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Thermal Characterization of Microheated
Microchannels With Spatially Resolved
Two-Color Fluorescence Thermometry

Tae Jin Kim, Member, IEEE, Myeongsub Kim, Sungyun Hann, Juan Trejo, and Carlos H. Hidrovo

Abstract— Two-color fluorescence thermometry is a well
known, noninvasive, and accurate technique used to measure
temperature in liquids. In this paper, we present an improved
methodology that enhances the spatial accuracy of the technique
by minimizing image-pair distortion errors and its subsequent
use in the characterization of heated microchannels. In order to
spatially calibrate the image-pair and to quantify the distortion
of one image with respect to the other, particle image velocimetry
was performed with sandpaper. Results show that the objective
lens and the primary dichroic mirror does not significantly
affect the beam path and that the main source of distortion
is likely to occur between the secondary dichroic mirror and
the reflective mirrors within the emission splitting system. This
spatial calibration and correlation methodology was used to
map the temperature distribution in microheated microchannels.
The experimentally calculated advective efficiency results showed
good agreement against their numerically computed counter-
parts. These results suggest that the power supplied to the
microheaters should be varied accordingly to maintain fixed heat
flux conditions through the microchannel walls as a function of
flow rate. [2014-0041]

Index Terms— Optical distortion, fluorescence, microfluidics,
thermal analysis, heating.

I. INTRODUCTION

AB-ON-A-CHIP devices such as micro-heat exchangers

[1]-[4], micro-mixers [5], [6], polymerase chain reac-
tion (PCR) microchips [7], [8] and microfluidic incubators
[9]-[11] require careful control of the transport properties
due to the complexity of microfluidic networks and inte-
grated sensors/controllers. While the fluid transport can be
characterized through non-invasive methods, quantifying the
thermal transport has been proven to be more difficult. The
traditional method to quantify temperature in microchannels
is to estimate the mean wall-fluid temperature difference by
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comparing multiple thermocouple readings at the vicinity of
the microchannel walls and the averaged inlet and outlet fluid
temperatures [12]-[14]. In order to reduce the conduction
effects between the wall and the thermocouples, methods such
as fabricating resistance thermometers near the microchannel
walls [15] were also implemented. However, embedding or
fabricating such thermal sensors is limited by the spatial
resolution as well as the number of sensing locations.

One method to accurately measure the fluid temperature in a
minimally intrusive manner is through the use of temperature
sensitive dyes [16], [17], where application to microchannels
has been recently introduced [18]-[20]. However, since such
method involves the use of two emission signals from a single
source, spatial calibration is required to ensure that each pixel
is consistently imaging the identical coordinate. In larger scale
experiments for stereoscopic particle image velocimetry (PIV)
applications, grid pattern plates were used to calibrate the
image coordinates [21] and the errors associated with each
camera were measured to be 1.1 pixels and 1.2 pixels [22].
Another method to spatially correct ratiometric images was
introduced by Hidrovo and Hart [23], where spatial calibration
was performed based on the PIV technique on sandpaper
images. While spatial calibration has been performed to
improve accuracy of ratiometric images, it has been brought
to attention that spatial calibration and identification of the
discrepancy source for microfluidic fluorescence thermometry
applications has not been performed to date.

In the current experiment, an emission splitting system
(DV2, Photometrics) is used to perform the two-color ther-
mometry in heated microchannels. While the conventional
method to perform microscope thermometry is through manual
switching between two dichroic mirror cubes in the micro-
scope, this method may induce error due to the fluctuating
laser power intensity with time [24]. The emission splitting
system has the advantage of resolving temporal discrepancy
for each set of frame, but due to the limiting dimensions when
imaging microchannels, an offset of a few pixels may result in
a large error. Thus, the spatial calibration must be performed
to resolve possible distortion of the image. The sandpaper PIV
method has been implemented to quantify the distortion effects
of the two emission images and to compare the effects on
image distortion using different objective lens and dichroic
mirrors.

