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Abstract Past thermometry research for two-phase
microfluidic systems made much progress regarding wall
temperature distributions, yet the direct measurement of
fluid temperature has received little attention. This paper
uses a non-invasive two-dye/two-color fluorescent tech-
nique to capture fluid temperature along with local liquid
fraction in a two-phase microflow generated by injecting
air into a heated microchannel. The fluorescent emission of
Rhodamine 110 and Rhodamine B, measured with photo-
diodes, is used to obtain local liquid temperature (+3°C)
and void fraction (£2% full-scale) over a temperature
range from 45 to 100°C. Arrays of these sensors can sig-
nificantly expand the set of measurable flow parameters to
include bubble/slug frequency, size, velocity, and growth
rates in addition to mapping the local liquid temperature
and void fraction.
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molar extinction coefficient (L mol ™! mfl)

a
A area (mz)

¢ concentration (mol L™")
d diameter (m)

H channel depth (m)

E error

I  incident intensity (W m?)
p  pressure (N m™?)

P power (W)

P normalized Power

T temperature (°C)

T transmittance

t  time (s)

VvV voltage (V)

Subscripts

,inc incident wavelength
a absorbed

d detected

dye property of a dye

e emitted

fo all liquid

g glass

go all vapor

m measurement

ref reference value

PD photodiode

PRED predicted

TC thermocouple

1 Introduction

The study of two-phase microfluidics has received signif-
icant attention over the past two decades. Micro-sized heat
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pipes (Mallik et al. 1992), jets (Wang et al. 2002; Bruns-
chwiler et al. 2006), and heat exchangers (Zhang et al.
2002) are being studied widely as cooling solutions for a
variety of electronic devices including integrated circuits
and radiation sources. Due to the size of the microchannels,
metrology in past experimental work has been restricted to
wall temperatures, inlet and exit pressures, and digital
imaging. To support the development of analytical models,
measurement techniques for local void fraction, pressure,
and liquid temperature need to be developed.

Analytical and numerical models for microscale two-
phase flows have begun to appear. Jacobi and Thome
(2002) modeled the heat transfer from elongated bubbles in
microchannel flows, Qu and Mudawar (2003) analyzed the
heat transfer in annular two-phase microchannel flows, and
Yarin et al. (2002) studied two-phase capillary flow with
phase change at the meniscus. Koo et al. (2001) developed
a one-dimensional steady-state numerical model for boiling
microchannel flows. Unfortunately, due to the lack of data
and metrology methods, numerical and analytical models
are difficult to verify. To construct accurate models of
microchannel flows, the metrology needs to be developed
for local parameters such as void fraction, pressure, and
liquid temperature. Voids are particularly important as they
are indicative of the flow regimes and heat and mass
transfer.

Traditional void fraction measurement techniques are
difficult to implement in microchannels. Due to the small
dimensions of the microchannels, invasive techniques such
as hot wire anemometry are not applicable because the
probes influence the flow distributions. Non-invasive
techniques like gamma densitometry or X-ray tomography
are impractical due to cost, space, and/or lab safety con-
straints. Capacitive sensors, which take advantage of the
significant differences between the dielectric constants of
the two phases, are promising but difficult to calibrate due
to the signal dependence on both overall void fraction and
flow regime (Chaouki et al. 1997). Keska (2005) compared
the simultaneous void measurements for capacitive and
conductive sensors in microchannels and found that more
than 50% of the points were not in agreement to within
+15% of each other. Void fractions have been reported in
triangular micro heat pipes using capacitive sensors (Lee
et al. 2003), but the behavior of capacitive sensors for
highly transient flow has yet to be well characterized. Ide
et al. (Ide 2006) developed an optical system to measure
void fraction using the transmission of infrared light across
the channel and observed reasonable success for isothermal
air—water systems. Cross-correlation between neighboring
probes yielded slug length and velocity.

To date, temperature measurements for two-phase
microflows have been limited to wall temperatures.
Researchers have utilized a number of techniques to
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measure wall temperatures. Embedded thermocouples (Qu
and Mudawar 2003; Wu and Cheng 2004, Xu et al. 2004)
or micromachined thermistors (Zhang et al. 2002, Lee et al.
2003) are the most common approaches for microchannel
flow boiling temperature measurements. Arrays of these
sensors provide axial wall temperature distributions. Hol-
lingsworth (2004) imaged the two-dimensional temperature
field on the backside of a microchannel array using ther-
mochromic liquid crystals. The liquid crystals display a
range of colors depending on the temperature, where red is
at the lower end of the temperature range and blue is at the
high end. Other researchers, such as Narayanan (2003),
used IR thermography to measure microchannel wall
temperatures.

