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ABSTRACT
The determination of local convective heat transfer coefficients in microfluidics is a very hard task.
Due to the small dimensions of channels and walls, the use of conventional measurement techniques is
only partially suitable in Microfluidics. For this reason, a strong effort has been made during the last
decades in order to propose innovative techniques which use internal (to micro-devices) sensors of
reduced dimensions and/or external conventional sensors. In this paper a review of the main
experimental techniques proposed for the determination of the local near-wall fluid temperature, of the
local wall temperature, of the local fluid bulk temperature will be given by putting in evidence for each
technique positive and negative aspects as well as their actual limitations with the aim to stimulate and
address the research on this topic in the next future. The problems and the limitations existing
nowadays for the accurate measurements of the local thermal properties of a convective micro-flow
demonstrates that for the analysis of micro-convection experimental data have to be always integrated
by a numerical modeling of the observed system.
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INTRODUCTION
During the last twenty years the analysis of forced convection in micro-devices has attracted the
interest of many researchers as demonstrated by the large number of works appeared in scientific
journals linked to this topic as well as by the impressive number of patents involving convective
aspects in microfluidics. In this period the comprehension of the heat transfer mechanisms in
microfluidic devices has been dramatically increased, first of all as a consequence of the improved
capability to make accurate measurements at micrometric scales [1-4]. In fact, the scientific and
industrial interest on microfluidics has stimulated the development of new experimental techniques
for the measurement of local fluid velocity, temperature, pressure, flow rates, concentrations and
other measurable quantities.
However, the experimental determination of local convective heat transfer coefficients both for
single phase and two phase flows in micro-devices has to be still considered an open question due
to the problems linked to the monitoring of internal micro-flows. In this paper the discussion of the
problems related to the measurement of convective heat transfer coefficients in micro-channels will
be used in order to introduce a more general debate about the experimental characterization of
microsystems.
A general conclusion of the studies conducted on micro-devices during the last two decades is that,
due to their small dimensions, for the experimental characterization of these devices the researchers
are called to select one of the following two approaches:
• To avoid the introduction of invasive sensors within the system; in this case the measured
quantities are not sufficient to allow an accurate determination of the local convective heat
transfer coefficients along the micro-channel and the behavior of the whole system must be
generally inferred from an incomplete set of experimental data;
• To accept the introduction of miniaturized sensors within the system in order to collect more
information about the microsystem; in this case the presence of these sensors can perturb the
behavior of the system and the effects due to the sensors must be accounted for during the
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data post-processing in order to understand the real behavior of the system.
In many practical cases the researchers are forced to follow the first approach because the
introduction of sensors inside the micro-device is not suitable; in these cases, only sensors placed
externally to the system can be used in order to monitor the system (i.e. sensors placed at the inlet
and at the outlet of a micro-channel and/or on the external surface of the device) and in this way
only an overall characterization of the device performance can be obtained, with no chance to
obtain local information inside the micro-device.
The second approach becomes suitable if specific micro-sensors can be integrated along the internal
walls of a micro-device and/or, in case of presence of an optical access, if active or passive tracers
can be added to the working fluid in order to obtain local information about the inner flow (i.e.
fluorescent particles/molecules used for the reconstruction of the velocity and temperature field in a
micro-channel).
Both in the first and in the second case it becomes crucial to be able to couple to the experimental
analysis a numerical model of the whole microsystem with the aim to obtain from the numerical
model:
• The completion of the information gap due to the limited number of available measured data
(first approach) by using the experimental data as “boundary conditions” for the numerical
runs;
• A complete investigation of the interactions between the sensors introduced within the
micro-device and the system (second approach).
In this paper, it will be demonstrated that the analysis of forced convection in micro-channels
usually needs a combined experimental/numerical approach, as evidenced by Morini and Yang [5]
and, more recently, by Wang et al. [6]. This is partially due to the problems linked to the problems
which afflict the measurement of the local fluid properties within the micro-systems.
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In the next sections, after a theoretical framing on forced convection in micro-devices, a review of
the most promising techniques proposed in the last years for the analysis of the local and average
convective heat transfer coefficients in micro-channels is presented. The presence of specific gaps
in the experimental techniques proposed up to now for the analysis of micro-convection will be
highlighted with the aim to stimulate and address the research on this topic in the next future.

FORCED CONVECTION IN MICROCHANNELS
Convective pressure-driven single phase fluid flows in micro-channels can be studied theoretically by
determining the fluid velocity and temperature distribution using the mass, momentum and energy
balance equations. If the continuum hypothesis is still valid for the working fluid within the microdevice, the classical formulation of the balance equations can be generally used [4,5].
The convective heat transfer coefficients along a micro-channel are usually computed by means of
the Nusselt number. As evidenced by Morini and Yang [5], for laminar flows in micro-channels the
Nusselt number depends not only on the micro-channel geometry and on the imposed thermal
boundary conditions (like in conventional channels) but also on a series of other dimensionless
parameters, each one linked to a specific scaling effect (see Table 1). It has been demonstrated that
the main scaling effects which have to be considered in the analysis of micro-convection are: (i)
Entrance effects; (ii) Flow compressibility; (iii) Viscous dissipation; (iv) Wall-fluid conjugate heat
transfer; (v) Fluid axial conduction; (vi) Surface roughness; (vii) Gas rarefaction; (ix) Electroosmotic effects. In addition to these effects, the influence of the fluid temperature dependent
properties can be considered in some case important for the analysis of micro convection both for
liquids and gases.
In Table 1 a specific dimensionless parameter has been associated to each scaling effect. A
threshold value has been linked to these parameters in order to check if the single effect can be
considered negligible during an experimental test.
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In micro-channels, special attention must be paid to conjugate effects due to the combined
convection/conduction heat transfer between walls and fluid, to viscous dissipation effects both for
liquids and gases, to flow compressibility effects for high pressure gas flows, to rarefaction effects
for low pressure gas flows and electro-osmotic effects for polar liquid flows (i.e water) in presence
of silicon walls.
The evaluation of the range of the expected values assumed by each dimensionless parameter
reported in Table 1 before to start an experimental test (“a priori evaluation of scaling effects”) is a
useful tool in order to know the significance of each single scaling effect. In this way, an accurate
interpretation of the experimental data can be obtained [5].
From an experimental point of view, the analysis of convective mechanisms in microchannels needs
the capability to measure a series of local and global parameters like fluid velocity, temperature and
mass flow rate. In fact, in order to estimate the local value of the convective heat transfer
coefficients in a micro-channel, the measure of the local temperature difference between the fluid
and the walls and of the local temperature gradients at the walls is needed, as indicated by the
definition of the local Nusselt number at distance x from the micro-channel inlet:
Nu x =

Dh q" w,i , x
k f (Tw,i , x − Tb, x )