With the corrected spatial information, two-color
fluorescence thermometry was performed on a microchannel
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Fig. 1. Schematic diagram (left) and micrograph (right) of a microheater
device embedded near the side walls of the microchannel.

with heating from the side walls. The microheaters were
fabricated by flowing molten solder through satellite
microchannels aligned next to the liquid phase microchannel
[25], and heating was applied by flowing current through
the solidified microheaters. By assessing the corresponding
advective efficiency in the heated sections and comparing
with numerical results, this study aims to provide an in-
depth thermal analysis of microchannel flows with complex
structures or wall conditions [26]-[28] with a high accuracy.

II. MATERIALS AND METHODS

A. Fabrication of Microheater Embedded
PDMS Microchannels

The microheater embedded PDMS microchannel design
consists of three parallel microchannels, where the main
microchannel is positioned between the two satellite
microheater channels which provide side wall heating (Fig. 1).
Su-8 molds with two different microchannel dimensions were
fabricated with Su-8 2075 (Microchem) photoresists using
photolithographic procedures. On the silicon wafer, a posi-
tive replica of the liquid microchannel with dimensions of
100pgm x 50um x 20mm (width x height x length) and
100um x 100um x 20mm were fabricated. Two pressure taps
before and after the microchannels were designed to measure
the pressure drop of the fluid. For the joule heater section,
two satellite microchannels with cross-sectional area of
40um x 50um (width x height) 40um x 100xm, corre-
sponding to the two main microchannel heights, were located
40um away from the main microchannel in order to fill it with
the low melting temperature alloy.

Once the Su-8 mold was completed, a negative replica
of the PDMS microchannel was fabricated using standard
soft lithographic procedures and was bonded to a slide glass
with oxygen plasma treatment (PDC-001, Harrick Plasma).
The bonded microchannels were then stored overnight under
standard atmospheric conditions.

For the microheater section, a low melting point alloy
(Bismuth 58% and Tin 42%, Rotometals) with a melting
temperature of 140 °C was used. This alloy was selected due
to a number of advantages: 1) the alloy is lead-free and is thus

low in toxicity, 2) as indicated by Siegal et al. [25], the use
of low melting point metal alloys to fabricate microfeatures
is a cost effective approach compared to fabricating film
heaters through lithography with expensive materials, and
3) the melting temperature is higher than the water boiling
temperature but is within the working temperature of the
PDMS [29].

The solder was preheated on a hot plate at 160 °C along
with the syringe needle that is used as the pressure source
and was dispensed on top of the inlet tube. Positive pressure
below 10 psi was applied by covering the entire inlet hole
along with the solder using a 5-gage dispensing needle and
the molten solder was flown into the satellite microchannels.

B. Fluid Flow and Fluorescence Thermometry

Water flow in the main microchannel was controlled via
a pneumatically pressurized water reservoir (Fig. 2(a)). The
pressure was controlled using a regulator (QPV1, Proportion-
air) connected to a compressed air line. The input pressure
was set until the target flow rate and the microheater power
reached steady state (Table I), where the volumetric flow
rate was measured using a liquid flowmeter (SLG-0430 and
SLG-1000, Sensirion). Prior to loading the microchannel, air
bubbles trapped in the PDMS-glass interface were removed by
filling the microchannel with water and storing it in a vacuum
chamber for approximately an hour under ~20 inches Hg.
Although the dissolved air content in the working fluid is not
likely to affect the heat transfer in the current temperature
range [30], the fluorophore solution was degassed as well for
at least 30 minutes prior to the experiment.