Fluorescence has been used for optical measurements of
temperature in micro-geometries (Barton and Tangyun-
yong 1996; Ross et al. 2001; Kim et al. 2003). The
intensity of the emitted light depends on the temperature of
the fluorescent dye allowing measurements accurate to
within 1°C. Fluorescence has also been used to measure
void fraction. Angelini et al. (1992) used such a technique
for macroscale dispersed droplet flows. This technique has
also been used in fuel vaporization studies (Bazile and
Stepowski 1994). Fogg et al. (2004) demonstrated void
fraction in isothermal microflows can be measured using
single dye fluorescence.

The present work develops a two-dye/two-color fluo-
rescent technique to measure void fraction and liquid
temperature in confined flow boiling. The theory indicating
the fluorescent emission depends on both temperature and
void fraction is presented. The temperature dependent
emission for each dye is calibrated for single phase flow,
while the ability to measure void fraction is characterized
for a room temperature air—water flow. The technique is
then applied to flows with varying temperature and void
fraction to evaluate the ability to simultaneously measure
the two parameters. Two-dye/two-color fluorescence pro-
vides a unique opportunity to measure liquid temperature
and void fraction in microchannels and arrays of sensors
are expected to yield additional information such as bubble
and slug length, frequency, velocity, and perhaps growth
rates.

2 Measurement principle

Fluorescence is a luminescence phenomenon in which a
molecule becomes energized by absorbing a photon and
subsequently emits another photon, generally of different
wavelength. Since some of the absorbed energy is lost to
collisions with neighboring molecules, the emitted radia-
tion experiences a Stokes shift to a longer wavelength than
the excitation radiation (Guilbault 1990). Not all absorbed
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radiation results in an emitted photon at the fluorescent
wavelength. The ratio of emission to absorption, known as
the quantum efficiency, ¢, is generally a function of tem-
perature. Given that the time the molecule stays in the
excited state is typically short (~107°s) high speed
measurements of transient phenomena are possible.

Fluorescent techniques can capture rapid changes in the
local void fraction and significantly improve the charac-
terization of flow regimes in microchannels. High-speed
digital imaging is effective but is also expensive and
cumbersome considering data storage and retrieval. At
sampling rates sufficient to avoid aliasing, sampling dura-
tion is often limited to only a few seconds and key flow
regime transitions may remain unobserved if long tran-
sients exist (Wu and Cheng 2003, 2004; Xu et al. 2004).
Processing images is extremely time consuming, thereby
limiting the use of digital imaging as a quantitative tool.
One major downside to digital imaging is the inability to
present full transient data sets in archival publications.
Researchers use only a few images to support their
observations. For any highly transient complex flow the
limited sequences will under sample the phenomenon for
the readers preventing them from drawing their own con-
clusions based on the actual data.

Fluorescence has been used to separately measure both
temperature and void fraction (Angelini et al. 1992; Bazile
and Stepowski 1994; Barton and Tangyunyong 1996; Ross
et al. 2001). Using two dyes that emit at different wave-
lengths that can be measured with two separate optical
detectors, such as photodiodes or CCD arrays, both the
temperature and liquid fraction of the measurement volume
can be calculated. In this study, Rhodamine B and Rho-
damine 110 serve as an appropriate dye pair. The
absorption and emission spectra for these dyes are shown
in Fig. 1.

A one-dimensional analysis for a single dye reveals the
dependence of the detected intensity of the emitted
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wavelength on the temperature and liquid fraction of the
measurement volume. Assuming scattering, reflection, and
refraction can be neglected, the power absorbed is

P, =1AT,(1 —exp(a,incHp)) (1)

(2)

where P, is the power absorbed by the dye solution, / is the
intensity of the excitation light on the microchannel, T, is
the transmittance of the glass cover, A is the area of the
channel illuminated, x is the extinction coefficient of water,
a is the molar extinction coefficient of the dye, H is the
depth of the channel, f is the volume averaged liquid
fraction, and c is the molar concentration of the dye. If
d;incHP < 1, the optically thin assumption is valid such
that exp(—dyincHP)~1 — dyincHP, which allows the
absorbed power in the dye to be expressed as

Qjinc = Kjinc + €aJinc dye

Pa,dye ~ IATngyeai,inc,dyeHﬂ

(3)

Given the quantum efficiency of the dye, the fluorescent
power emitted is

P, =1ATCaye@) inc.dye H P aye (4)

Assuming the fluid is also optically thin for the emitted
fluorescence, the power absorbed by the detector after
transmission back through the two-phase mixture and the
glass is

Py ~ 1AT  cayet; incH fdaye = COB (5)

where ¢ = IATicq,oH can be treated as a constant with
respect to temperature, while ® = a; inc ayePaye is a func-
tion of temperature.

