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Encapsulated thermochromic liquid crystal (TLC) can accurately measure surface temperature in a variety
of heat transfer and fluid flow experiments. Narrow-band TLC, where the colour changes over a temper-
ature range of �1 �C, can be used to determine surface temperature within an uncertainty of 0.1 �C.
Wide-band TLC, typically active over 5–20 �C, allow the possibility of mapping surface temperature distri-
butions. In part 1 of this two-part paper, an extensive set of calibrations for narrow-band and wide-band
TLC is reported. This generic study provides insight into the importance and influence of the various
factors governing the colour–temperature relationship. These governing effects include the variation in
optical path, the spectrum of the illumination source, the lighting and viewing angles, the differences
between cooling or heating cycles (hysteresis), the variation with the number of heating or cooling cycles
(aging) and how this varies with TLC film thickness. Two narrow-band crystals are also specifically
calibrated for application to experiments on a transparent disc rotating at high speed (�5000 rpm). Part
2 of this paper describes how these accurately-calibrated crystals were used to measure the transient
surface temperature on, and heat transfer to, a rotating disc.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Thermochromic liquid crystal (TLC) has become a practical and
accurate means of measuring surface temperature. Usually a thin
film of TLC microcapsules is sprayed onto a solid material and
the colour response allows the surface temperature to be measured
accurately. A great advantage is that TLC can cover the complete
surface, enabling the measurement of global temperature distribu-
tions. Unlike thermocouples or other intrusive devices, TLC creates
no local disturbance error; unlike infrared detectors, no special
windows (such as germanium) are required for studying the heat
transfer in internal flows – windows made from glass, acrylic or
polycarbonate provide adequate optical access.

The temperature-sensing ability arises from the molecular
structure within the TLC, which occurs within a temperature range
corresponding to a transition between solid and liquid states. In this
liquid crystal phase, molecules lose positional order (becoming
fluid) but retain orientation order (retaining the optical properties
of crystalline solids). This transitional temperature range may be
wide (5–20 �C) or narrow (�1 �C). Many texts on the molecular
structure of these materials are available (e.g. Bahadur, 1998),
and Ireland and Jones (2000) provide a good summary of how
two important structures (nematic and cholesteric) relate to optical
ll rights reserved.
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activity pertinent to the sensing of temperature. In essence, TLC is
characterised by a helical molecular structure, the periodicity of
which is a function of temperature. When illuminated with white
light, the liquid crystal selectively reflects monochromatic light
with a wavelength equal to the pitch of the helical structure. The
wavelength of the reflected light decreases with increasing temper-
ature so that the colour changes from red, through the visible spec-
trum to blue. Typical time constants for the colour changes near
room temperature have been measured to be �3 ms (Ireland and
Jones, 1986). The reader is referred to Kasagi et al. (1989) for a gen-
eral description of liquid crystals, their physical and chemical prop-
erties, and other characteristics (including colour and imaging
processing.)

Liquid crystals are organic compounds which degrade when ex-
posed to ultraviolet radiation but this degradation is reduced by
microencapsulation, which encloses the TLC in polymer spheres
<0 lm in diameter. Microcapsules of different liquid crystal forma-
tions can be mixed together to produce films with multiple colour
ranges. Commercial micro-encapsulated TLC may be purchased in
a water-based slurry and is generally applied to flat or curved sur-
faces using an air-brush spray. The thickness of the TLC film must
be controlled carefully: a layer that is too thin produces poor col-
our, while a layer that is too thick may create a significant and
undesirable change of temperature across the film. Brilliant colours
can be achieved by using a black background, usually air-brush
sprayed paint or ink.
easurements using thermochromic liquid crystal. Part 1: Calibration and
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Nomenclature for Parts 1 and 2

a rotor inner radius
b rotor outer radius
Bi Biot number based on film thickness = hdx/k
c specific heat
cj weighting term in exponential series
cw non-dimensional mass flow rate (¼ _m=lb)
C cycle number
g (b, bs) slow-transient solution of Fourier’s equation = g(b, k)
h heat transfer coefficient (=qw/(Taw–Tw))
H hue
k thermal conductivity
qw heat flux from air to wall
m number of terms in exponential series
_m mass flow rate

