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In this paper, local heat transfermeasurements in circularmini- andmicrochannels are presented through the use

of unencapsulated thermochromic liquid crystals for local wall temperature measurement. Microchannel heat

transfer is fundamental to the design of a number of novel technologies in development for thermal control.

Measurements are carried out in three different stainless steel tubes with nominal inner diameters of 1.07, 0.51, and

0.25 mm. The working fluids are distilled water and FC-72. A unique localized calibration of the thermochromic

liquid crystalmaterial is employed tominimize the effects of lighting nonuniformity and the effect of variable coating

thickness. Local heat transfer and frictional pressure dropmeasurements are presented for the laminar, transitional,

and turbulent flow regimes. The results are compared with correlations for both macro- and microchannels in the

turbulent regime and show that, considering experimental uncertainty, both correlations are adequate for the

experimental range investigated. Overall, the methods developed in this work demonstrate that the unencapsulated

forms of thermochromic liquid crystals are a viable approach for temperature measurement in microheat transfer

experiments.

Nomenclature

A = area, m2

Cp = specific heat, kJ=�kg � �C�
D = inner tube diameter, m
f = friction factor
h = heat transfer coefficient, W=�m2 � �C�
i = index
j = order of curve fit
k = thermal conductivity, W=�m2 � �C�
Lh = heated length, m
_m = mass flow, kg=s
Nu = Nusselt number
n = number of data points
~P = power generated in tube, W
Pr = Prandtl number
q = heat flux, W=m2

_q = heat generated, W=m3

Re = Reynolds number, with respect to tube inner diameter
T = temperature, �C
x� = x=RePrD
� = viscosity, N � s=m2

� = density, kg=m3

� = surface tension, N=m

Subscripts

b = fluid bulk condition
fit = curve-fitted parameter
Fluid = fluid condition
i = inner wall
in = inlet condition
loc = local condition
o = outer wall
out = outlet condition

sat = saturation conditions
TLC = thermochromic liquid crystal
w = wall
x = streamwise location
1 = freestream condition

Introduction

I N recent years, the advent of very large integrated circuit
technology (VLSI) has propelled the electronics industry into the

fabrication of electronic circuits with feature sizes on the order of
microns and submicrons [1]. This has allowed designers to pack
these componentswithmore features atmuch smaller tolerances and,
in so doing, to improve the speed and performance of these
electronics. However, as a result, there has been an increase in the
heat produced per unit area, which, in turn, has generated the
requirement for effective, miniaturized cooling technologies. One
such device is the microchannel heat sink, which was pioneered in
the early 1980s by Tuckerman and Pease [2]. These heat sinks
demonstrated heat transfer rates about two orders of magnitude
greater than those of commercial technologies for cooling arrays of
integrated circuits [3]. The microheat sink/exchanger is charac-
terized by a set of microchannels conventionally machined or
micromachined into a conducting block.

A number of studies have been conducted in recent years in order
to understand and improve the heat transfer performance of these
deviceswith respect tomicrochannels [3–5]. Regarding single-phase
heat transfer in mini- and microchannels, some recent reviews may
be found in the literature [6–8]. Some of the prevalent characteristics
and remarks related to single-phase continuum flows follows. There
are discrepancies reported between mini- and microchannel results
and the accepted correlations and trends for their macro counterparts.
For example, the critical Reynolds number for transition to turbulent
flow in mini- and microchannels has been reported to be as low as
2008 compared with the commonly known approximate value of
2300. In addition, significant variations between the results of
different investigators have been reported for the heat transfer
coefficients and friction factors with no clear relationship in the
differences in some instances [4]. Finally, the channel size at which
deviations will occur from conventionally sized channels remains
undetermined. With the exception of the confinement number for
boiling flows, no physics-based classification of channel sizes has
been proposed [9]. Overall, a review of the literature indicates the
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need for additional and improved studies of heat transfer inmini- and
microchannels [8].

Most work regarding experimental heat transfer measurements in
mini- and microchannels use thermocouples (point sensors) for wall
temperature measurements. One problem with such sensors is their
large size compared with the channel dimensions and, hence, their
potential influences on the flow characteristics. This may be
alleviated by placing the sensors at a distance from the fluid-wall
interface and assuming one-dimensional heat transfer or by using a
fin analysis method [1]. These approximations, however, introduce
inaccuracies in the internal wall surface temperature measurement.
Also, the relative size of these sensors, if discreetly placed at thewall,
gives only an area averaged temperature measurement. Another
inconvenience of such point sensors is the need for an array of
sensors to obtain full surface temperature measurements.