It is helpful to remove the dependence on the incident
intensity and dye concentration from the measurement.
This can be achieved by normalizing the data for a given
run by measurements at a known temperature, T and
liquid fraction, ff = 1.
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Fig. 1 Absorption and emission spectra for Rhodamine 110 and Rhodamine B (OmegaFilters, 2007)
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5 Pa(T.p) _ ©(TM)p
P= Pd(Tref7 1) B (D(Tref) (6)

Equation 6 assumes that the light source is spatially
uniform and temporally stable and the dye concentration is
uniform throughout the run. Reflection and refraction from
the curved bubble surfaces are also neglected. For
isothermal flows, only a single dye is required. The
temperature dependence drops out and the normalized
power is the liquid fraction, P = f3. For heated flows, two
dyes are required. Solving Eq. 6 for liquid fraction for each
dye obtains

A (I)l (Tref) A (DZ(Tref)

B =P o, (T) =P O,(T) (7)

which can be rearranged as

O(T) _ Py @ (Teer)
Oy(T) P, Dr(Ther)

In Eq. 8, the normalized powers are experimental
values, while ®@;(T,.¢) and ®,(T,s) are obtained from the
calibration curves of dye 1 and dye 2 respectively. This
provides a value for @(T)/®,(T) which allows the
temperature of the liquid in the measurement volume to
be determined from the ratio of the calibration curves for
the two dyes. An example of these calibration curves is
provided in Fig. 5. Once the temperature has been
determined, Eq. 7 can be used to calculate the liquid
fraction.

The one-dimensional analysis neglects several potential
sources of error. If the light source is not spatially uniform
as is assumed, the location of the void within the mea-
surement volume will affect the result. Local variations in
the concentration of the dye are another source of uncer-
tainty, particularly for rapidly boiling flows. If the dye does
not vaporize with the liquid higher concentrations could
develop in the vicinity of the interface. The intensity of the
incident light may also affect the accuracy of the mea-
surement. Under high-intensity illumination, a permanent
destruction of fluorophores, known as photobleaching, may
occur reducing the emitted radiation.

The reflection and refraction of light due to the curved
liquid-vapor interface poses yet another source of error.
The reduction in the excitation intensity on liquid beneath
these interfaces will be negligible particularly for bubbles
contained completely within the measurement volume. For
small bubbles, the reflected and refracted light from adja-
cent regions of the measurement volume will compensate
for any line-of-sight losses. In annular flows, the curvature
only exists in the transverse direction. For this case, light
will be redirected across the channel minimizing losses in
the streamwise direction. Large slugs with only the front or
back interface in the measurement volume provide the

(3)
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largest source of error due to reflections and refractions.
The streamwise curvature leads to losses down the length
of the channel.

Similar results are expected for the reflections and
refractions of the emitted light. The reflected light often
creates bright rings around bubbles. The ring results from
light emitted from neighboring regions which are reflec-
ted and refracted towards the detector. This local increase
poses problems primarily for point measurements with a
CCD array in the vicinity of the interface. At the cost of
spatial resolution, volume-averaged measurements will be
more accurate as the light collected is emitted from
within the measurement volume. In volume-averaged
measurements, the error is minimized for smaller bubbles
because the solid angle which the detector occupies is
large and most of the light is collected. As the bubble
gets larger, the solid angle decreases, thereby increasing
the losses.

3 Dye selection

Selection of a compatible pair of dyes is crucial to the
technique. The absorption and emission spectra need to be
distinct with minimal crosstalk and the temperature
dependent emission ratio must be monotonic. Ideally one
dye would have no temperature dependence and the other
would vary significantly. The dye with no temperature
dependence could be used solely for the void fraction
measurement while the other would be used for the local
liquid temperature.

Two-dye/two-color fluorescence has been used to
improve the resolution of liquid temperature measure-
ments. Sakakibara and Adrian (1999) used Rhodamine B
and Rhodamine 110 to resolve whole field temperatures in
water to within 1.4 K. They refined the technique further
by taking into consideration blurring between image pairs
to improve the accuracy to 0.17 K (Sakakibara and Adrian
2004). This study utilizes Rhodamine B and Rhodamine
110.