P uncertainty (95% confidence estimate)
Re/ rotational Reynolds number (=qXb2/l)
r radius
rp, rb radii of pre-swirl nozzles and receiver holes
R probe recovery factor
RGB red, green, blue intensities
s rotor–stator separation distance
Sc seal clearance
t time
T temperature
Ta(t) total-temperature of air
Taw(t) adiabatic-wall temperature
Te copper block temperature
Ttc temperature measured by thermocouple

Tw(t) surface temperature of wall
V velocity
b non-dimensional heat transfer coefficient = ðh

ffiffiffiffiffiffiffiffi
t=j

p
Þ

bs non-dimensional heat transfer coefficient =(h
ffiffiffiffiffiffiffiffiffi
s=j

p
)

bp swirl ratio (=V//Xr)
dx effective thickness of TLC film
j thermal diffusivity of plate = qck
f normalised temperature for calibration
h relative lighting and viewing angle
H non-dimensional temperature in solution to Fourier’s

eq. = Tw�T0
Taw;1�T0

k non-dimensional time =
ffiffiffiffiffiffiffi
t=s

p

kT turbulent flow parameter (¼ cwRe�0:8
/ )

l dynamic viscosity
q density
s time constant
U�h amplification parameter for uncertainty in h
X angular velocity of rotor

Subscripts
0 value at t = 0
j term in exponential series
M median value
min minimum value
o overall
R, G, B red, green, blue
U circumferential direction
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In experimental heat transfer, one of the more demanding is-
sues related to liquid crystals is the colour–temperature relation-
ship, and any quantitative application of TLC requires an accurate
calibration. The TLC signal is generally quantified by either inten-
sity or hue. Intensity-based image processing usually matches
the peak intensity to a single temperature calibration point. Image
processing based on hue, which is defined in terms of the RGB tri-
stimulus signals, has the advantage that the hue–temperature rela-
tionship is monotonic, and hardware and software for RGB to hue
conversion are readily available. There are many papers related to
TLC calibration and the main factors which are pertinent to the cal-
ibration presented here are summarised as follows: acceleration
due to rotation (Syson et al., 1996; Camci et al., 1998); illumination
source (Behle et al., 1996; Anderson and Baughn, 2005); illumina-
tion and viewing angles (Camci et al., 1992; Farina et al., 1994;
Behle et al., 1996; Sabatino et al., 2000, Chan et al., 2001); hyster-
esis, aging and TLC film thickness (Anderson and Baughn, 2004;
Wiberg and Lior, 2004); and optical path (current study). Further
details are discussed in Sections 2 and 3.

This paper describes the calibration of both wide-band and nar-
row-band TLC using an isothermal surface of known temperature.
The research substantiates the findings of others and provides new
insights into some important effects, including aging, TLC film
thickness, ‘optical path’ and the use of a normalised temperature.
Two narrow-band crystals are also specifically calibrated for appli-
cation to experiments on a transparent disc rotating at high speed
(�5000 rpm). The calibration accounts for acceleration due to rota-
tion, the strobe illumination source frequency (synchronised to the
disc rotation), the illumination and viewing angles, hysteresis,
aging, TLC film thickness and the inherent indirect optical access.
Part 2 describes how these accurately-calibrated crystals were
used to measure the surface temperature on, and heat transfer
to, the rotating disc in a transient experiment modelling the flow
of internal cooling air in a gas turbine.
Please cite this article in press as: Kakade, V.U., et al. Accurate heat transfer m
characteristics of crystals. Int. J. Heat Fluid Flow (2009), doi:10.1016/j.ijheatflu
2. Calibration apparatus and method

The use of TLC in experimental heat transfer requires a quanti-
tative relationship between colour and temperature. This section
describes the calibration method used for the colour–temperature
interpretation.