The fluid temperatures in the heated microchannel sec-
tions were measured using temperature sensitive fluorescence
dyes [31]. In an optically thin medium, the fluorescent inten-
sity is expressed as,

Lom = O(T)Io(1 — e #HPHCH ~ @(T) [heCt 1)

where @ is the quantum yield, Iy is the excitation intensity, ¢ is
the absorption (extinction) coefficient, C is the concentration
of the fluorescent solution, and ¢ is the solution thickness.
At constant pH, C, t and with a single, uniform and stable
light source, it is possible to measure solution temperatures
from the fluorescent intensities since the quantum yield of
the fluorophore is dependent on temperature. However, since
the excitation intensity from the light source usually involves
spatial and temporal variation, these variations in /, should
be decoupled from the emission intensity I, for accurate
temperature measurements.

C. Two-Color Fluorescence Thermometry
To decouple I, from I, and ¢, two-color fluorescence ther-
mometry is performed by taking the ratio of two fluorescent
dyes,
Iemy _ ©1Cre1(A, pH)
I ) Dr,Cre2(4, pH)
where the intensity ratio becomes a function of temperature
only as long as the pH, C; and C; are constant. The advantage

2)
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Fig. 2. Schematic diagram of the (a) differential pressure source setup, where the dashed line represents the setup used for fluorescence intensity versus

temperature calibration, and the (b) fluorescence emission splitter setup. The dotted line represents the optics inside the emission splitting system.

TABLE I
GENERAL EXPERIMENTAL PARAMETERS

Values

250 — 20,700 (Pa)

Parameters

Input pressure
Flow rate 10 —290 (ul/min)

Microheater power 0.11-0.72 (W)

of two-color fluorescence thermometry is that it is a minimally
invasive method through the use of soluble fluorophores that
are highly sensitive to temperature changes [16]. In this study,
fluorescein (F1) and Sulforhodamine B (SrB) were selected
as the two fluorophores due to their poor adsorption to the
PDMS surface, thus increasing the signal-to-noise ratio [19].
The optically thin condition was satisfied by setting the con-
centration of both fluorophores to 30umol/L, and the solution
pH was determined to be 8.5 so that the quantum yield of
Fl is maximized (note that emission intensities of SrB is
pH-independent). Since the fluorophore extinction coefficient
is dependent on pH, the working solution was prepared with
0.1mol/L Phosphate Buffered Saline solution in order to
mitigate pH changes in the solution.

An argon-ion laser at a wavelength of 514nm (Stellar-Pro
Select 150, Modu-laser) was used to excite the fluorophores,
and the Fl and SrB emissions were isolated by an emission
splitting system (DV2, Photometrics). In the microscope, a
dichroic mirror close to the sample reflects at or below
the excitation wavelength (A = 514nm) while it transmits
fluorescent emissions with longer wavelengths. In the emission
splitting system, a secondary dichroic mirror transmits the
Fl emissions at wavelengths 4 < 56Inm and reflects the
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Fig. 3. Schematic diagram of the temperature measurement and calibration
scheme. The temperature calibration is performed by collecting micrographs
near the microchannel outlet and upstream of the hypodermic thermocouple

tip.

longer SrB emission wavelengths at A > 561nm. The Fl
and SrB emissions are cleaned by passing through a short
bandpass filter which transmits wavelengths 4 = 522 —552nm
(ET537/29m, Chroma) and a longpass filter that transmits
the wavelengths 2 = 590 — 650nm (HQ620/60m, Chroma),
respectively (Fig. 2(b)). The corresponding emission data were
collected with a scientific charge-coupled detector (CCD)
device (Coolsnap HQ Diff, Photometrics).

In order to correlate the fluorescent intensity ratio to the
actual temperature of the solution, in situ calibration was
performed within the actual PDMS microchannel (dashed
line in Fig. 2(a)). A thermoelectric Peltier heater was placed
underneath the microchannel to provide constant temperature
conditions where the temperature was consistently monitored
with a T-type hypodermic thermocouple (HYPO, Omega)
embedded near the microchannel outlet. A 10X objective
lens (NA=0.3, Nikon Microscopes) was used to focus the
region of interest where the thermocouple is located (Fig. 3).
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Fig. 4.