=−

Dh
T
(Tw,i , x − Tb, x ) n

(1)
w, i , x

where Dh is the hydraulic diameter of the micro-channel, n is the normal to the solid wall and kf is
the fluid thermal conductivity.
The local values of the fluid bulk temperature (Tb,x) and of the heat flux on the inner wall (q’’w,i,x)
are difficult to measure along a microchannel due to the small dimensions of the system (but this
represents a challenge also for conventional tubes). Less problematic is the measurement of the
local wall temperature (Tw,i,x); this parameter can be measured by using high-precision miniaturized
thermocouple probes, infra-red thermometry (IRT) or integrated resistance temperature detectors
(RTD) [1]. On the contrary, the evaluation of the local fluid bulk temperature is a hard task; in fact,
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the bulk temperature is known only if both fluid velocity and temperature distributions are known
simultaneously; in this case Tb,x can be calculated as:

 u ( x, y, z )c T ( x, y, z )dydz
p

Tb , x =



(2)

Wc p

On the other hand, it is comparatively easier to gain from the experimental data the average value
assumed by the Nusselt number along the micro-channel by using the following equation:
Nu av =

Dh q" w,i

(3)

k f Tlm

where kf is calculated at the fluid average bulk temperature, q”w,i is the average heat flux at the
inner wall of the microtube calculated by means of an energy balance between the inlet and the
outlet of the microtube:
q"w,i = mc pf (Tb,out − Tb ,in ) / L

(4)

 is the perimeter of the cross section, L is the channel length and cpf is the average value of the
fluid specific heat.
In Eq.(3) Tlm is the logarithmic-mean temperature difference between the wall and the fluid
defined as usual as:
Tlm =

Tb ,out − Tb ,in
 Tw,i ,in − Tb,in
ln 
T
 w,i ,out − Tb,out






(5)

in which only temperature values measured at the inlet and at the outlet of the micro-device are
involved.
By combining Eq.(3), Eq.(4) and Eq.(5) it is evident that Nuav can be obtained by using only
temperature sensors placed at the ends of the micro-channels; this means that the average value of
the Nusselt number can be always derived without to use local sensors placed within the microchannel. In this case conventional sensors can be used (i.e. pressure gauges, thermocouples,
thermoresistances, mass flow meters, heat flux meters).
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THE COMBINED EXPERIMENTAL/NUMERICAL APPROACH
As evidenced in the previous section, in many cases the experimental determination of the local
Nusselt number (Nux) is not possible in microchannels.
If the set of local measurements obtained along the microchannel is not complete (i.e. only extermal
sensors are used), it becomes mandatory to integrate the experimental results with numerical results
obtained by modeling the whole device; this approach is here called “hybrid approach” and it has
been followed by many researcher in the past.
In the hybrid approach the numerical model uses the “incomplete set of measurements” as boundary
conditions for the simulation of the whole system. In this way the hybrid approach allows the
prediction of the local trends of velocity, pressure, temperature within the microdevice even if no
direct measurements have been made inside the device. This procedure is exactly the same
approach suggested by data assimilation techniques [7] developed for the analysis of big physical
systems (i.e. meteorology). In big systems, in fact, it is impossible to measure all the local values of
the desired physical quantities and there is the problem to reconstruct the trend of these quantities in
regions in which no measurements are available. In Microfluidics the same problem there exists:
even for relatively simple laboratory experiments (such as the classical analysis of a flow through a
channel), information may be missing due to the use of a limited number of sensors (in general
placed only at the ends of the microtubes), ‘‘shadowing’’ (i.e., obstructed view), proximity to the
channel walls, fittings, opaque zones (heaters). Data assimilation suggests to combine observations
of the state of a complex system with predictions from a numerical model of that same state. Inverse
techniques [8] are an example of application of data assimilation methods. This approach has been
suggested and followed by many researchers in Microfluidics in the past [9-13].
On the other hand, nowadays, in presence of an optical access to the micro-channel, innovative noninvasive measurement techniques (i.e. fluorescence techniques) able to give local information about
fluid velocity and temperature distributions in micro-devices have been proposed. With these
techniques it becomes theoretically possible to close the problem of the determination of the local
9

convective heat transfer coefficients along a micro-channel by obtaining a complete set of local
experimental data by means of the observation of passive or active tracers added to the working
fluid. The effort to reduce the dimensions of these tracers enabled the use of these techniques for the
investigation of smaller and smaller systems. However, the reduction of the tracer dimensions
introduces additional problems due to the increase of the signal-to-noise ratio and to the presence of
non-negligible interactions between the working fluid and the seeding which have to be computed
by studying numerically these interactions. Once again, the integration between experimental and
numerical methods becomes mandatory but, in this case, the numerical data are used for the postprocessing of the experimental data and not with the aim to complete the set of available
experimental data. In this approach the numerical modeling is part of the experimental procedure;
here this approach is called “integrated approach”.
In the next section an overview of the main experimental techniques useful for the analysis of
micro-convection will be given with the aim to highlight in which conditions the hybrid or the
integrated approaches become mandatory for the analysis of forced convection in micro-systems. A
series of examples will be shown in order to better explain the difference between these two
approaches.

VELOCITY AND TEMPERATURE MEASUREMENT IN MICROFLUIDICS
Fluid velocity and temperature measurement
In presence of an optical window, for the determination of the local fluid velocity and
temperature in a micro-channel by minimizing the flow disturbance a series of optical techniques
have been proposed. These techniques are based on the observation of tracers dispersed within the
working fluid. The seeding added to the working fluid must be small enough to follow fluid motion,
large enough to be visible and homogeneously distributed in the working fluid. In addition, the
introduction of tracers within the working fluid should not alter fluid/flow properties [14,15].
Two kind of tracers can be added to the fluid:
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•

Passive tracers: the particles are added to the working fluid with the aim to follow
faithfully the flow;

•

Active tracers: the particles follow the fluid and they are characterized by special
properties which can be activated in order to measure the local value assumed by a
physical quantity (i.e. concentration, shear stress or temperature).