2.1. TLC film thickness

To reduce irreversible damage from solvents and ultraviolet
radiation, the TLC was used in micro-encapsulated form. Small
spherical capsules (<0 lm in diameter) were mixed with an adhe-
sive binder and then this mixture was diluted with water. For
experiments in which the analysis requires more than one type of
TLC, the encapsulated crystals were combined before the water-
borne emulsion was sprayed, using an airbrush, onto the polycar-
bonate test surface. A thin layer of black paint was used to provide
contrast and enhance the colour visibility of the TLC. A single wide-
band and two narrow-band TLC were used: the wide-band crystal
(Hallcrest R30C5W) was active between 31 and 36 �C, and is simply
denoted as the wide-band crystal; both narrow-band crystals (Hall-
crest R30C1W and R40C1W) were active over 1C at approximately
30 and 40 �C, and are denoted as the 30 �C crystal and 40 �C crystal,
respectively. Here the activation and clearing-point temperatures
are defined as the minimum and maximum temperatures in the
range where the crystal reflects light.

The thickness of the TLC film must be controlled carefully: a
layer that is too thin produces poor colour, while a layer that is
too thick may create a significant and undesirable change of tem-
perature across the film. In heat transfer experiments, the film
should be sufficiently thin such that the TLC temperature is (within
reason) the same as the surface temperature of a semi-infinite
insulator and subject to the same heat transfer history. Film thick-
nesses of 15, 30 and 45 lm were used in the experiments and
easurements using thermochromic liquid crystal. Part 1: Calibration and
idflow.2009.04.007
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calibration; these thicknesses were created by spraying different
volumes of TLC over a 65 � 65 mm test piece. The thinnest coat
used was created by spraying 4 ml and the thickest layer obtained
using 24 ml of TLC over the same area. The thickness of the TLC lay-
ers was measured using a scanning electron-microscope and a typ-
ical photograph is shown in Fig. 1. The thickness of the black paint
was measured to be 5 lm. The uncertainty in all thickness mea-
surements was 5%.

2.2. Effect of rotation

The experiments (described in Part 2) used a transparent poly-
carbonate rotating disc which modelled the flow of internal cooling
air in a gas turbine, and the TLC was viewed through the disc using
a digital video camera and strobe light synchronised to the disc fre-
quency. The calibration of the TLC, in contrast, was conducted
using a stationary copper-block apparatus which created an iso-
thermal surface of known temperature. Rotating surfaces experi-
ence centripetal acceleration and it should be noted that Syson
et al. (1996) investigated the effect of rotation on the calibration
of TLC. In their experiments, the surface temperature of a rotating
disc was measured simultaneously using an infra-red imager and
wide-band TLC, and within the uncertainty of the measurements
it was concluded that there was no significant rotational effect
up to 16,000 g, where g is the acceleration due to gravity. Similar
conclusions were obtained by Camci et al. (1998).

2.3. Calibration apparatus

In all calibrations, the hue of the TLC was measured as a func-
tion of temperature. The stationary calibration was performed
using the copper-block apparatus shown in Fig. 2. It consists of a
copper block (65 � 65 � 5 mm) mounted in Rohacell insulating
foam (k � 0.04 Wm�1 K�1). The block was heated electrically by a
thin-film heater attached to the back face, and the temperature
measured using a K-type thermocouple embedded in the centre
of the block. This thermocouple was calibrated, along with two
surface-mounted and five fast-response thermocouples used else-
where on the experimental apparatus, over the range 20–100 �C
in a Haake oil bath. The temperature of the silicone oil was mea-
sured using NPL mercury-filled thermometers with a manufac-
turer’s specified uncertainty of 0.025 �C. The thermocouple cold
junction, which was in an isothermal box at around 20 �C, was
measured with a platinum resistance thermometer with an uncer-
tainty of 0.1 �C over the range 20–65 �C. All calibration tempera-
ture measurements, denoted Te, are referenced to the embedded
thermocouple.
Fig. 1. Scanning electron-microscope photograph of thermochromic liquid crystal,
including length scale.