(a) Sandpaper images taken as a preliminary step to resolve the sub-pixel resolution limitation of the emission splitting system. (b) PIV performed

with sandpaper, where the displacement vectors are mapped from two emission images. The long wavelength image is not only shifted or rotated relative to
the short wavelength image, but is also distorted. (¢) Comparison of ratiometry images of a target (supplied by Photometrics) for an uncorrected secondary
image (top) and a corrected secondary image with respect to the PIV displacement data (bottom).

The water temperature was varied from 25 °C to 85 °C and the
corresponding FI and the SrB intensity data were collected by
taking 9-10 images for each temperature settings. Using the
calibration data, the actual temperature measurements were
taken in the microchannel before and after the microheater
section for every power and flow rate settings, where each
pixel represents an average of 9-10 recorded images.

D. Numerical Simulation for Efficiency Estimation

Numerical simulation (COMSOL Multiphysics) of the heat
transfer and temperature distribution in the microchannel
with integrated microheaters was performed in order to com-
pare with the experimental results. The properties of PDMS
[32], [33] were used for the microchannel device and Tin for
the microheater section, and an outer sample convection coef-
ficient of 40W/m? - K was used to account for environmental
loses at the outer layer of the modeled PDMS chip. This
value was estimated by performing a baseline experiment at
a flow rate of 15ul/min with varying convection coefficients.
The value was matched with the experimental results and was
applied to the rest of the simulation runs. It was determined

that the convective coefficient at the external surface of the
PDMS chips corresponds to forced convection conditions.
This is a reasonable assumption since circulation of air was
apparent near the actual setup due to the fans from the laser,
power supply and the camera. Since an extra layer of PDMS
slab was attached at the bottom of the PDMS chip to reduce
heat loss to the environment, this was also incorporated in the
model. The power supplied to the microheaters was assumed
as 244mW, where an approximate lead wire resistance of 4%
was accounted for from the original power input of 255mW.

III. RESULTS

A. Corrected Ratiometric Image for Two-Color Thermometry

Prior to correlating the temperature with the image ratios,
one of the two emission data must be processed so that
the two microscopic images are properly aligned with each
other [34]. Even though a manual mechanical alignment has
been performed, its accuracy is at best to the pixel level
since the procedure is performed through the use of a CCD
camera. Moreover, optical distortions were observed because
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of different optical paths for the short and long wavelength
emissions. Due to the aforementioned reasons, the images
must be pre-processed in order to match the two emission
images to the sub-pixel level [25], [35], [36].

In order to align the two emission images, information on
how ‘distorted’ one emission image is with respect to the
other is required. The first frame is used as the reference
frame while the second frame is the image to be corrected.
A map of the displacement vector field can be acquired by
imaging sandpaper (Fig. 4(a)) and performing particle image
velocimetry (Insight 3G, TSI) between the two frames. As can
be seen in the figure, it is apparent that there are translational,
rotational, and magnifying distortions between the two images.

With the acquired PIV data, the displacement vectors
between the actual pixel locations are estimated by cubic inter-
polation of the data throughout the entire frame (Fig. 4(b)),
providing pixel by pixel resolution of the PIV distortion data.
Also, the time scale is removed in the PIV data since imaging
the sandpaper is performed under static conditions. Since the
PIV result represents how much each pixel in the second frame
has been shifted compared to the first frame, the individual
pixels values (or more likely, their interpolated values) in
the second frame are relocated based on the displacement
information acquired from the PIV data. Once the image
processing is complete, it can be assumed that in a given
coordinate system, each pixel in the two frames is imaging
the identical location of the actual image.