The tracers are defined as “micrometric tracers” if characterized by an average diameter larger
than 0.1 m (i.e. latex particles, smoke, liquid crystals, oil and water droplets) or “sub-micrometric
or molecular tracers” if characterized by an average diameter lower than 0.1 m (i.e. acetone or
biacethyl molecules)

Passive tracers
Passive tracers are generally used by velocimetry techniques; fluorescent micrometric
polystyrene particles or oil droplets are generally used for the determination of the velocity field by
using the displacement of groups of tracers in micro Particle Image Velocimetry (PIV), the strikes
of the fluorescent dye in Particle Striking Velocimetry (PSV) or the displacement of each single
particle in Particle Tracking Velocimetry (PTV, APTV). On the contrary, molecular passive tracers
are used in Molecular Tagging Velocimetry (MTV).
Micro Particle Image Velocimetry (PIV) is the most widely used technique for local velocity
measurements of a flow inside micro-channels (see Lindken et al. [15] and Lee and Kim [16]). The
seeding particles, typically polystirene particles having diameters between 0.2 and 2 m, are chosen
with the same density of the working fluid in order to obtain a complete correspondence between
the motion of the working fluid and the tracers without to introduce significant disturbance on the
fluid motion. Due to the typical properties of the particles used as tracers (polystyrene particles),
PIV is generally indicated for the velocity determination of liquid flows in micro-channels; on the
contrary, its application to gas flows is not an easy task because the seeding is not able to follow the
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gas flow due to the significant density difference existing between the gas and the tracers. In fact,
up to now, only few works have used PIV for the analysis of gas flows in micro-channels [17,18].
In PIV the mean motion of a group of particles in a small detection area, called interrogation cell,
is used in order to reconstruct the velocity field (Eulerian scheme). A series of images (at least two)
is required in order to associate to each interrogation cell the corresponding velocity vector. In order
to gain the information from the micrometric particles a magnification of the recorded images is
required; usually, the sample under investigation is visualized by using an epi-fluorescent
microscope in which a magnification lens is present along the light path. This entails a volumetric
illumination of the flow. For this reason, in PIV not only the particles that are on the objective
focal plane give an useful signal but also the particles that are within a fixed layer centered on the
focal plane and characterized by a thickness, called depth of correlation (DOC), give back an
additional signal used in the cross-correlation procedure.
Also Particle Tracking Velocimetry (PTV) techniques use passive fluorescent particles
dispersed inside the working fluid in order to detect the motion of the flow [19,20]. However, in this
case a Lagrangian approach is adopted: the displacement of each single particle is tracked, in all the
field of view, from different images acquired with a constant time delay. Therefore, a velocity
vector is associated to the single particle displacement. Simplified tracking methods can be used,
even if the related uncertainties associated to the velocity measurements are higher compared to
employment of the cross-correlation methods utilized by PIV technique, as indicated by Cierpka
and Kähler [21]. However, the PTV technique introduces some advantages with respect to the PIV
technique as underlined by Sato et al. [22], Cierpka and Kähler [21] and Cierpka et al. [23]. First of
all, a lesser number of particles is required: this gives a drastic advantage in order to reduce the
bright noise induced by particles out of focus inside the depth of correlation and this fact decreases
the effects of bias errors. In addition, for flows in steady state conditions the spatial resolution can
be increased with respect to PIV methods. In fact, through an acquisition of a higher number of
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images, the distance between velocity vectors can be reduced, where for PIV method this is not
possible since the spatial resolution is determined by the size of the interrogation cell. In addition,
since common PIV methods employ a time-averaged cross-correlation of acquired data, unsteady
flows, such as pulsating flows, cannot be detected while through tracking methodologies this
becomes possible [22]. In addition, as shown by Sato et al. [22], through spatially-averaged
methods of PTV the bias errors induced by the Brownian motion of the particles can be eliminated
also for velocity measurements with time resolution.
Recently, Cierpka et al. [24] have developed a PTV technique for the detection of the threedimensional velocity field of a flow inside a microchannel, in which the information given by outof-focus fluorescent passive particles is used in order to obtain the displacement of the particles
along the direction perpendicular to the observation plane. This technique is called Astigmatism
Particle Tracking Velocimetry (APTV) and it is simply realized by adding a cylindrical lens along
the light path between the classical spherical lens of the microscope and the CCD or CMOS sensor
for image acquisition (see Rossi and Kähler [25]). Three fundamental advantages can be obtained
with the APTV method: first, this technique gives fundamental information about the threedimensional characteristics of the flow; second, it reduces sensibly the bias error induced by out-offocus particles and, third, the measurement of the three-dimensional velocity field is possible with
the employment of a single camera.
About this last characteristic it is possible to highlight that the 3D velocity field in a microchannel can be also reconstructed through the stereoscopic PIV technique proposed by Lindken et
al. [26]. However, in this case two different cameras with a tilt angle in between are required in
order to acquire simultaneously the images via a stereo lens with a magnification.
Molecular Tagging Velocimetry (MTV) can be defined as a whole field optical technique that
relies on molecules that can be turned into long lifetime tracers upon excitation by photons of
appropriate wavelength (see Koochesfahani and Nocera [27]). This technique uses passive
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molecular tracers for the velocity determination of liquid and gas flows in channels. It is possible to
distinguish two cases:
(i) the molecules used as tracers (typically acetone or diacetyl) are added to the working fluid
[27];
(ii) the molecules used as tracers are generated within the working fluid as product of a laser
excitation of the molecules of the working fluid (i.e. NO molecules can be obtained by
exciting a N2O flow [28]).
In the first case a pulsed laser is typically used to “tag” these molecules along a line or on a grid;
molecules luminescence is then detected at two successive times within the lifetime of the
fluorescence of the tracer. The analysis of the time evolution of the tagged line or grid allows the
measurement of the Lagrangian displacement vector which provides the estimate of the fluid
velocity vector (“read” procedure).
In the second case two pulsed lasers with two different wavelengths are used: the first one is
used in order to generate the molecules employed as seeding and the second one to tag these
molecules (“write and read” procedure).
The capability and the level of accuracy of MTV for the determination of the velocity field at
micro scales (MTV) has been demonstrated for liquid flows by Thompson and Maynes [29] and
Maynes and Webb [30]. Its application to gaseous flows has been recently realized for internal
microflows by Samouda et al. [31] by using one laser and by Yamaguchi et al. [32] by using two
lasers.
As MTV technique uses molecular tracers instead of particles, it presents several advantages
compared to PIV; for example, the repartition of the tracer is more homogeneous and the risk of
adhesion of the seeding at the walls is more limited but the typical signal-to-noise ratio is generally
lower.
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For gas microflows, in absence of oxygen, MTV measurements can be performed with a variety
of organic phosphors. Some of the most popular tracers for gas flows are biacetyl and acetone.
Nevertheless, oxygen completely quenches the green phosphorescence of biacetyl and acetone even
if in small concentrations. The main consequence of this is that this technique cannot be used for
oxygenated flows such as air.
Samouda et al. [31] and Yamaguchi et al. [32] have shown that it is possible to use MTV also
in presence of rarefied gas microflows but for the lowest pressures (<1000 Pa), it becomes
mandatory to improve the signal increasing the number m of averaged images or the number n of
UV pulses per image with the aim to improve the signal-to-noise ratio [31].