Nonintrusive techniques such as infrared (IR) thermography,
laser-induced fluorescence (LIF), and liquid crystal measurements
have traditionally been employed [10]. There are a variety of
challenges associated with IR thermography, which include
accurately characterizing its performance and calibration, determin-
ing the measured body’s surface emmisivity, identifying the
measurement point, and accounting for radiation losses and
additional optical equipment [11]. In addition, for the measurement
of micro-objects, accurately accounting for the background radiation
is necessary. Hetsroni et al. [11], while measuring the surface
temperature of a capillary tube of 1.5 mm outer diameter, used a
technique whereby the background temperature was controlled to
within that of the tube wall temperature. The aim of this was to
minimize the uncertainty in measurement due to background
radiation during IR measurement.

Thermochromic liquid crystal (TLC) thermometry is a
nonintrusive technique based on the changing pitch size of the
helical molecular structure of the material during temperature
change.When illuminated with white light, TLCs will reflect light of
a wavelength proportional to the temperature they are experiencing,
and this reflected wavelength is proportional to the instantaneous
pitch between molecular layers. Additional information about the
characteristics of liquid crystals and their use in thermometry and
heat transfer may be found in Ireland and Jones [12] and Hallcrest
[13].

The TLC technique has been used by many researchers because
the late 1960s when it was first applied to nondestructive testing
(NDT) and flow visualization [14]. The successful use of TLCs on a
microgeometry for thermal measurements has been demonstrated by
Höhmann and Stephan [15] while investigating evaporation from a
liquid meniscus. In their work, they used the unencapsulated form of
TLCs applied to the backside of a 20-�m stainless steel foil. They
were able to obtain spatial resolutions of 0:83 �m, where the
uncertainty in temperature was 0.51�C or 7.5%. The use and
limitation of the TLC method in boiling heat transfer has been
investigated and has been discussed by Kenning et al. [16] and
Klausner et al. [17]. These studies determined that, in many
instances, due to the thermal lag between the liquid crystal and the
inner wall surface, the response time of the liquid crystal is not
sufficient to capture all the unsteady phenomena occurring during
nucleation boiling.

A first glimpse at the use of TLCs inminichannels with boiling has
been recently presented by Chin [18] and Chin et al. [19] during an
investigation of boiling incipience and convective heat transfer in
narrow vertical channels. These authors used the TLCs in their
common microencapsulated (as opposed to unencapsulated) form,
which, due to capsule diameters of 10–25 �m, restricts the spatial
resolution capability of the TLCmaterial. The use of unencapsulated
TLCs for quantitative, high-resolution heat transfer measurements in
small channels has, to a limited extent, been investigated [20]. This is
likely due to the difficultly in handling unencapsulated TLCs,
because they are easily contaminated by solvents or dust, and
prolonged exposure to ultraviolet (UV) light can disturb their
calibration and even destroy their response [13].

In the work of Aligoodarz et al. [20], rectangular channel
geometries 2 � 1 mm and 2 � 2 mm with three walls made of

75-�m-thick stainless steel were studied for boiling flows. The
fourth wall was made of glass, which was used for visualization, and
the opposing stainless steel wall was coated with unencapsulated
TLC. The authors document difficulties in obtaining a continuous
coating of theTLCon the surface, aswell as difficulties in accounting
for its stringent requirements for a contaminant-free area. Their
choice of the unencapsulated form, however, was motivated by the
ability to apply it in thinner layers than the microencapsulated form,
hence obtaining an improved response time, which was
approximately 4 ms. Another benefit of the unencapsulated form is
that the spatial resolution is now restricted to the optical
configuration [21] and thus submicron resolution is possible.
Unencapsulated TLCs were selected in the present work due to their
potential for high resolution in comparison with infrared
thermography, as well as due to the reduced hardware requirements
in comparison to LIF. This paper describes the development of a
local heat transfer measurement system for use on a curved
microsurface using unencapsulated thermochromic liquid crystals.

Experimental Facility and Methodology

Flow Loop

A schematic of the main components employed in the closed-loop
test facility are shown in Fig. 1. The flow loop concept was designed
to accommodate boiling experiments that will be presented in a later
study. Note that only the components relevant to the single-phase
experiments are discussed here. The fluids used are distilled water
and FC-72, a perfluorocarbon provided by 3M. The latter fluid was
selected for its lower boiling point to accommodate boiling
experiments in future work. Some relevant properties of FC-72 at
room temperature are listed in Table 1.

Flow enters the loop from the main tank and is continuously
circulated by a magnetically coupled gear pump (Fig. 1). The pump
runs at a constant speed and supplies a flow rate of 290 ml=minwith
a maximum pressure of 517 kPa (75 psi). A nutating digital output
flowmeter provided by DEA Engineering is used to monitor the flow
rate. This meter outputs a 5 V square wave signal at a frequency
proportional to the time for the nutator to complete one cycle. The
flowmeterwas initially calibrated using theweighingmethod and has
a reliable range from 10 ml=min to 250 ml=min. For very low flow
rates, measurement was via tracking a fixed fluid volume over time.
Upstream of the flowmeter is a 25-�m filter, which is used to remove
any accumulating particles. A preheater is located at the test section
for additional flow temperature control, whereas the exit of the test
section has a cooler, which is used to restore the temperature of the
fluid.

