynamics, video recording
is used as the reference for flow regime (ground truth) and physical parameters like
temperature or pressure drop are recorded in parallel. This leads to having the video
recording in.enly ene single point of the channel while flow regime develops and may
vary along the channel length. Therefore, here we present the integration of sensors
based on electrical{impedance measurements as a contribution to the effort to in de-
veloping alternative and low-cost microchannel monitoring in two-phase flows. The
sengors give mformation about fluid phase distributions inside the microchannel via
the time-varying net electrical conductivity and electrical permittivity of the material
insthe sensing volume.
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