Active tracers
Active tracers are needed for the determination of the temperature field within microchannels,
like in the Laser Induced Fluorescence (LIF) techniques, Molecular Tagging Thermometry (MTT)
and Thermochromic Liquid Crystals (TLC).
The common aspect of these technique is that they are based on the observation of tracers which
are able to change their properties (i.e. fluorescence intensity, hue or color) if the local temperature
varies. In the case of Laser Induced Fluorescence (LIF) technique, the fluid is typically seeded with
a fluorescent dye (i.e. fluorescein or rhodamine B) that changes its fluorescence intensity as a
function of the local temperature (Crimaldi [33]). The exciting light is delivered from a laser system
but in some case an arc mercury lamp can be equally used (Ross et al. [34]). The main drawback of
this method, is that the accuracy of this technique is strongly affected by the intensity and
uniformity of the light excitation as well as by the concentration of the seeding. An improvement of
the LIF technique is given by the dual-emission LIF method (DeLIF), also known as two-color or
radiometric LIF method [35-38]. In the DeLIF method two different dyes are involved: one dye
shows a temperature dependent behavior (i.e. rhodamine B, fluorescein, Kiton Red), while the
second one is a temperature-insensitive dye (i.e. rhodamine 110, sulforhodamine 101) and it is used
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for the normalization of the signal given by the temperature-sensitive one. The sensitivity of DeLIF
can be further improved by using two temperature-sensitive species with inverted temperature
sensitivities. In this case the couple of tracers employed are Fluorescein and sulforhodamine B
(Shafii et al. [39]) or fluorescein 27 and rhodamine B (Sutton et al. [40]).
Since in microfluidic applications is not possible to illuminate the flow with a thin laser sheet, the
dye gives back a signal for all the depth of the illuminated volume. This means that with this
technique the output signal is an integrated signal linked to the temperature distribution of the
working fluid along all the depth of the illuminated volume. Experiments in which both the velocity
and the temperature distribution of a liquid in motion were detected, are reported in the works of
Someya et al. [37] and Vogt and Stephan [41].
Phosphorescent alcohol solutions are currently involved in Molecular Tagging Thermometry
(MTT) technique with the aim to use molecular tracers for measuring simultaneously the fluid
temperature and velocity distribution. The term "molecular tagging thermometry" was coined by
Thomson and Maynes [29] in order to underline the similarity with the MTV technique for the
velocity measurement. Differently from LIF techniques, MTT techniques rely on the
phosphorescent emission instead of the fluorescent one. Since the phosphorescent emission lasts for
longer time than fluorescence, only one kind of molecular dye have to be dispersed inside the
working fluid in order to obtain both temperature and velocity measurements. However, up to now,
the application of MTT to channels having hydraulic diameters lower than 1 mm is still an open
question. Thomson and Maynes [29] used a phosphorescent dye dispersed in an aqueous solution
for the measurements of the temperature and velocity of a laminar flow of water inside a channel
with a diameter of 5 mm. In order to obtain these measurements, a series of coupled images with a
short time delay between them has been acquired after the laser excitation (UV laser) of the
molecular dye. The temperature was measured from the first image by means of a previously
performed calibration between the phosphorescence intensity and the temperature of the dye, while
the velocity distribution was derived through the MTV method. With the adopted configuration the
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authors were able to measure the flow temperature between 23 °C and 53 °C with a declared
uncertainty of 1 K. Nevertheless, they concluded that by reducing the working temperature range,
the resolution of this technique can be increased both from an increasing of the CCD camera offset
and from an increase of the fluid temperature. Hu and Koochesfahani [42] underline that, due to the
long life of phosphorescent emission, the temperature sensitivity of the MTT technique can be
modified by changing the time delay between the excitation caused by the laser burst and the
phosphorescent images acquisition. In this way the intensity change of the phosphorescence
emission related to a temperature change of 1 K can become ten times higher than the temperature
sensitivity of the fluorescence involved in LIF techniques.
Thermochromic liquid crystals (TLC) change the color of the reflected light as a function of
their temperature and they are widely used as temperature sensors. Basically, the wavelength
change of the reflected light depends on the inner structure of the TLCs which, in turn, is influenced
from the TLC temperature. TLCs were usually produced either as microencapsulated beads used as
fluid tracer or as an unsealed material used in thin film covers for surface temperature
measurements. Only few works have shown the use of TLCs as suspended non-encapsulated
particles in flows [43-45]. The main advantage of unsealed TLC particles, is that the colors
reflected from them are more brighter compared to the ones reflected from the microencapsulated
TLCs. This means that the determination of the fluid temperature can become more accurate with
the only problem related to the minimum spatial resolution of this technique which is linked to the
typical diameters of the non-encapsulated particles, larger than 10-13 m, and the resistance of
these particles to the exposition to large shear rates.
For sake of completeness, other techniques based on optical interferometry, exploiting the
temperature dependence of the refractive index of water (Easley et al. [46]), optical detection of the
phase transition of polymer solutions (Seger-Sauli et al. [47], Kitamura et al. [48]) and
spectroscopic methods, different from fluorescence, including nuclear magnetic resonance (Lacey et
al. [49,50]), and Raman effect (Kim et al. [51]) have been proposed but their application is limited
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by many physical constraints and at the moment only in few specific cases these techniques have
been successfully applied in microfluidics.