Alternatives to this dye pair, including single dye/two-
color emission, exist in the literature. Researchers such as
Bruchhausen (Bruchhausen et al. 2005) and Lavieille et al.
(2001) used two spectral bands in the emission of Rhoda-
mine B to measure liquid temperature in an approach
similar to the two dye technique. Adding a third spectral
band (Lavieille et al. 2004) to the Rhodamine B mea-
surement allows the functional dependence of parameters
such as probe volume size, dye concentration, and Beer’s
absorption to be eliminated. The three band technique has
been used to measure the temperature of acetone-ethanol
binary droplets in which the droplet composition varies
with time (Maqua et al. 2006).
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4 Experimental apparatus
4.1 Optical setup

Figure 2 shows a schematic of the optical equipment used
to simultaneously measure void fraction and liquid tem-
perature. In this setup, the emission from a metal-halide
lamp (EXFO: X-Cite 120) travels through an excitation
filter (Omega: XF1073) and reflects off a dichroic mirror
(Omega: XF2010) to allow only light from 450-490 nm
into the measurement volume. The microchannel is mag-
nified using a Nikon Plan Fluor 10X objective with a
numerical aperture of 0.30 and a working distance of
16 mm. The optical interrogation window measures
1.3 mm long by 0.5 mm wide. The emitted light passes
back through the dichroic mirror. The optics in the
microscope split the emitted beam to the two eyepieces.
Attached to each eyepiece is an emission filter for one
of the dyes and a large area photodiode (Thorlabs:
FDS1010). For Rhodamine 110, the emission filter
(Omega: XF 3084) allows light from 520-560 nm to reach
the photodetector, while for Rhodamine B, the filter
(Omega: XF3085) transmits light with wavelengths longer
than 580 nm. The microscope can also be configured to
image the flow using a CCD camera (Visible Solutions:
Phantom 7.1). The images are used to visually characterize
the flow regimes and bubble frequencies recorded by the
photodiodes. The CCD camera is not used for the fluo-
rescent measurements.

— Channel

4.2 Fluidic and heating configurations

A schematic of the fluidic path and the heating components
is shown in Fig. 3. The two dye solution of 50 uM Rho-
damine B and 50 pM Rhodamine 110 is driven by a
syringe pump (Harvard Apparatus: PHD2000). The
resulting liquid flow rate and pressure drop are monitored
by a liquid flow sensor (Omega: FLR-1602A) and pressure
transducer, (Omega: PX01C1-015G5T), respectively. The
inlet and outlet fluid temperatures to the microchannel are
measured using K-type thermocouples (Omega: STC-TT-
K-36), accurate to within 1.1 K, inserted into the flow
exiting the channel manifolds. The fluorescent measure-
ment is made within 1 mm of the exit thermocouple. In the

Convective Microscope
Heat wi/
Source Photodiodes
Syringe \

Pump Flow
Meter
~ Thermocouple
oye —0)
Waste|
Pressure
Regulator
Pressurized
Air

Fig. 3 Schematic of the fluidic and heating components in the
experimental verification
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single channel device, bubbles are generated by supplying
air at a known pressure through an orifice similar in size to
the cavities being fabricated as nucleation sites in some
microchannel experiments (Kosar et al. 2005; Kandlikar
et al. 2006a, b). The air pressure is set with the pressure
regulator. The pressure needs to be large enough to over-
come the surface tension force at the air—liquid interface as
given by the Young-LaPlace equation.
4—" ©)
d

Once air begins to flow, bubbles and slugs are generated
from the small air orifice. The two-phase mixture exits the
device and goes to a waste container which has the option
of being pressurized or remaining at atmospheric pressures.
The high speed camera, records the flow at rates of 5,000
frames per second. A variable power convection source is
used to heat the microdevice to a set of steady state
temperatures. A range of temperatures can be achieved as
the device cools by natural convection. As indicated by a
low Biot number (Bix~4 x 107°), the chip is uniform in
temperature as it cools. The cooling process typically takes
about 10 min to go from 100 to 35°C.