Test Channels

The testmodules used are circular stainless steel tubing of nominal
inner diameters 1.067 mm (0.042 in.), 0.512 mm (0.020 in.), and
0.254 mm (0.010 in.). Their corresponding hydraulic lengths were
152, 152, and 55mm. The heated lengths were 105, 105, and 19mm,
respectively. This corresponds to hydrodynamic developmental
lengths of 23.5 and 18 mm. The recent use of circular steel tubes in
heat transfer studies ofmini- andmicrochannels is by Lelea et al. [22]
and Owhaib and Palm [23], using thermocouples, and Hetsroni et al.
[11] and Hapke et al. [24], using infrared measurement. This study is
the first, to the authors’ knowledge, to provide single-phase heat
transfer measurements using a thermographic technique for
submillimeter-diameter tubes.

A half-section schematic of the circular tube test module used is
shown in Fig. 2. A polycarbonate sheet was machined to produce the
measurement chambers for pressure and temperature. The tubes are
connected to these chambers using standard 0.0625-mm (1=16-in:)
stainless steel compression fittings with specialty ferrules to
accommodate the small-diameter tubing. The ferrule material is a
composite of graphite and polymide, which has a high electrical
resistance. The advantages of the compression fittings are that they
are resealable and can withstand high pressures (�690 kPa rating).
Copper stranded wire (14AWG), was soldered to the tube to provide
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the electrical lead connection. It should be noted that the present
setup did not use any cover directly in contact with the TLC surface,
due to the small size of the tube. Attempts were made to use optically
transparent epoxies to encapsulate the tube, however, none of the
ones tested were compatible with the TLC material. Rather a
noncontacting cover was placed over the tube to protect the TLC-
coated surface from dust and the room lights. The cover was an
opaque plastic half tube that is open at both ends.

Unencapsulated Thermochromic Liquid Crystal Application

The aim of the TLC application procedure is to prepare a uniform
coating that will produce vibrant colors. A thicker coating will
improve the vibrancy, whereas too thick of a coating may start to
produce nonnegligible temperature gradients through the TLC layer.
Additionally, a variably thick layer will introduce uncertainty into
the observed temperature field. A uniform coating has traditionally
been applied through the use of an airbrush for the micro-
encapsulated TLCs [12]. Application of the unencapsulated TLCs as
documented byHöhman and Stephan [15], Aligoodarz et al. [20] and
Kenning et al. [16] has been through use of a paint brush. However,
Aligoodarz et al. mentioned significant difficulties in obtaining a
continuous layer through this application methodology. According
to Hallcrest [13], the liquid crystals (LCs) may be applied in their
unencapsulated form through the dilution with an appropriate
solvent, such as acetone, after which they are sprayed through an
airbrush, resulting in an improved thin uniform layer. This approach,
however, is usually not recommended, due to the hazardous nature of
most solvents. Similar methodologies of applying unencapsulated
LCs with an airbrush have been used for obtaining shear stress
measurements, however. In these cases, the researchers diluted the
LCs with petroleum ether [25] or with Freon [26] before applying
them with an airbrush. No documentation, however, to the authors’
knowledge, is available for the application of TLCs in their
unencapsulated form via an airbrush.

Through trial runs of applying the TLCs with a paint brush, the
difficulties observed by Aligoodarz et al. [20] were confirmed and,

therefore, this methodology was considered inadequate for
producing reliable results. The use of an airbrush was then selected
and a variety of trials both of mixture concentration and of
application were then performed to produce a sound application
methodology. The solvent used was acetone and concentrations by
weight of 20:1 (solvent to TLC) based on the suggestions ofHallcrest
[13] were incorporated. Before coating, the tubes were cleaned with
acetone. It was necessary to apply the coating under a fume hood, due
to the toxic nature of the solvent used. This approach produced
highly improved results in terms of coating uniformity and control of
the coating. Specifically, unlike the paint brush coatings, no coating
discontinuities were present and, at the working magnification,
variations in the coating thickness were not visible. A Badger model
100 independent-action airbrush was used for application and it
allowed for variation of the air to paint concentrations independently
during spraying. To improve the color vibrancy of the TLC response,
it is common to apply a coat of black paint before the TLC layer. This
was incorporated in the current coating application using a water-
based black paint and was also applied through the airbrush. The
black paint layer is also advantageous, as it provides a protective
layer against any residual contaminants that may be present on the
metallic surface.