As seen in Fig. 4(c), significant difference can be observed
between the ratiometry images of an uncorrected pair (top) and
a corrected pair (bottom). For the uncorrected pair, shadowing
effects are observed due to significant residual misalignment
of the image pair. On the contrary, the ratiometry of the
corrected pair results in a clear image since all the distortions
and translations of the second frame have been corrected.
Howeyver, it should be noted that some information is lost
due to the translation of the second frame with respect to
the displacement field data, as seen in the dark edges of
the corrected data. It should also be noted that the corrected
ratiometry image is smaller than the original image since the
size of the PIV correlation map is smaller than the original
image size. For the current experiment, the images were
reduced by 6% in the horizontal direction and 18% in the
vertical direction.

B. Identifying Source of Distortion

As mentioned in the previous section, performing PIV with
sandpaper suggests that the distortion of the two emission
images is unavoidable due to different optical paths. In order
to identify the source of distortion, the same spatial calibration
steps were repeated with different objective lens and primary
dichroic mirror cubes (Table II). As can be seen in Fig. 5(a),
the integrated vector plots of the sandpaper PIV results for all
six cases are similar to each other. Also, Fig. 5(b), representing
the variance of x-axis and y-axis components for all six
cases combined passing through the dotted line in Fig. 5(a),
demonstrates that the displacements of all six cases are similar.
Based on the aforementioned results, it can be inferred that the

TABLE 11
EXPERIMENTAL PARAMETERS TO IDENTIFY SOURCE OF DISTORTION

Primary dichroic mirror Objective lens

Case (Chroma) (Nikon Plan Fluor)
I 4X
II ZT514rde 10X
111 20X
v 4X
v 7T532rde 10X
VI 20X

image distortion mainly occurs within the emission splitting
system (within the dotted line in Fig. 2(b)), where the sec-
ondary dichroic mirror, reflective mirrors and emission filters
are present. If the ratiometry is performed without the spatial
calibration, the uncertainty of the ratiometric image will be
~5 pixels in the x-direction and ~3 pixels in the y-direction,
a significant error for experiments with limited region of
interests.

Fig. 6 represents ratiometry results of the six cases cal-
ibrated using the sandpaper PIV results from Case I only.
It can be inferred from the figure that, at least for the
current microscope and image splitting system combination,
the ratiometry can be performed with a single PIV calibration
data regardless of the changes made in the microscope, such
as switching objective lens or primary dichroic mirror sets.
On the contrary, the changes in the image splitting system
affected the PIV correlation information. This can be seen
by comparing the vector information between Fig. 4(b) and
Fig. 5(a), where the vector plots are clearly different. This is
due to the changes made in the image splitting system such as
performing a new mechanical calibration of the system. It is
thus suggested that spatial calibration be performed whenever
a physical calibration is performed with the image splitting
system.

To further explore that the image distortion resides at the
image splitting system, the sandpaper PIV was performed
without the use of the emission splitting system. For this
case, two primary dichroic cube sets were mechanically
switched within the microscope, a method traditionally used
when performing two-color thermometry with microscopic
images [19], [20]. The first dichroic mirror (ZT514rdc) cube
was loaded with the short pass emission filter (1 = 522-
552nm) and the second dichroic mirror (ZT532rdc) cube was
loaded with the long pass emission filter (A = 590-650nm).
It should be noted that the two emission filters are the same
ones used in the image splitting system for the distortion
experiment. Figure 7 represents the variance of x and y
vector components with respect to the total averaged x and y
displacement values, respectively. The figure demonstrates that
the distortion effects are much smaller than using the image
splitting system since the measurement uncertainty associated
with switching the dichroic cubes is 0.1 and 0.3 pixels for
the x and y components, respectively. This supports the
notion that the source of distortion occurs within the emission
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Case | Case IV

Case 1

Case 111

Fig. 6. Ratiometric image samples of Case I - VI with spatial calibration based on the sandpaper PIV result from Case I only. It can be seen that all the
images are spatially resolved.