Do > pr +

4.3 Device fabrication

The process flow for the fabrication of the microchannel is
shown in Fig. 4. (a) It starts with a 350 um thick double-
side polished n-type <100> silicon wafer. A 7 um thick
photoresist (SPR 220-7) is spun on the wafer to pattern the
microchannel etch. (b) A deep reactive ion etch (STS

(a)

Fig. 4 Device fabrication process: (a) deposit and pattern 7 pm
photoresist. (b) Deep reactive ion etch (DRIE) channels 25-pm deep.
(c) Flip wafer and pattern the inlet/outlet ports with 10 um
photoresist. (d) Etch (DRIE) ports through to channel. The etch rate
of water inlet/outlet is larger than that of air inlet. A Teflon tape
covers the water inlet/outlet once they etch through. (e) Continue etch
until air inlet punches through, followed by wafer clean step. (f)
Anodic bond Pyrex 7740 glass wafer
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multiplex ICP) is performed to etch microchannels 100 pm
deep. (c) The wafer is flipped to pattern the water inlet/
outlet with 10 pum photoresist on the wafer backside to
create access to the microchannels. The through etch is
achieved using deep reactive ion etching. The air inlet for
bubble generation is etched in the same step. (d) Because
the opening for water inlet/outlet (1 mm) is much larger
than the opening for air inlet (~ 15 um), the etch rate of
water inlet/outlet is also much larger than that of the air
inlet. Teflon tape is applied to cover the water inlet/outlet
once they punch through to continue etching the air inlet
till it goes through. (e) After the etch is complete, the wafer
is cleaned with a mixture of piranha and oxygen plasma
prior in preparation for anodic bonding. (f) The finished
silicon wafer is anodically bonded with an ultrasonically
cleaned 500 pm thick Pyrex 7740 glass wafer. The bonded
stack is diced with a wafer saw to separate the individual
channel structures. The devices are ready for packaging
with inlet/outlet ports for connection with 250 pm inner
diameter tubing. The channel used in this experiment
measures 500 pm wide, 100 pm deep, and 2.5 cm long.
The overall dimension of the silicon device is 3.5 cm long
by 9.5 mm wide.

5 Results and discussion
5.1 Liquid temperature calibration

The temperature calibration is performed using the exper-
imental setup depicted in Figs. 2 and 3. The silicon device
is heated by the convective heat source to a constant
temperature determined by the heater power and losses to
the environment. The heater is turned off and the device is
allowed to cool by natural convection.

The small Biot number for the silicon channel indicates
the silicon substrate is isothermal. The heat transfer from
the constant temperature wall to the fluid raises the tem-
perature of the incoming liquid to the wall temperature
within the first 1 mm of the silicon channel. Since the
optical probe is located just upstream of the exit manifold
where the liquid temperature is measured by the outlet
thermocouple inside the tip of the outlet tube, the tem-
perature associated with the two dye fluorescent emission
can be calibrated with the exit temperature as the device
cools.

The temperature sensitivities for Rhodamine B and
Rhodamine 110 are shown in Fig. 5. Rhodamine 110 is
fairly temperature independent over a range of 40-100°C
with the signal intensity decreasing by only 10%. The
emission of Rhodamine B, on the other hand, varies sig-
nificantly with temperature. The fluorescent emission
decreases almost 45% over the same temperature range.
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Fig. 5 Temperature calibration for Rhodamine B, Rhodamine 110, and the ratio of the two curves
The normalized temperature dependence for each of these Air Supply
dyes has been fit to a third-order polynomial with Rhoda- Pressure
mine B given by
Measurement

®(T) = —1.1398E — 6T° + 2.9255E — 4T* — 0.0310T
+1.8459 (10)

and Rhodamine 110 as

@,(T) = —2.8337E — 8T> — 1.2367E — 5T? + 2.2326E
— 5T + 1.0208 (11)

The ratio of these two curves monotonically decreases
with an average slope of 0.65% per Kelvin. The decreasing
slope as temperature increases yields lower accuracy at
higher temperatures. The temperature in °C corresponding
to the ratio of the normalized powers is given by

o\° o\ @,
T= —143.0208((1)2) +583.0679((D2) —812.7896 >

+413.1936 (12)

Correlation coefficients of 0.992, 0.987, and 0.999 for
Egs. 10, 11, and 12 respectively indicate the fits represent
the physical dependence over the calibrated temperature
range well.

5.2 Isothermal void fraction measurements

The ability to resolve void fraction is evaluated for a
homogeneous flow in a 1/8 in ID circular tube. A syringe
pump is used to continuously deliver known ratios of air
and liquid through a clear plastic tube as depicted in Fig. 6.
A T-junction is used to create alternating slugs of liquid
and vapor. To ensure that the delivery of air is approxi-
mately constant, a pressure sensor on the air line is
monitored to determine when the air pressure has stabilized
to within 0.1 psi. The flow rates are selected to guarantee

, Volume

e Exi! at Puin

- 9

Fig. 6 Schematic of the fluidic system for the isothermal transient
void measurements

the supply air pressure is no more than 1.0 psi above
atmospheric to minimize expansion of the vapor within the
measurement tube. The pump is capable of carrying four
syringes at once.