Measurement Apparatus

Two 1.5-mm-diam Type-T (Omega special error limits material)
thermocouples were placed in each plenum chamber to measure the
bulk fluid temperature (Fig. 2). A pressure transducer with a range of
0–517 kPa measured the pressure at the inlet plenum and a
differential pressure transducer also with a range of 0–517 kPa
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Fig. 1 Schematic of the experimental test facility.

Table 1 FC-72 properties at 25�C and 1 atm32

� 1680 kg=m3

� 0:00064 N � s=m2

� 0:01 N=m
Cp 1100 J=kg � �C
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Tsat 56�C
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Fig. 2 Test module, symmetric half-section.
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measured the pressure difference between the two plenums. The
output from these and other sensors was monitored through an
automated data acquisition system using the LabVIEWTM software.
The data acquisition hardware consisted of National Instrument’s
SCXI 1000 signal conditioning unit with the appropriate modules
and theNI 6052E 16-bit, 333 kHz data acquisition card. A schematic
of the data acquisition system is shown in Fig. 3. Signals from the
transducers were transferred through the signal conditioning unit,
then to the computer, whereas the signals from the metering devices
were directly transferred through the data acquisition card to the
computer. Image acquisition was performed in LabVIEW and the
images were captured at 640 � 480 pixel sizes in red-green-blue
(RGB) format. The hue planes were simultaneously extracted and
saved in tagged image file format (TIFF). Postprocessing of the
images and acquired data was performed in MATLAB.

A detailed view of the image acquisition apparatus is shown in
Fig. 4. Light originating from the illuminator box is directed through
a single fiber optic cable. This has the advantage of keeping any heat
generated by the light source away from the TLC-coated surface. An
EKE-configured lamp was used with a color temperature rating of
3250 K. Light passes through a polarizer just before entering the
zoom lens casing. Within the casing, it is deflected to the test surface
by a beam splitter. Depending on themagnification required, the light
may pass through an infinity-corrected objective for high-resolution
measurements or else through the default auxiliary lens. Upon

reflection from the surface, the light is circularly polarized. It passes
into the zoom lens through the analyzer and is directed to the CCD
camera. The crossed polarizing lens pair is available to obtain
improved image quality. The light reflected by the TLC material is
circularly polarized and thus travels through the crossed polarizing
pair essentially unaffected. The acquired image is then transferred
directly to the computer as a National Television System(s)
Committee (NTSC) signal through a single BNC cable.

A liquid-crystal display (LCD) television was used for real-time
monitoring and for positioning. The video signal used in the
television loop comes from a separate output line in the camera, and
the benefit of this is tominimize the accumulated noise that can occur
by transferring the desired video signal through many components.
Image acquisition is obtained using a Sony 3-CCD analog camera
connected to a variable zoom microscopic video lens. The camera
lens combination was mounted onto a three-axis traverse through
variable-length stages, each with approximately a 1-�m resolution.
This allowed for the length of the channel to be monitored through
traversing the entire length. The lateral and vertical axis stages allow
for fine-tuning of the position and focusing. Although the facility has
the capability of a crossed polarizing illumination setup, this was not
used for the circular tube configuration, due to the reduced intensity
obtained when voltage was applied to the tube. The fiber optic
illumination source was instead fixed onto the zoom lens at a fixed
angle and directly illuminated the surface.
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Fig. 3 Schematic of the data acquisition system.
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Heater power was obtained through two power supplies. One was
a BK Precision switch mode power supply (model 1692) with a
voltage range of 2.7–15 V and a maximum current rating of 40 A.
The secondwas aGoodWill (GW) Instruments power supply (model
GPC-1850) with a voltage range of 0–5 V and a maximum current
rating of 20 A. The unencapsulated liquid crystal material used was
provided by LCR/Hallcrest. The TLC material nominally had a red
start of 40�C with a bandwidth of 10�C.

Calibration Method

To obtain quantitative thermal data from the TLC response, a
calibration of the material is required. The requirement of the
calibration is to quantitatively relate the observed color to the
material temperature. Different methods are available for
quantifying the color observed; in the current work, the hue angle
is taken as the color descriptor. The definition of hueH in the current
work is the same as that recommended by Hay and Hollingsworth
[27], which is

H � arctan

� ���
3

p �G 	 B�
2R 	G 	 B

�
(1)

The perceived color of a TLC will depend upon the primary and
background light spectral characteristics, the camera viewing angle
and distance, the primary lighting angle and distance, the lights
optical path, and the instance of the TLC application. For a
calibration to be fully valid, the preceding must be maintained
between the calibration and the experiment. This is usually done
through an in situ calibration [28]. Choices for calibration include a
linear temperature gradient [29], a liquid bath or circulated liquid
[27], or an isothermal block [28]. A linear temperature gradient
applied to a metal block is advantageous in providing a quick
calibration, however, the amount of calibration points is dependent
on the number of sensors employed along the gradient. An
isothermal bath or circulated bath provides the best means of
obtaining a truly isothermal surface, however, it does require a liquid
supply that is either stirred or circulated. A constant temperature
block is usually difficult to work with in maintaining the full viewing
surface isothermal and, hence, not recommended.