Wall temperature
The local inner wall temperature of a microchannel can be measured by using different techniques.
One of the most popular method is the use of high-precision miniaturized thermocouple probes
(TC) placed close to the inner wall [1]. These probes have a characteristic size comparable to that of
the microchannel and they can suffer from poor spatial and temporal resolution, sometimes
resulting highly intrusive for the micro-system. This aspect can be alleviated by placing these
probes within the solid walls at a distance from the wall-fluid interface and assuming a onedimensional temperature field between the probe and the interface. This assumption must be
verified because in presence of strong conjugate effects between solid walls and fluid the
temperature difference between the probe and the inner wall becomes a function not only of the
wall thermal conductivity and of the distance between probe and interface but of the fluid mass flow
rate through the channel also. In addition, if their relative size is significant if compared to the
channel wall, this kind of probe is able to give only an area averaged temperature measurement and
not a local value of the wall temperature. If the goal is to obtain the wall temperature along a
channel with a high spatial resolution, an array of sensors must be placed along the device [1]. In
some cases a series of integrated resistance temperature detectors (RTD) are directly embedded to
the channel surfaces in order to obtain the indication of the wall temperature along the channel;
however, these probes disturb the flow, affect wall surface smoothness and chemistry and require
additional (expensive) fabrication steps. A review of the main characteristics of RTD and micro TC
used for the analysis of microfluidic systems can be found in [1]. In addition, a series of nonintrusive techniques such as Infra-Red Thermography (IRT) [52-54] and Thermochromic Liquid
Crystals (TLC) have been employed [55-57].
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These last two techniques are able to give an indication of the wall surface with a very high spatial
resolution (of the order of microns) but a series of challenges are associated to these techniques
which can strongly reduce their accuracy.
About the use of IRT, this technique enables the analysis of the temperature distribution on a
surface by reading the emission of infra-red light from IR-opaque walls if one knows the value of
the surface emissivity. The applicability of IRT at micrometric scales have been proved, among
others, by Hetsroni et al. [10,11] by measuring the surface temperature of a stainless steel capillary
tube.
A very complete analysis of the different challenges linked to the use of infra-red thermography in
microfluidics is due to Patil and Narayanan [52]. In this analysis the problem of the reduction of the
background radiation addressed by Hetsroni et al. [10,11] is deeply discussed together with the
problems related to the calibration, to the performances of the optical equipment, to the
determination of the surface emissivity in order to minimize the uncertainty.
Thermochromic liquid crystal (TLC) can be used as an oily paint for the measurements of the wall
temperature in encapsulated or un-encapsulated form. Typically, TLC are available on the market in
encapsulated form [55] with dimensions down to 10-20 m which limit the maximum spatial
resolution of the temperature field. Nowadays, un-encapsulated TLC are also available like those
used by Hohmann and Stephan [56] for the analysis of the wall temperature of a stainless steel foil
with a dimension of 20 mm. They demonstrated that un-encapsulated TLC can be successfully used
for the temperature wall measurement on micro-surfaces by obtaining a temperature spatial
resolution of 0.8 m with an uncertainty of the order of 0.5 K. Similar results have been obtained by
Muwanga and Hassan [57]. Kenning et al. [58] have highlighted that, due to the possible thermal
lag between the liquid crystals and the wall surface, the response time of TLC must be always
compared with the characteristic time of the observed system in order to obtain accurate
information about the dynamic behavior of the surface.
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Near-to-wall fluid temperature
Patil and Narayanan [52] demonstrated that IRT can be applied not only for the determination of the
wall temperature through microchannels with IR-opaque walls but also for the determination of the
near-to-wall liquid temperature of an opaque fluid (water) flowing through a silicon microchannel
with IR-transparent walls. They demonstrated that silicon microchannels can have a degree of IRtransparence that enables the direct visualization of the liquid temperature close to the inner wall by
using IRT. They observed that a broadband anti-reflective coating in the wavelength range of 3-5
m deposited on the imaged side of a silicon wafer can guarantee a total transmittance for Si in air
of 0.97. As observed by Patil and Narayanan [52], the measured temperature of water by using IRT
in presence of IR-transparent walls is representative of an average fluid temperature in the near-wall
region on a depth of few microns.
In order to use the measured near-wall fluid temperature for a quantitative estimation of the
convective heat transfer coefficient at the wall, an accurate evaluation of the value of this depth is
needed. This info can be obtained only by solving numerically the complete radiation transfer
equations for the fluid by considering absorption, emission and transmission of radiant heat and
convection.
Recently Liu and Pan [59] used IRT in presence of IR-transparent walls for the determination of the
near-wall fluid temperature of a single-phase and two-phase flow (ethanol) through a microchannel.
They avoided to estimate the depth of the near-wall region in which the temperature signal was
collected for the treatments of their rough data extracted by the radiometric images. In order to
calibrate their near-wall temperature measurements, Liu and Pan [59] compared their rough
measurements with the temperature measured by a micro thermocouple directly inserted inside the
microchannel (by introducing significant perturbations on the observed system). The comparison
was made with fluid flowing conditions. Based on the thermocouple temperature measurements, the
authors correlated the temperature of the fluid measured with IR thermography in the near-wall
region to the fluid bulk temperature by introducing a constant correction coefficient. However, this
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kind of calibration can be considered very rough and it cannot guarantee accurate results. Through
the employment of this coefficient, the uncertainty on the measured local bulk fluid temperature
were estimated by Liu and Pan [59] to be of the order of 7.8 % but this value can be considered
optimistic and values larger than 15-20% have to be reasonably considered.
Another technique for the measurement of the fluid temperature close to the wall is Evanescentwave Fluorescence Thermometry (EFT) proposed by Kim and Yoda [60]. In this case the near-wall
fluid temperature is estimated by analyzing the fluorescent emissions of fluorophores in a water
solution illuminated by evanescent waves. Such waves are generated by the total internal reflection
of light incident upon a glass-water interface; they are due to the portion of the incident light
transmitted into the lower refractive index medium (water). These evanescent waves propagate into
water with an exponential decay from the interface. The length scale of this exponential decay is
O(100 nm) for visible light incident upon a glass-water interface. In this region, by using the
evanescent waves it becomes possible to stimulate fluorescence in tracers added to the working
fluid.
For the application of this experimental technique, commercial TIRF oil-immersion lenses for
fluorescence microscopy can be used. The laser light is reflected at the back focal plane of the
microscope objective at a point away from its axis. This puts the excitation light beam at a nonzero
incident angle with respect to the optical axis of the objective and generates an evanescent wave
able to illuminate with the laser light just a small region of fluid close to the glass-water interface
within a distance of 100-300 nm. Within this small region close to the glass surface of the channel it
is possible to apply LIF or DeLIF thermometry in order to measure the near-wall fluid temperature.
Since evanescent waves have their maximum intensity at the interface it is important to select a
fluorophore combination having a small amount of adsorption onto glass and channel walls in order
to obtain a good reproducibility of fluorescence thermometry data. Kim and Yoda [60] observed
that while fluoresceine has a negligible adsorption on PDMS and glass, sulforhodamine B evidences
a non negligible adsorption onto glass and PDMS surfaces. For this reason, the combination of
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Fluorescein and sulforhodamine B, with their inverted temperature sensitivities, cannot be used in
combination with glass and PDMS walls. Hsieh et al. [61] recently used a DeLIF technique
combined with evanescent waves using rhodamine B (sensitive tracer) and rhodamine 110
(insensitive tracer) in a PDMS channel with a glass cover.
A method for temperature imaging based on the temperature dependence of the Near-Infra-Red
(NIRT) absorption of water has been proposed by Kakuta et al. [62]. They demonstrated that by
using the modification of the absorption coefficient of water in the wavelength range from 1300 nm
to 2200 nm the near-wall water temperature can be measured in the range between 28-38°C with an
estimated temperature resolution of 0.2 K. However, this method can be applied only with water
and/or acqueous solutions in which solute concentrations are low and the calibration of the system
is a delicate point for this technique.
In Table 2 a list of the experimental techniques summarized in this paragraph is shown. For each
method the typical tracers are reported. By observing Table 2 it is evident that the techniques
available for the analysis of the convective behavior of inner gas microflows are scarce and the
experimental determination of both velocity and temperature distribution in a gas can be still
considered an open question. In addition, few techniques enable to measure the fluid temperature
distribution across a microchannel (both for liquid and gases). For this reason, in many works
appeared in literature in the past, only the near-wall fluid temperature or the wall temperature has
been monitored.
The simultaneous reconstruction of the 2D velocity and temperature distributions in a
microchannels can be obtained only by combining different techniques (i.e. APTV+TLC or
MTV+MTT) during the same experiment, as proposed recently by Segura et al. [45]. Unfortunately,
in many practical cases the combination of different techniques is not possible and for the
determination of the velocity and temperature distribution the experiment must be repeated two
times under the same conditions.
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WHEN A COMBINED NUMERICAL/EXPERIMENTAL APPROACH IS NEEDED
Now the reader has an overview of the main experimental techniques available for the analysis of
micro-convection. In this section by means of a series of examples it is explained when a combined
numerical/experimental analysis is mandatory for a detailed analysis of micro-convection on the
basis of the adopted experimental techniques.