For this void fraction calibration, the vapor bubbles span
the full width of the cross section, with the exception of a
very, very thin liquid film at the walls. The superficial
mixture velocity of 0.02 m/s corresponds to a Reynolds
number of 64 and a Weber number of 0.02. According to
Tong (1995), there are three effects that cause the vapor
flow to slip relative to the liquid: bouyancy, non-uniform
void distribution across the channel cross section, and the
Bernoulli effect where rapidly expanding flow causes the
two phases to accelerate differently. The low Weber
number indicates surface tension dominates over the liquid
interia and the shape of the liquid vapor interface should
not change significantly due to the flow. The overwhelming
strength of surface tension prevents the liquid film from
thickening as the mixture passes through the tube and past
the sensor. Consequently, the void spans the entire width of
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the channel negating slip due to non-uniform void distri-
bution. The horizontal orientation eliminates bouyancy
effects and there are no expansion or contractions near the
measurement volume. The lack of all three effects known
to cause void to slip ensures the vapor and liquid move at
the same velocity and behaves as a homogeneous flow. The
low flow velocity is nearly analogous to a stationary liquid
vapor mixture over which the sensor traverses. By using
different numbers of syringes to deliver liquid and air, void
fractions of 0, 1/4, 1/3, 1/2, 2/3, 3/4, and 1 are possible.

The time-averaged liquid fraction is determined from
the ratio of identical syringes dedicated to air and liquid for
each run. Assuming the liquid-vapor mixture within the
measurement tube moves at a constant velocity, the inte-
gration of the signal is used to calculate the time-averaged
liquid fraction using Eq. 13

‘7m - Vgo

ﬁ B Vfo - Vgo

(13)
where V,, is the time average of the signal from the pho-
todiode, while Vg, and V;, are the photodiode voltages
when the channel is completely filled with gas or liquid
respectively.

Figure 7 displays a transient signal from the photodiode
for a predicted liquid fraction of f = 0.5. The flat peaks are
liquid slugs which are completely within the measurement
volume. The linear increases and decreases between the
local minima and maxima are the result of the slugs
moving at a constant velocity into and out of the mea-
surement volume.

For the measurements, the supply air pressure was
limited to 1.0 psi above atmospheric which restricts the
expansion of the vapor within the exit tube to less than
6.8%. For the worst case of = 0.25, this translates to a
maximum error for the time-averaged liquid fraction of
1.2% due to expansion if the measurement is taken just
prior to the tube exit. The measurements are always
taken within the first third of the tube to minimize this
error.

As shown in Fig. 8, the time-averaged photodiode signal
is in good agreement with the predicted liquid fraction

10 . — —
08} .
Z o6t 1
“ o4l ]
02} ;

0 02 04 06 08 10 12 14 16 18 20
t[s]

Fig. 7 A sample of the transient photodiode signal for a run in which
the predicted liquid fraction is 0.5
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Fig. 8 Comparison of the time-averaged liquid fraction measured by
the photodiode to the predicted delivered void fraction

given the ratio of tubes dedicated to liquid and vapor
delivery. The two-sigma error bars represent the repeat-
ability of the measurements after breaking down and
reassembling the pump setup in Fig. 6. Each data point
represents the mean of ten independent experimental
observations, where each observation is the time average
over 300 s. The mean measurements for each dye agree
with each other to within 2% of the full scale.

The supply air pressure is also monitored to ensure that a
steady state value is achieved to within 0.1 psi. However, a
true steady state is not always achieved. A pressure insta-
bility is observed in some measurements in which the size
of the vapor slugs would grow larger and the velocity of the
mixture in the tube would visibly increase as the air supply
pressure increased. At some point, the velocity of the
liquid—vapor mixture has increased enough such that air
supply pressure decreases and the cycle repeats. This
introduces additional error in the measurement as the
measured void assumes the liquid and vapor spends equal
time in the measurement volume. The magnitude of the
pressure instability increases with an increase in the vol-
ume of the air supply as is evident by the decline in the
repeatability of the measurements at the lower liquid
fractions.