For the present study, a calibration based on circulating the fluid
through the channel was selected, due to its ease of incorporation into
the setup. The temperatures at the tube inlet and outlet weremeasured
and remained within 0:5�C of each other. The fluid was slowly
heated via the preheater and images captured at incremental changes
in temperature. One of the main observations from this work is that
the response of the unencapsulated TLC under increasing
magnification will contain varying degrees of noise and scatter.
Figure 5 shows the histogram of a color response from a constant
temperature region 30 � 600 pixels. To address this in an automated
fashion, an intelligent calibration process is introduced.

To start calibration, a region of interest (ROI) needs to be selected
to base the calibration curve on. Lighting, viewing angle, and coating
uniformity may all influence the calibration between two different
regions on the tube. To eliminate such influences, a calibration curve
was produced for a number of regions in the image. The minimum
size for a given ROI is a single pixel; however, to account for noisy
pixels using statistics, an ROI size greater than one pixel was used.
Because the camerawas traversed, thismeant that theROIwould be a
particular tube location and that high accuracy in traversing between
set locations was pertinent. The ROI should not be too large, because
local variabilities will not be captured. For the present work, an ROI
of 4 � 3 pixels and 4 � 2 pixels was incorporated. A typical image
size of 60 � 640 pixels with an ROI of 4 � 3 pixels gives 3200
calibration curves.

Two calibrations methods were used. In the first, the fluid was
incrementally heated and, at each increment, imageswere captured at
each of the locations. This method produced only a few calibration
points for each location. To improve on this, our second approach
consisted of heating incrementally at a fixed location and capturing

the full bandwidth beforemoving to the next location. Thismethod is
implemented for all the measurements using FC-72 and is the
finalized method of choice for all future work. The main issue is to
minimize the calibration time and capture asmany points as possible.
In the first approach, calibration time was on the order of 3 h and few
data points were captured. In the second approach, we were able to
take advantage of the fluid’s inevitably increasing temperature and,
therefore, because the camera was at a fixed location, it would
continuously capture images as the temperature slowly rose. The rate
of heating was approximately 0:5�C=min.

The aim of the curve fit is to produce a monotonically increasing
relationship. Depending on the quality of the data points for each
ROI, this was not always possible. Extraneous cases would have
maxima or minima locations in the curves. To automatically
determine a calibration data curve fit that did not contain extraneous
regions, the following logic was implemented:

1) Sort the data set with respect to increasing hue.
2) Starting from theminimumhue value, only keep data points that

have a positive change in temperature with respect to increasing hue.
3) Fit a fifth-order polynomial curve to the modified data set.
4) If any maxima or minima exist in the hue range of 25–175,

discard the fifth-order polynomial curve and fit a third-order
polynomial curve.

5) If any maxima or minima exist in the hue range of 25–225,
modify the data set’s zero location to a predefined temperature.

6) If any maxima or minima exist in the hue range of 100–175,
abandon curve fitting and use the neighboring ROI instead.

The ranges were selected based on repeated observations of curve
fits. The change of hue range between steps 4 and 5 was due to the
change in characteristics of the two polynomial types applied to the
same data set. The change of hue range between steps 5 and 6 was
because once a third-order fit was applied and the zero location fixed,
if an extremity in the curve occurred in the hue range of 25–100, it
was a very slight minima that could be disregarded. That is, the
temperature dip at the minima was less than 0:1�C.

The hue angle is defined on a polar system and, hence, due to
scatter; hue values close to 0 degmay be present in the 300 to 360 deg
range and vice versa for hue values close to 360 deg. Compensation
similar to that of Hay and Hollingsworth [27] was incorporated,
whereby the negative angle was used when such scatter occurs. This
can be identified, for example, when at high temperatures a low hue
value is obtained, or when at low temperatures, a high hue value is
obtained. The ROI will have a particular scatter in the hue values,
and, for the present study, the nominal hue value was based on the
median of the hue values. Figure 6 shows a good fifth-order curve fit.
The circles are the section of the data set that is kept after sorting.
Figure 7 shows themodification of a fifth-order fit to a third-order fit,
due to a maximum in the curve fit. Once again, the circles are the
section of the data set that are kept after sorting.
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Test Procedure and Data Reduction