splitting system. Moreover, since the same set of short pass originates from the secondary dichroic mirror and the mirror
and long pass emission filters were used in both distortion sets within the emission splitting system. While the mechan-
experiments, it can be inferred that the distortion mainly ical switching method using two different dichroic cube sets
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Fig. 7.  Variance plot of x and y component vectors for the distortion

experiment by mechanically switching the two dichroic cube sets. The graph
represents vector information from the entire CCD sensor area. Compared to
Fig. 5(b), the uncertainty is at least an order of magnitude smaller than using
the image splitting system.

reduces spatial distortion and seems to be a more feasible
method, note must be taken that there may be significant
temporal mismatch associated with this method [24], while the
image splitting system delivers the two emission information
simultaneously.

C. Temperature Distribution in the Microchannel

With the spatial calibration performed the intensity ratio
between the Sulforhodamine-B and Fluorescein emissions are
correlated as a function of temperature. This ratio was cali-
brated against thermocouple temperature measurements within
the microchannel. A hypodermic T-type thermocouple was
embedded close to the microchannel outlet and micrographs
were taken for each temperature setting. The temperature T
of each pixel is measured by comparing with the calibrated
fluorescence intensity vs. temperature curve (Fig. 8), and the
associated uncertainty of the temperature is 0.7 — 0.8 °C.

The temperature vs. intensity ratio relation is then applied
to the ratiometry data (Fig. 9(a)), where the main microchan-
nel is observable due to its high signal to noise ratio.
In Fig. 9(b), the temperature profile across the microchannel
is analyzed before and after the microheater section. It should
be noted that the temperatures were measured 10um away
from the walls (within the gray line in Fig. 9(b)) since the
temperature near the edges changed by approximately 10%.
One speculation for this reason is because of photobleaching
of the solution near the walls. The fluid flow is close to a no-
slip boundary condition and the fluorophore solution is not
likely to be adequately replenished when excited from the
laser source. Also, since the true microchannel cross-section
shape is trapezoidal, where the discrepancy between the top
and bottom length is approximately 10%, the signal to noise
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Fig. 8. Intensity ratio calibration of SrB-Fl under different temperatures. The
data has been curve fitted with a parametric cubic polynomial (R? = 0.9996).
The uncertainty of the temperature data is 0.7 - 0.8 °C, which accounts for
the variation in pixel intensity over the measured area.

ratio becomes significant near the edges of the microchannel
wall. Due to the aforementioned reasons, the temperature near
the edges was not accounted for in the measurement.

IV. DISCUSSION
A. Characterization of Advective Heat Removal Efficiency

With the temperature measured using the spatially corrected
images mentioned in the previous sections, the advective heat
transfer efficiency 7.7y can be experimentally determined. This
efficiency is defined as,

Qadu
Qelectric

Heff = 3)
where Qadu is the advective heat transfer rate and Qelecmc
is the power supplied by the joule heater. The power supplied
by the heater is given by Qelemic = VI, where V is the
voltage and I is the current. The four point probe method
was implemented at the junction between the microheaters
and the lead wires to neglect the bias from the lead wires. For
the numerator in Eq. (3), the advective heat transfer rate is
Qadu = mA(cT,), where m is the mass flow rate, ¢ is the
specific heat of the water and T, is the mixed mean bulk tem-
perature measured before and after the microheater section (as
shown in Fig. 9(a)). Since the variation in temperature across
the microchannel is small and within the uncertainty ranges
(Table III), the average temperature across the microchannel
is suitably assumed as the bulk temperature.