Obtaining void fraction from fluorescence has a number
of advantages over digital imaging. As seen in Fig. 9,
fluorescence allows fluctuations in void to be captured over
long periods of time. Both qualitative and quantitative
information is readily extracted from the signal. High
sampling rates minimize the potential for signal aliasing.
Memory requirements are minimal compared to image
storage as is the time required to compute the void fraction.
The point signal can be plotted in a single plot allowing the
data to be easily disseminated in archival publications. The
disadvantage of the fluorescent signal is that fluctuations in
the signal can be misinterpreted. For example, closely
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Fig. 10 The measured void fraction for a bubble train. (a) A typical
bubble train. (b) Liquid slugs appear as sharp troughs in the signal. (¢)
Shallow troughs in the peaks are indicative of bubble coalescence

spaced bubbles and slugs might yield signals similar to a
long slug with an unstable liquid film.

The void fraction signals generated by injecting air
through the orifice at the center of the microchannel are
rich with qualitative information about the evolution of the
flows. Figure 10 is the Rhodamine 110 signal for a bubble
train like the one depicted in image (a). The peaks repre-
sent individual bubbles or slugs. The sharp depressions are
caused by the liquid slugs separating the bubbles. Image (b)
is similar to the volume seen by the photodiodes. Larger
liquid slugs yield deeper troughs. As the measurement
volume decreases the measured void is more likely to reach
zero as these liquid slugs pass by the sensors. A pair of
closely spaced bubbles moving into the measurement vol-
ume will occasionally coalesce. When the bubbles merge
the interface appears as the necking structure seen in image
(c) and then expands to form the smooth interface char-
acteristic of most long vapor bubbles. The small
depressions in the peaks are characteristic of coalescing
bubbles.

Fig. 11 The measured void fraction for a wavy annular flow. The
void corresponds to the size of the vapor core which fluctuates from
(a) narrow to (b) very large and (¢) many values in between

Figure 11 shows a typical Rhodamine 110 signal for a
wavy adiabatic gas-liquid annular flow. The peaks corre-
spond to times when the vapor core fills most of the
channel such as the flow in image (b). The measured void
never reaches one as light emitted from the liquid in the
corners and the thin liquid films surrounding the vapor core
is captured. Images (a) and (c) portray the thinner vapor
cores. The fluorescent technique is capable of capturing
these fluctuations in the flow structure and provides an
opportunity to quantitatively characterize the transient
nature of the flows.

The wavy annular signal is rather similar to that of the
bubble train in Fig. 10 and is susceptible to misinterpre-
tation of the flow regime when pictures are not available.
However, experienced individuals should be able to dis-
tinguish the differences. Bubble trains have sharper
troughs than those seen in the annular flow signals. The
annular flow rarely has time periods without void mea-
sured while bubble trains periodically indicate all liquid
flow.

Since the fluorescent technique measures the void
fraction associated with single bubbles, an array of fluo-
rescent probes using optical fibers should yield even more
information about two-phase flows in microchannels.
Similar to the work of Ide et al. (2006), signal pairs can be
cross-correlated to obtain slug length and velocity. Slug
frequency can be readily obtained from the power spec-
trum. It may even be possible for slug growth rates to be
extracted from a heavily arrayed channel.

Digital imaging in conjunction with fluorescence can
yield even more information. As shown in Fig. 12, the
intensity across cross section, A-A, which includes the
wall, liquid, and vapor, is emitted from the liquid sur-
rounding vapor bubbles. With proper calibration and
illumination, the thickness of the liquid films around bub-
bles and slugs from images could be calculated.

@ Springer
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Fig. 12 Intensity measured across cross-section A-A

5.3 Temperature and liquid fraction measurements

The ability of this technique to simultaneously capture liquid
temperature and void fraction is examined by adding air
injection to the liquid temperature calibration process. The
system is heated up to approximately 103°C. The power is
turned off and the system is allowed to cool via natural
convection. Throughout the cool down cycle, bubbles and
slugs are injected through the air orifice in the center of the
channel. The rapid fluctuations in the Rhodamine 110 signal
over the duration of a run are shown in Fig. 9 along with the
temperature as measured by the exit thermocouple.

The response of the fluorescent signal to changes in void
fraction and temperature suggests the technique can even-
tually be utilized to accurately measure void fraction and
temperature simultaneously. Unfortunately, as discussed
below, the current uncertainty in the void fraction pre-
cludes such an approach. Future developmental efforts
should focus on refining the void fraction measurement by
mitigating sources of error including non-uniform illumi-
nation and wavelength dependent reflection and refraction.