Procedure

Before each experiment, the TLC material was calibrated as
described in the previous section. To begin measurements, the flow
rate was set by adjusting the bypass valve and the system was then
left to run for about ten minutes. The room lights were dimmed and
the tube was kept covered. Traversing began at the rear of the tube,
where the wall temperature would be highest. The configured
magnification provided afield of view of 10:233 � 7:671 mm for the
1- and 0.5-mm tubes and afield of view of 6:697 � 5:020 mm for the
0.25-mm tube. This translates into 15.528 and 10:1626 �m=pixel.
Although the facility’s magnification capabilities are much larger, a
highermagnificationwould have requiredmore traversing in order to
capture the entire tube. This would require more time and provide
additional information unnecessary for the purpose of the present
work. After running flow through the system, measurements were
ready to be taken and the cover was removed. The illumination
system was turned on and the voltage was slowly adjusted until the
majority of the TLC color response was in the green/blue range. The
system was then allowed to come to equilibrium, which spanned 5–
10 minutes, and afterwards, a measurement was taken.

Three images were captured at a speed of 30 frames per second.
These color images were converted to hue angle, scaled on an integer
range from 0–255, and then averaged for each pixel location.

Simultaneously, the fluid temperature at inlet and outlet, as well as
the flow rate measurements, were captured. For each traversed
location, two to four measurements were captured at a given flow
rate, though the heater power may be adjusted between image
capture. During data reduction, the best images by visual inspection
were selected for final data reduction. Whenever the voltage was
adjusted, the illuminating systemwas turned off in order tominimize
any degradation to the TLC and external heat addition to the tube as
the system approached equilibrium.

The TLC calibration may change slightly over time. It was
important, then, to verify that over a measurement run, which could
be as long as three h, the calibration curve would not shift
significantly. To verify this, calibration data at a fixed location were
obtained at two different times, 3.5 h apart. Between this time period,
the tube was left uncovered to simulate the experimental runs.
Figure 8 shows the data obtained from these two calibration runs,
determined from a ROI size of 4 � 3 pixels. As can be seen in Fig. 8,
the change in the calibration curve is insignificant, with a maximum
temperature change of approximately 0.5�C. Hence, the calibration
taken before the measurements runs can be used over the entire
measurement period. Once an experimental run was completed, the
tube remained covered.

Data Reduction

The friction factor was obtained from the pressure drop relation:

�P�
�
f
L

D

 Kloss

�
�V2

2
(2)

The losses at the entrance and exit (Kloss) were estimated from
Streeter [30], considering the area changes at each location between
the pressure port and the tube entrance and exit.

The local Nusselt number was calculated as

Nux �
hxD

kloc
(3)

The local heat transfer coefficient hx was obtained through the
convective heat transfer relation with the following parameter
definitions:

hx �
q00

�Tw;xy 	 Tb;x�
(4)

The heat flux to the fluid was calculated based on the power applied
to the tube and corrected for losses to the environment. This is given
by
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Fig. 6 Calibration fit; fifth-order typical good.
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q00 �
~Ptube 	 h1Ao;heated�Tw;TLC 	 T1�

Ai;heated

(5)

The external heat transfer coefficient was obtained from tests with no
fluid circulating and a constant power applied to the tube. The power
to the tube is the measured voltage and current, corrected for power
loss across the lead connections. Comparisons were made between
the fluid enthalpy rise based onmeasured inlet and outlet temperature
differences vs the electrical power applied to the tube. These
differences were found to be within 5% of each other for themajority
of the cases. However, in a few cases where the fluid bulk
temperature rise was low, differences were on the order of 20–40%;
this can be attributed to fluid temperature measurement uncertainty.

The internal wall temperature was calculated assuming 1-D heat
conduction through the wall, with the outer wall temperatures
measured by the TLCs as boundary conditions. That is given by

1

r

@

@r

�
r
@T

@r

�

 _q

k
� 0

T�ro� � Tw;TLC

	 k
@T�ro�
@r

� h1�Tw;TLC 	 T1�

(6)

then the inner wall temperature Tw;i is given by

Tw;i 	 T1 � 	 r2

4

_q

k

 C1 � ln �r� 
 C2

C1�	 roh1
k

�Tw;TLC 	 T1� 
 r2o _q

2k

C2� �Tw;TLC 	 T1� 
 r2o
4

_q

k
	 C1 ln �ro�

The differences between the inner and outer wall temperature were
minor, however, and typically less than 0:3�C.

The local fluid bulk temperature Tb;x was determined from an
energy balance and at each streamwise location was

Tb;x � Tin 

�Dq00

_mCp
� x (7)

Properties for the preceding calculations, except the local Nusselt
number, were based on the average fluid temperature between inlet
and outlet. The properties were obtained from Kays and Crawford
[31] for water and 3M product information [32] for FC-72.