Hybrid approach
Hybrid approach must be used each time that the local fluid bulk temperature along the channel
cannot be measured directly. This occurs when only external measurements are made on the
microsystem and/or only the trend of the wall temperature and/or the near-wall fluid temperature is
known.
As explained before, the measurement of the temperature distribution on the external surface of a
micro-channel (by using TC, RTD, IRT, TLC) or, in presence of an optical access, the measurement
of the fluid near-wall temperature (by IRT, EFT, NIRT) is usually easier than the simultaneous
measurement of the local 2D velocity and temperature field (by MTV+MTT for gas and liquid
flows or APTV+TLC for liquid flows), as required for the local evaluation of the fluid bulk
temperature (see Eq.(2)).
For this reason in many experimental works appeared in literature and devoted to the determination
of convective heat transfer coefficients in micro-channels, the local value of the fluid bulk
temperature along the channel was not measured directly [57,63-67]. When the local fluid bulk
temperature along the channel is unknown, the set of measurements is not self-consistent and an
exact evaluation of the convective heat transfer coefficients along the microchannel is not possible
without to introduce a series of additional hypotheses on the thermal behavior of the system. In
many cases, these hypotheses are borrowed by similar convective problems solved for conventional
channels, neglecting the role played by the scaling effects when the dimensions of the channels
decrease. More important, only in few cases these hypotheses are verified numerically. In these
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cases, the authors have implicitly coupled a numerical analysis to their experimental data (hybrid
approach).
As an example, Muwanga and Hassan [57] evaluated the axial trend of the local Nusselt number
along a microchannel by measuring: (i) the water mass flow rate ( m ), (ii) the water bulk
temperature at the entrance (Tb,in) and at the outlet (Tb,out) of a fiberglass microchannel with a
polycarbonate cover; (iii) the temperature distribution of the external surface of the channel (Tw,e,x)
by using an un-encapsulated TLC paint.
The authors calculated the local convective heat transfer coefficients along the channel by
combining Eq.(1) with Eq.(4) under the assumptions that: (i) the wall heat flux on the inner surface
of the channel is uniform along the axial direction (x) of the channel; (ii) the wall temperature
measured on the external side is equal to the wall temperature measured on the inner side:
q" w,i = q" w,i , x ; Tw,i , x = Tw,ex , x

(6)

If Eq.(6) holds, the local fluid bulk temperature along the channel can be calculated as follows:
Tb, x = Tb,in +

q w ,i 
m c p

x

(7)

which means that the fluid bulk temperature varies linearly between the inlet and the outlet values.
Once the local fluid bulk temperature is known, the local heat transfer coefficient and the local
Nusselt number (by using Eq.(1)) can be calculated:
hx =

q" w,i , x
Tw,i , x − Tb, x

(8)

It is clear that this approach gives accurate results only if Eq.(6) and Eq.(7) hold. For this reason, for
each experimental run these assumptions must be verified numerically by a CFD simulation of the
whole system. The use of Eq.(6) and Eq.(7) without any verification was the origin of many nonphysical results appeared in literature in the past (see [63-66,5]).
In fact, in presence of strong conjugate effects (M>0.01, see Table 1) and/or in presence of strong
entrance effects (Gz>10) and/or in presence of strong viscous dissipation (Br>0.005) the heat flux
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along the inner channel wall is no more uniform and the axial trend of the bulk temperature
becomes strongly non-linear between the inlet and the outlet. As consequence, before to decide the
more appropriate data reduction procedure in order to obtain from the experimental data the
convective heat transfer coefficients, an a priori analysis of the main scaling effects is mandatory. In
other words, in this case the appropriate data reduction procedure must be selected once a CFD
simulation of the whole system is conducted and the main scaling effects are individuated. Without
this analysis the evaluation of the Nusselt number can be completely wrong.

Integrated approach
The integrated approach is generally needed when the adopted experimental technique uses
molecular tracers, like in MTV and MTT.
A relevant problem of the MTV technique applied to gaseous flows is the diffusion of the
molecular dyes inside the gas, especially when the gaseous flow becomes more and more rarefied
(Frezzotti et al. [68]). It is possible to demonstrate that, in order to extract the real value of the local
velocity using MTV, the molecular diffusion of tracers inside the gas flow must be correctly taken
into account. For the analysis of the particle diffusion within the gas flow Frezzotti et al. [68]
executed a Monte Carlo direct simulation (DSMC) of the flow of the mixing (molecular tracer +
working fluid). Either the free motion of the molecules than the collision between them were taken
into account in the simulation. In this way it becomes possible to link the displacement of the
molecular dye sx(y,t) along the streamwise direction (x direction) to the gas velocity by using the
following expression:
s x ( y, t )
 2 s x ( y, t )
= u x ( y ) + D12
t
y 2

(9)

where ux(y) is the steady, fully developed velocity distribution of the gas far from the
boundaries and D12 is the diffusion coefficient of the dye molecules in the carrying gas.
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Since the use of molecular tracers within the working fluid can introduce non-negligible
diffusion effects, Eq.(9) highlights that the seeding diffusion must be correctly modeled in order to
be able to extract from the experimental data the real values of the local velocity. In other words, in
MTV the experimental data must be always coupled to a numerical modeling of the diffusion
phenomena of the mixing (molecular tracer + working fluid) in order to be able to obtain the
velocity field in a gas flow, as demonstrated by Si Hadj Mohand [69]. In this case the numerical
analysis of diffusion is integrated within the experimental technique because it allows the correct
extraction of the velocity values from the measurements.
The integrated approach is also needed for a correct interpretation of the near-wall temperature
obtained by EFT or IRT in presence of IR-transparent covers.