Figure 10 represents advective efficiency as a function of
Re, where the error bar represents the uncertainty associated
with the bias and precision error, as tabulated in Table III.
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TABLE III
COMPONENTS IN THE PROPAGATION OF UNCERTAINTY ANALYSIS FOR EFFICIENCY VS. Re (u7 = /B2 + (t959, P)2), WITH tg5¢,~2. THE PRECISION

UNCERTAINTY IS BASED ON THE RANDOM ERRORS OF THE MEASUREMENT, WHERE 0(AT) =

(5T1)2 + (cSTz)2 REPRESENTS THE UNCERTAINTY

OF THE INLET AND OUTLET TEMPERATURE DIFFERENCE. THE BIAS UNCERTAINTY IN THE ELECTRICAL POWER TERM IS

NEGLECTED SINCE THE CONTRIBUTION TO THE TOTAL UNCERTAINTY IS < < 1%

n Re
Bias (B) Precision (P) Bias (B) Precision (P)
@ O(AT) @ O(AT) oVl) Q o4 oD, Q oA oD,
0 AT 0 AT Vi 0 A D, 0 A D,
0.05 0.04-0.11 | 0.01-0.02 0.02-0.09 0.06 0.05 0.03 0.04 0.01-0.02 0.06 0.06
—1
The figure shows good agreement between the experimental A Dheater = Deonv
. o . . Rioss = ——T———dA (4¢)
and numerical results and indicates that the efficiency increases 0 Th — To

with increasing flow rate. As can be seen in the figure, there are
limitations on how much the advective efficiency can increase
with advective transport. The advective efficiency increases
with increasing flow rate due to the decreasing advective
resistance Ryqp = 1 / mcp, but starts to level off as Re > 20.
In order to explore this behavior, a thermal circuit analogy
is implemented to compare the experimental results with the
numerical results. The effective resistances as a function along
the microchannel are,

1 A q// -1
Reony = ——— = ﬂdA) (4a)
T A hda (/0 T, =Ty
1 A q// -1
R == O _ g A 4b
cond fOA k”)%dA (/O T, — T, ) (4b)

for convective resistance, conductive resistance through the
walls, and heat loss resistance to the environment, respectively.
As can be seen in the thermal circuit diagram (Fig. 11(a)),
the heat is generated in the microheater section and is split
into two directions. In one direction, the generated electrical
heat is transported through the microchannel by conduction
through the PDMS walls and then convection/advection, while
the rest is rejected to the environment as heat loss. For the
heat transported through the microchannel, the three thermal
resistances Reond, Reonp and Rgg, are coupled with each other
in series. Results suggest that the heat lost to the environment
is significant despite the fact that PDMS is known to have poor
conductivity (~0.25W/m - K). Particularly for Re < 20, the
advective resistance is significantly higher than the other heat
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Fig. 10. Efficiency vs. flow rate for ~250mW electrical heat input to the
microheaters, where the square boxes are the experimental results and the
solid line is the numerical results. The uncertainty is larger for higher flow
rates and smaller power input. This is due to the uncertainty associated with
the thermal measurement (0.5—1.0 °C), where a smaller temperature difference
will significantly increase the error of the efficiency. It should be noted that the
entrance effects are negligible since the maximum hydrodynamic and thermal
entrance lengths are calculated to be approximately 1% and 5%, respectively.
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Fig. 11. (a) Thermal circuit diagram of the system and (b) graph of numerical
results on thermal resistance vs. flow rate for different heat transfer modes.
Majority of the resistance resides on the advective resistance for Re < 20. The
experimental data for the advective resistance are included for comparison.

loss components (Fig. 11(b)), thus resulting in an advective
efficiency under 30% where the majority of the Joule heating
will escape to the environment.
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Fig. 12.  Plot on advective heat transfer vs. electrical power supplied to the
microheaters. The solid line is where the power supplied through the heater is

maintained at ~244mW (Fig. 10), while the dashed line represents the input
power required to maintain constant heat flux through the microchannel walls.

Since the advective efficiency is highly dependent on Re
under relatively low Re conditions, caution must be taken
when assuming constant power input to the microchannel for
different flow rates while using Joule heating. An example
can be seen from the data within the solid lines in Fig. 12,
which represents the measured advective heat transfer as a
function of electrical power input under varying flow rate
conditions. Within the solid lines, the electrical power input
is maintained at ~255mW. However, the heat conducted
through the microchannel walls (identical to the advective
heat transfer) is not maintained due to the changing advective
thermal resistance. Since the heat path is determined by
the thermal resistances, the drastically changing advective
resistance makes it difficult to maintain a consistent power
input to the microchannel.