Uncertainty

The uncertainty in the TLC temperature was calculated similar to
the methods discussed in Hay and Hollingsworth [27] and in Chin

[18]. The wall temperature uncertainty was taken to be

�Tw �
������������������������������������������������������������������������
dT

dH
�H

�
2


 �T2
Fluid 
 �2 � SEE�2

s
(8)

where

dT

dH

is the sensitivity in the temperature hue curve, which was either a
fifth- or third-order polynomial, as discussed earlier. Also, �H
represents the standard deviation in hue for the ROI, and, because the
ROI was small (<12 pixels), a constant value of 1 deg was selected
instead. In addition, �TFluid was the uncertainty of the thermocouple
probes used to measure the fluid temperature during calibration.
Finally, the standard error estimate (SEE) takes into account the error
in the polynomial curve fit and is typically defined as

SEE �
�Xn

i�1

�Ti�h� 	 Tfit;i�h��2=�n 	 j 	 1�
�
1=2

(9)

This valuewas less than 0:50�C for all cases andwas higher for third-
order fits vs fifth-order fits.

Typical uncertainties in wall temperature measurement were
estimated to be
1:02�C and are similar to that of other researchers
[19]. Uncertainties in pressure drop measurement were 
3:6 kPa
based on instrument specifications and
0:7�C for fluid temperature
measurement based on manufacturer specifications of the combined
measurement system (thermocouple and signal conditioning unit).
Diameter-dependent uncertainties included the tube inner and outer
diameter and the flow rate and Nusselt number and are listed in
Table 2. Note, the diameter uncertainties are based onmanufacturing
tolerance.

Results

Figure 9a and 9b show a pair of data sets from raw image to
processed data. Figure 9a is considered a good data set and is typical
of the data presented. In thefigures, the temperature is rising from left

Table 2 Typical uncertainties for diameter-dependent parameters

Nominal tube
diameter

Inner diameter Outer diameter Flow rate Nusselt
no.

0.254 mm 
0:0254 mm 
0:0127 mm 
0:5 ml=min 14–17%

0:0254 mm 
0:0127 mm 
1:5 ml=min 8–18%

0.508 mm 	0:0127 mm 	0:0000 mm
1.067 mm 
0:0254 mm 
0:0127 mm 
1:5 ml=min 9–18%
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Fig. 9 Typical image data sets, raw data to processed data: a) good data set and b) bad data set.
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to right and covers a distance of approximately 10 mm. In Fig. 9a,
there is some minor scatter in the red range, due to the large light
intensity, however, in the green/blue range, the response is much
better. Most of the data presented is derived from images that fell in
this green/blue range. Figure 9b only has a small useful region,
therefore, such a data set is not considered in the final presentation.

Figures 10–14 show the circumferentially averaged streamwise
Nusselt number. The data are compiled from a number of traversed
locations and the heat flux used was not always constant. This is one
of the main contributions of scatter observed. In spite of this, for the
majority of the plots in the laminar regime (taken as Re < 2300), a
decreasing Nusselt trend is observed with increasing distance,
approaching an asymptotic value. Although for some laminar cases
the downward slope is minimal, their slope tends to be more
significant than for the turbulent and transitional cases. For the
remaining cases, the Nusselt number is constant. The decreasing vs
constant trend of laminar vs turbulent flows are as expected, based on
physical considerations and observations in larger tubes [33]. For
data in the turbulent regime, a short developmental length is
observed, which can be generalized as being less than 10 hydraulic
diameters. Shown in Figures 15–18 are the local heat transfer results
for the laminar regime data. The results show that the developmental
length for the laminar results are well represented by the analytical
solution given in Shah and London [34]. In the fully developed
region, the Nusselt number tends to the analytical result of 4.364,
which is for constant heat flux in a circular tube. The results show no
unexpected trend related to decreased tube diameter. The friction
factor results are shown in Fig. 19. They are compared with the
friction factor for fully developed laminar flow in a pipe, given by

f� 64

Re
(10)

[35] and

f� �1:82 � log�Re� 	 1:64�	2 (11)