Because temperature is calculated from the ratio of the
signals, error in the temperature measurement increases at
the lower liquid fractions. Assuming the independent
measurements made by the photodiodes are slightly dif-
ferent, the ratio of the normalized powers becomes
P wiry (P ta)

B,= o (14
2 g (Bte)

where ¢ is the error in the liquid fraction for each signal.
Rearranging this equation gives
o (T) Py @y (Teer) (B + 22)
Dy (T) Py Dy(Trer) (B + &1)

This is the value used to obtain the temperature from
the ratio of the calibration curves for the dye pair. The

(15)

@ Springer

percent error in the term used to calculate temperature is
given by

1+ &/
(1 +81//3> - 1] x 100% (16)

Thus, as the liquid fraction /i goes to zero, the
magnitude of the error in the temperature measurement
increases significantly when ¢; # &,.

The resulting error in temperature for the current void
fraction uncertainty of +2% is too large to accommodate
fully simultaneous measurement of temperature and void
fraction. However, the current system does enable contin-
uous quantification of void fraction with temperature
measurements of the intermittent liquid slugs separating the
vapor bubbles. Since Rhodamine 110 is relatively temper-
ature insensitive, its fluorescent emission can be used to
measure the void fraction. Knowing that the error in the
temperature measurement becomes excessive as void frac-
tion increases, temperature is only measured when the signal
indicates the instantaneous void fraction is below 0.05.

Although average void fractions of 5% or less can
hardly be considered two-phase flow, the instabilities and
transient behavior characteristic of microchannel flow
boiling offers many occasions where liquid nearly fills the
measurement volume. Flow regimes comprised of indi-
vidual bubbles, vapor slugs, and intermittent annular flows,
all which have been observed in a number of two-phase
microchannel studies (Thome 2004; Balasubramanian and
Kandlikar 2005; Garimella et al. 2006; Kandlikar et al.
2006a, b), provide opportunities to measure the liquid
temperature separating the individual vapor structures.

The data reduction process for the technique with
intermittent temperature measurements is as follows:

1. Specify a voltage for each photodiode, P(T . = 1),
at a known temperature and liquid fraction of 1.

2. Evaluate the ratio, ®,(T)/®,(T), of the Rhodamine B
signal to the Rhodamine 110 signal.

3. Obtain liquid temperature corresponding to the value
of @ (T)/®,(T) from the ratio of the calibration curves.

4. Using Eq. 7, evaluate the liquid fraction from the
Rhodamine 110 signal where the values of T are the
temperatures obtained in Step (3).

5. Reject all values of temperature for liquid fractions
less than 0.95.

6. Linearly interpolate the temperature signal to obtain
estimates of the liquid temperature for the points
rejected in Step (5).

7. Obtain new values of the liquid fraction using Eq. 7
and the updated temperatures from Step (6).

Figure 13 compares the temperature measured by the
fluorescent technique to the exit thermocouple temperature



Exp Fluids (2009) 46:725-736

735

100

Tep [°C
~
o

n L n

40 50 60 70 80 90 100
T [¢C]

Fig. 13 Comparison of the temperature measured with the thermo-
couple versus the photodiodes for the calibration procedure with air
injection

for the calibration process with air injection. The data
reduction process described above yields good agreement
with the thermocouple measurements. The two measure-
ments are within £3°C with 95% confidence.

6 Conclusions

The dependence of light emission by a fluorescent dye on
temperature and void fraction has been leveraged to
develop a non-invasive two-dye/two-color technique
capable of measuring liquid temperature and void fraction
in certain microchannel two-phase flows. Theory indicates
fully simultaneous measurements of both parameters are
possible, however, in practice uncertainty in the measured
void fraction can lead to significant error in the temperature
measurement as the void fraction approaches unity. Given
the uncertainty for void fraction (2%) in the current setup,
an alternative to the ideal data reduction scheme has been
proposed which yields liquid temperatures for times when
the measurement volume is nearly all liquid. Using Rho-
damine 110 and Rhodamine B, the temperature of
intermittent liquid slugs measured using fluorescence in a
bubbly/slug flow agreed to with £3°C of thermocouple
data over a temperature range from 35 to 100°C. The rel-
ative insensitivity of Rhodamine 110 to temperature allows
continuous quantification of the void fraction.

This technique provides an opportunity to significantly
expand the set of flow parameters that can easily be mea-
sured in microchannels. Using quantitative point sensor
data rather than digital images can help refine flow regime
classification by relating transitions to bubble/slug fre-
quency or measured void fraction. The development of
arrays of fluorescent probes will allow parameters such as
slug size, velocity, and growth to be measured through the
cross-correlation of neighboring signals. Fluorescence
coupled with CCD imaging can yield values for the
thickness of the liquid films surrounding bubbles. Arrays of
probes will be also very useful in understanding the

complex flow patterns associated with parallel channel
instabilities. Additional work is required before the full
potential of this metrology is realized.
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