Self-consistent data
Only in very few cases it is theoretically possible to obtain a complete set of experimental data
for the accurate determination of the local convective heat transfer coefficients along a
microchannel. In these cases, the experimental data are self-consistent and no additional numerical
data are needed.
The convective flow can be locally analyzed in detail by determining simultaneously velocity
and temperature field in the micro-channel in two cases: (i) when APTV is coupled with TLC, as
suggested by Segura et al. [45], or (ii) when the micro PIV technique is coupled with LIF technique
(only for liquid flows), as proposed by Hishida et al. [70].
The test rig lay-out adopted by Segura et al. [45] is shown in Figure 1; water with addiction of
un-encapsulated TLC particles (Hallcrest, UNR20C5W) is introduced by means of a syringe pump
(5) in a rectangular copper microchannel (200x250 m) (1) sealed with a glass and having three
sides heated by means of a Peltier cell (2-3-4) able to vary the heat flux along the channel. A white
light (11) is used in order to illuminate the TLC particles by means of an inverted microscope (7),
its objective lens (8) and filters (linear polarizer (9) and achromatic quarter wave plate(10)) able to
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produce circularly polarized light. The light reflected by the TLC particles is collected by the
microscope and sent to a RGB color camera (6). In this way it is possible to link a specific color to
each TLC particle.
With this apparatus it is possible to obtain a reconstruction of the 2D velocity profile of water
inside the microchannel by means of APTV applied to the TLC particles and, simultaneously, to use
the color of TLC particles in order to obtain the 2D temperature distribution in the water flow.
A typical result of the simultaneous measurement of velocity and temperature obtained by using
APTV and TLC is shown in Figure 2 in which the color of each point corresponds to the local fluid
temperature. It is evident that the 2D velocity profile reproduces the laminar Poiseuille profile
(Re=0.04) for rectangular ducts. The obtained velocity uncertainty was ± 5 μm/s (2 % with respect
to the maximum velocity) for the in-plane velocity and ± 29 μm/s (11.7 % with respect to the
maximum velocity) for the out-of-plane velocity [45]. The temperature measurement shows a
uniform temperature field with an average temperature of 25.2 °C. The estimated temperature
uncertainty is equal to ± 0.5 K over a temperature response range of about 7.5 K [45].
It is important to highlight that the uncertainties which afflict the experimental data obtained by
coupling APTV and TLC are higher with respect to those obtained when thermometry via TLC
particles and velocimetry via APTV are performed separately. In fact, as stated by Segura et al.
[45], when APTV method is applied to particles with lower brightness and a camera with low
sensitivity is used, like in this case, higher uncertainties in terms of detection of particles position
are expected. A more powerful illumination system and a more sensitive camera gives also
advantages in terms of temperature detection: brighter particles coupled with an acquisition system
with higher accuracy enable a more robust and precise calibration and consequently temperature
measurements with lower uncertainties.
In this way the local bulk temperature (Tb,x) can be measured along the channel; if the wall
temperature is known in a discrete number of points along the axial direction by means of a series
of thermocouples (TC) placed within the solid walls of the microchannels (Tw,i,x) and in the same
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locations the local heat flux is measured close to the inner wall (q’’w,i,x), the value of the local heat
transfer coefficient can be obtained without to use numerical data. This is the only case in which
hybrid approaches or integrated approaches can be avoided for the analysis of micro-convection.
Unfortunately, up to now a simultaneous measurement of velocity and temperature in a
microchannel by using APTV+TLC is possible only for liquids and for channels larger than 200 m
due to the typical size of the TLC particles (larger than 10-20 m). In addition, as evidenced by
Puccetti et al. [43], un-encapsulated TLC particles, recommended for this kind of application due to
their brilliant colors if compared with encapsulated TLC’s, are destroyed if the local shear rate in
the fluid overcomes a critical value which depends on the TLC bulk material considered. This fact
limits the maximum Reynolds number that can be analyzed with this combined technique at Re<10.
In fact, when the shear rate increases some TLC particles start to collapse releasing their material.
This phenomena is shown in Figure 3 where broken particles are evidenced: the difference between
an intact and a broken particle is clearly shown by comparing the pattern of the particle marked by a
circle in Figure 3a and 3b.
Nowaday, the intensity of the proper light sources and the weak sensitivity of RGB color
cameras limit the employment of the TLC particles only to flows with low velocity, as indicated by
Segura et al. [44,45]. Nevertheless, the relative simplicity of the required experimental apparatus,
coupled with the possibility to simultaneously perform three-dimensional velocity measurements
using a single camera by means of the APTV method, makes TLCs thermography really interesting
and its development could bring it to become the principal technique for local temperature
measurements in microchannels at low Reynolds numbers. However, at the moment, the combined
application of APTV and TLC is possible only in few specific cases (low Reynolds numbers,
presence of optical access, water as working fluid) and its generalization is far to be reached.
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CONCLUSIONS
The review of the most promising experimental techniques which can be used for the analysis of
forced convection in microchannels puts in evidence that in many practical cases it is very difficult
to measure all the needed quantities for an accurate estimation of the local convective heat transfer
coefficients. In addition, in some case the interactions between the sensors and the observed system
cannot be ignored. In order to overcome these problems, in Microfluidics it becomes mandatory to
combine numerical simulations and experimental measurements with two distinct approaches:
• In presence of an incomplete set of experimental data, numerical simulations are used in
order to fill the information gap: this approach is defined “hybrid approach”.
• when the extraction of accurate values from the measurements needs to take into account the
interactions between the sensors and the whole system, numerical simulations can help to
quantify these interactions: in this case the numerical simulations are integrated to the
experimental technique and the approach is defined “integrated approach”.
A series of examples are shown in this paper in order to clarify in which cases these two approaches
are followed on the basis of the experimental data available. From this analysis it is evident that:
• an accurate measurement of the local velocity and temperature of liquids within a
microchannel is possible only if an optical access is present; without an optical access
inverse methods coupled to contactless experimental techniques (IRT) enable to obtain
information about the distribution of the local convective heat transfer coefficients along the
microchannel but a series of problems (i.e. the control of the background radiant
contribution) can increase the expected experimental uncertainty linked to the measured
convective heat transfer coefficients up to 10-25%.
• For gas flows through microchannels an accurate evaluation of the local value of velocity
and temperature can be obtained only by using molecular tracers (MTV, MTT) but, until
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now, the use of these techniques for channels having dimensions lower than 0.5 mm and for
dilute gases can be still considered an open problem. In addition, for gas flows PIV and
PTV cannot be used.
• Un-encapsulated small liquid crystal particles added to a working fluid for the determination
of the temperature field is a very promising technique because it can be coupled with the
simultaneous evaluation of velocity (i.e. by using TLC as seeding with APTV). The main
limits of unsealed TLC are their dimensions (larger than 10 m) and their behavior in
presence of large values of shear rate. At the moment, unsealed TLC can be used only in
combination with liquid flows (i.e. water) and for low Reynolds numbers (Re<10).
However, a new generation of TLC particles with reduced dimensions, able to resist to
higher shear rates and able to reflect more light, are needed in order to improve this
technique.
Even if many efforts have been addressed in the past to obtain new methods for the measurement of
the wall surface temperature in microchannels, of the bulk fluid temperature as well as of the local
temperature gradients close to the heated walls of a channel, the integration between numerical
models and experimental measurements appears to be unavoidable when the dimensions of the
observed physical system are reduced with respect to conventional systems. This aspect highlights
how the observation of micro/nano-devices and big physical systems, like atmosphere, is a source
of shared problems.
ACKNOWLEDGMENTS
This work has been founded through the H2020 MIGRATE project (grant agreement No. 643095).
The support is gratefully acknowledged.