[36] for fully developed turbulent flow. Equation (11) was selected
due to its use in the average Nusselt number relation to be presented
later. Very good agreement is observed for all diameters in the
laminar range. In addition, the predicted curves show very good
agreement for the 1-mm-diam tubes in the turbulent regime. For the
0.5-mm case, the results are underpredicted by Eq. (11). This
equation, though, is valid for smooth tubes with a Re > 104. This
may suggest an increasing tube roughness influence with decreasing
diameter, however, as seen later for the average Nusselt number
results, no benefit in heat transfer is gained from the higher friction
factor. Rather, it suggests that the estimated entrance and exit loss
factors are the cause of the differences observed.
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Fig. 10 Streamwise Nusselt number; 1.0 mm,H2O.
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Fig. 11 Streamwise Nusselt number; 0.5 mm,H2O.
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Fig. 12 Streamwise Nusselt number; 1.0 mm, FC-72.
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Fig. 13 Streamwise Nusselt number; 0.5 mm, FC-72.
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Fig. 14 Streamwise Nusselt number; 0.25 mm, FC-72.
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The transition for both the 1-mmand the 0.5-mm tubes is observed
between a Reynolds number of 2000 and 4000. This is observed for
both fluids and shows that the conventional value of 2300 is
reasonable for these two diameters. For the 0.25-mm case, however,
a delayed transition is observed and the curve appears to be changing
direction at a Reynolds value of about 5000.

The average Nusselt number for all the tube diameters and the two
fluids is shown inFig. 20. These data are obtained from the average of
the farthest downstream image captured, to allow for thermal
development. The Nusselt number is divided by Pr0:4 to account for
the two differing fluids. The data are comparedwith two correlations,
one theGnielinski [36] correlation representing large tubes and given
by

NuGniel �
�f=8��Re 	 1000�Pr

1
 12:7�f=8�1=2�Pr2=3 	 1� (12)

Similar to Gnielinski [36], the friction factor is determined from
Eq. (11). The second is a correlation given by Adams et al. [37] and
representing small-diameter channels. It is based on the Eq. (12),
with a slight modification as follows:

NuAdam � NuGniel�1
 F� (13)

where

F� 7:6 � 10	5Re�1 	 �D=1:164�2�

The data are well correlated between each other, particularly,
between the 0.5-mm and 1.0-mm tubes at higher Reynolds. The
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Fig. 15 Laminar streamwise Nusselt number; 1.0 mm, H2O.
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Fig. 16 Laminar streamwise Nusselt number; 0.5 mm, H2O.
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Fig. 17 Laminar streamwise Nusselt number; 1.0 mm, FC-72.
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Fig. 18 Laminar streamwise Nusselt number; 0.25 mm, FC-72.
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influence of the delayed transition for the 0.25-mm FC-72 case is
reflected also in the average Nusselt number (Fig. 19). Comparing
the data with the correlations, at first glance, the Adams et al. [37]
correlation appears to be the better choice. However, when
considering the experimental uncertainty of the experiment,
correlation, or both (taken as 15%), the Gnielinski [36] correlation
also demonstrates an adequate comparison. Tube roughness is not
considered a major influence, as both tubes showed differing friction
factors yet similar Nusselt numbers. The conclusion, therefore, is that
in the operational range considered of Re < 104 and Prandtl number
5.4–11.5, and with experimental uncertainties kept in mind, both the
Gnielinski correlation for large tubes and the Adams correlation
suggested for small tubes are adequate. Further, as a conservative
design guideline, when determining the heat load applied, theAdams
correlation should be used, whereas when estimating the cooling
benefit gained, the Gnielinski correlation should be used. These
guidelines are deemed general, as there will be few applications of
tubes in the submillimeter range with Reynolds numbers exceeding
104, as the pressure drop becomes unrealistically large.

Conclusions

This paper presents twomain contributions related to heat transfer
in microgeometries. The first is the development of a method using
unencapsulated thermochromic liquid crystals for local heat transfer
measurements on curved microsurfaces, specifically, a circular tube.
To the authors’ best knowledge, this is the first use of this form of
liquid crystals and of a thermographic technique for heat transfer
measurements in submillimeter-sized tubes. A localized calibration
is used to minimize the influence of lighting, viewing, and local
variabilities. A large number of calibration curves are obtained from
this approach and, thus, automation and logical filtering are
implemented.

The second point, which has been enabled due to the first, is local
single-phase heat transfer measurements in small-diameter tubes of
nominal size (0.254, 0.512, and 1.067 mm) covering the laminar,
transitional, and turbulent regimes.

The results demonstrate that the conventional size analytical
solution for laminar flow is adequate for predicting the local heat
transfer in thermally developing flows inside submillimeter-sized
circular tubes of the range studied.

Local Nusselt numbers in the turbulent regime are shown to have a
developmental length less than approximately 10x=D, which is
similar to conventionally sized tubes in this Prandtl number range.
Considering uncertainties in Nusselt number correlations and the
present data, both the conventional correlation given by Gnielinski
[36] and the microchannel correlation given by Adams et al. [37] are
adequate for predicting averaged Nusselt numbers in circular tube
diameters ranging from 0.25–1 mm, for 2500 � Re � 104 and
Prandtl number 5.4–11.5. Finally, the choice of the correlation

should be based on the amount of conservatism required in the
design.
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