To ensure a constant power input to the microchannel
under varied flow rates, the electrical power input to the
microheaters must vary accordingly as well. For example,
in order to maintain an average of 50mW of power to the
microchannel, the power supplied through the microheaters
should vary between 100mW - 700mW (data within the dashed
lines in Fig. 12). As the power supplied to the microheaters
varies by nearly an order of magnitude, care must be taken
when assuming constant power input conditions, particularly
for microfluidic applications where the advective transport is
small.

As a side note, while the combined conductive and convec-
tive heat transfer resistance is less significant for Re < 20, they
become comparable to the advective resistance for Re > 20 as
the advective resistance diminishes by d Rug, /diit = —1 />
As the mass flow rate is increased, the advective resistance
reduces by ~10% between 20 < Re < 60 and is likely to
top off at ~80% with increasing flow rate (Fig. 11(b)) as the
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Fig. 13. (a) Schematic diagram and (b) graph of heating efficiency vs. flow

rate comparison for two different microchannel/microheater heights, 50um
and 100xm. The linear curve fitted line is shown to enhance visualization of
the trends.

combined convective, conductive and advective resistance bal-
ances with the heat loss resistance. However, since increasing
the flow rate Q in microchannels becomes difficult due to a
large pressure drop requirements (AP/Q~1/D§), and since
the Re ~60 in this experiment corresponds to 300x1/min, it
is likely that the advective resistance will be the dominant
parameter to characterize the heat removal efficiency for most
microfluidic applications.

B. Microheater Dimension Effects on Advective Efficiency

One method to increase the advective efficiency is to
increase the area of the microchannel wall that receives heat
from the microheaters. In Fig. 13, microheaters with height
to width aspect ratio of 1.3 and 2.5 (microchannel heights
of 50um and 100xm, respectively) are compared under an
input power of ~250mW. Since a constant pressure source
was used to drive the fluid flow, the flow rate was limited
in the smaller aspect ratio microchannel, where Re < 12.
The data was linearly fitted to provide a general overview
on the efficiency comparison between the two aspect ratio
microchannels.

Comparison between the ratio of the two linear regressions
suggest that the efficiency vs. flow rate is increased by 30%
with an increase in microheater aspect ratio from 1.3 to 2.5,
which is expected since more microheater surface area is
exposed to the main microchannel.

V. CONCLUSION

The results presented here highlight the importance of
spatial calibration in performing two-color fluorescence ther-
mometry for microfluidic applications. Using particle image
velocimetry (PIV) on a sandpaper image to obtain the local
distortion information, the second image was reconstituted
with respect to the first image, or the reference image. From
the PIV results, it was apparent that there were translational,
rotational, and magnifying distortions between the two images.
Moreover, results showed that the source of distortion is
in the emission splitting system itself, where the secondary
dichroic mirror and reflective mirrors reside. If the spatial
calibration is not performed, the uncertainty of the pixel
location will be ~5 pixels and ~3 pixels in the x and y
components, respectively. Since the region of interest when
imaging microchannels is usually limited, the uncertainty is
significant and it is necessary to perform spatial calibration
when using an emission splitting system.

With the spatial calibration applied to each ratiometric
images, experimental results showed good agreement with
numerical results, where the temperature under varying flow
rates in a microchannel with heated side walls was character-
ized. Results show that the advective efficiency is a function of
Re and that the electrical power supplied to the microheaters
may need to be varied by ~O(10) in order to maintain constant
power through the microchannel walls. Based on the PIV
results and comparison with the heat transfer experiments,
spatial calibration is shown to be significantly important when
using the emission splitting system for two-color thermometry.
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