30

NOMENCLATURE
APTV Astigmatic Particle Tracking Velocimetry
Br

Brinkman number

cp

specific heat capacity at constant pressure

[J/(kgK)]

cv

specific heat capacity at constant volume

[J/(kgK)]

D12

diffusion coefficient (dyes in the carrying gas)

[m2/s]

De

Dimensionless Debye length

d

diameter

[m]

Dh

inner hydraulic diameter

[m]

DeLIF Dual-emission Laser Induced Fluorescence
e

electron charge

[C]

EFT

Evanescent-wave Fluorescence Thermometry

Gz

Graetz number

h

convective heat transfer coefficient

[W/(m2K)]

k

thermal conductivity

[W/(mK)]

Kn

Knudsen number

IRT

Infra-Red Thermometry

L

microtube length

LIF

Laser Induced Fluorescence

m

mass flow rate

M

Conduction number

Ma

Mach number

[m]

[kg/s]

MTT Molecular Tagging Thermometry
n0

average ion concentration

[M]

NIRT Near-Infra-Red Thermometry
31

Nu

Nusselt number

p

pressure

Pe

Peclet number

PIV

Particle Image Velocimetry

Pr

Prandlt number

PTV

Particle Tracking Velocimetry

q’’

heat flux

[W/m2]

R

specific gas constant

[J/kgK]

Re

Reynolds number

s

displacement

[m]

t

time

[s]

T

gas temperature

[K]

TLC

Thermochromic Liquid Crystal

u

velocity

[m/s]

W

average velocity

[m/s]

Z

ion valence

x,y,z

cartesian coordinate

[Pa]

[m]

Greek symbols


electric permittivity

b

Boltzmann’s constant

[J/K]



gas mean free path

[V]



channel perimeter

[m]



gas density

[kg/m3]



cross section area

[m2]
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Subscripts
av

average

b

bulk

ex

external

f

fluid

i

inner

in

inlet

lm

logarithmic mean

out

exit

tot

total (channel + solid walls)

w

wall

x

local
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Table 1
List of the main scaling effects which affect the Nusselt number (from Morini and Yang [5])

Scaling
Effects

Liquid Gas

Entrance effects

X

Fluid axial
conduction
Wall-fluid
conjugate heat
transfer
Flow
compressibility

X

Viscous
dissipation

X

X

Surface roughness
Rarefaction

X

X
X

X

X

Temperaturedependent
properties

X

D 
Gz = Re Pr h 
 L 
Pe = Re Pr

X

X

X

Electro-osmotic
interactions

Reference dimensionless
parameter

X

M=

Pe<50

4m
Dh 2

 1  RTb,out


.
 pout  c p / cv

m RTb
64  
Br =

q ' ' w   ( p in + p out )D h 2

e/d
Kn =

Maout>0.3





2

Br>0.005
e/d>0.05
Kn>0.001



Dh

 εκ b T 

D e = Dh 
 2n Z 2 e 2 
f 
 0
Tw/Tb (gas)
Prw/Pr (liquids)
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>0.01

kw  tot −   1
k f  L  RePr

Maout =

Non
negligible
if:
Gz>10

-1/2

De<10
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Table 2
Summary of the main experimental techniques useful for the analysis of micro-convection with the
specification of the involved tracers.

Exp.
technique

Liquid Gas

LIF

X

DeLIF

X

EFT

X

MTT

X

TLC

X

NIRT

X

IRT

X

PIV, PTV,
APTV

X

MVT

X

X

Tracers

Measure

Rhodamine B (RhB)
Fluorescein (Fl)
Kiton Red
Benzofurazan
(RhBFl)/(Rhodamine 110Sulforhodamine101)
Fluorescein27-RhB
FluoresceinSuforhodamine B
Fluorescein
Sulforhodamine B

Local Fluid
temperature

NO molecules
Acetone molecules
Byacetyl molecules
Encapsulated or unencapsulated
particles

No tracers

X

X

No tracers

Polystyrene
fluorescent particles
Liquid Cristals
NO molecules
Acetone molecules
Byacetyl molecules
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Local Fluid
temperature

Near-wall
fluid
temperature
Local Fluid
temperature
Local Fluid
temperature
or local
wall
temperature
Near-wall
fluid
temperature
Near-wall
fluid
temperature
or local
wall
temperature
Local Fluid
velocity
Local Fluid
velocity
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Figure captions

Figure 1 – Schematic of the apparatus adopted by Segura et al. [45] for simultaneous APTV and
TLC measurements.: (1) rectangular copper microchannel (200x250 m) sealed with a
glass cover; (2,3,4) Heating system based on a Peltier cell; (5) syringe pump; (6) RGB
color camera; (7) inverted microscope; (8) objective lens; (9) linear polarizer; (10)
achromatic quarter wave plate; (11) white light source.
Figure 2 – 2D velocity and temperature distribution of water in a copper microchannel (200 x 250
mm) with three sides heated (Re=0.04).
Figure 3 - Visualization of un-encapsulated TLC particles (Hallcrest UNR20C5W) added to water
for: (a) shear rate at the wall equal to 100 s-1 (b) shear rate at the wall equal to 250 s-1.
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Figure 1 – Schematic of the apparatus adopted by Segura et al. [45] for simultaneous APTV and
TLC measurements.: (1) rectangular copper microchannel (200x250 m) sealed with a glass cover;
(2,3,4) Heating system based on a Peltier cell; (5) syringe pump; (6) RGB color camera; (7)
inverted microscope; (8) objective lens; (9) linear polarizer; (10) achromatic quarter wave plate;
(11) white light source.
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Figure 2

Figure 2 – 2D velocity and temperature distribution of water in a copper microchannel (200 x 250
mm) with three sides heated (Re=0.04).
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Figure 3

Figure 3 - Visualization of un-encapsulated TLC particles (Hallcrest UNR20C5W) added to water
for: (a) shear rate at the wall equal to 100 s-1 (b) shear rate at the wall equal to 250 s-1.
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