Please cite this article in press as: Kakade, V.U., et al. Accurate heat transfer m
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For a direct-view calibration, the front surface of the copper was
spray-painted with black paint prior to application of the TLC coat-
ing under test. The maximum thickness of the coating (TLC and
black paint) in the current experiments was less than 60 lm. The
copper block was heated at a maximum rate of 0.002 �C/s to
45 �C (upper limit of the higher-temperature crystals) where,
assuming a typical thermal conductivity of 0.2 Wm�1 K�1 for the
coating, the temperature drop across the coating due to radiation
and free convective heat transfer to the ambient was estimated
to be less than 0.1 �C. The temperature drop across the copper
block itself was an order of magnitude less.

In the experiments, the crystals were viewed through the trans-
parent polycarbonate disc with black paint sprayed over the TLC
Thermocouple 
leads 

Black paint 

TLC 

Fig. 3. Apparatus for indirect calibration.

easurements using thermochromic liquid crystal. Part 1: Calibration and
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film on the exposed side. This optical arrangement required an
indirect-view calibration, as illustrated in Fig. 3. Here the TLC
and black paint were applied to a 10 mm-thick polycarbonate
test piece (the same thickness as the disc) which was bonded
to the copper block surface using heat-sink compound
(k � 0.6 Wm�1 K�1) to ensure good thermal contact. A Rohacell
cover was used to provide thermal insulation from the surround-
ings. Two surface-mounted thermocouples were used to ensure
no significant difference in temperature between the polycarbon-
ate surface coated with TLC and the isothermal copper block. This
difference in temperature was measured to be less than 0.06 �C
(which is within the uncertainty of the thermocouples) over the
range of the TLC calibration, 20 < Te < 42 �C.

The calibration was conducted in a dark-room with the test
piece illuminated by a strobe light (Chadwick Helmuth strobex
lamp model 270C) operating over the range of frequencies ex-
pected in the experiments. The TLC colour display was recorded
using a CCD camera (Panasonic NV-MX500) mounted perpendicu-
lar to the calibration apparatus with the light incident from a range
of angles, h, relative to the axis of camera as illustrated in Fig. 4.
This off-axis lighting arrangement was chosen to minimise direct
reflections from the optical windows. The camera shutter speed,
aperture settings and white balance were fixed for all experiments.

2.4. Image processing

The image processing was conducted using MATLAB R2007a
and its Image Processing Toolbox, and an image of the entire cali-
bration surface contained approximately 250 � 250 pixels. Though
the apparatus was designed to be isothermal, there were small
variations in lighting angle and TLC thickness over the calibration
surface. In order to minimise these effects, smaller 50 � 50 pixel
sections in locations around the surface were selected for process-
ing. The standard deviation in average hue from the different sec-
tions was within experimental uncertainty. Following the method
of Baughn et al. (1999), the data from each section was processed
using a 5 � 5 median filter (Medfit2 in MATLAB) on each of the RGB
image components separately. This filter replaced the RGB values
in each pixel with the median of the values within the surrounding
Fig. 4. Relative lighting and illumination angle for calibration.

Please cite this article in press as: Kakade, V.U., et al. Accurate heat transfer m
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block. The resulting RGB image was then converted to hue and
averaged over each 50 � 50 pixel section. There are various defini-
tions of hue; here the hue is determined using the formulation gi-
ven by MATLAB.

3. Effects of viewing, lighting, hysteresis, aging and film
thickness

The main factors which influenced the hue–temperature cali-
bration are described in the sub-sections below. These governing
effects include: the variation in optical path; the spectrum of the
illumination source and how this might change with strobe fre-
quency; the lighting and viewing angles; the differences between
cooling or heating cycles (hysteresis); the variation with the num-
ber of heating or cooling cycles (aging) and how this varies with
TLC film thickness.

3.1. Direct versus indirect view

The term optical path is used here to describe the differences
between a direct and indirect view; for the latter, the light will pass
through the transparent polycarbonate medium. Fig. 5 is a plot of
hue, H, as a function of temperature measured using the embedded
thermocouple, Te. Here the 40 �C crystal is compared using a direct
and indirect calibration with all other influencing factors constant
(e.g. viewing and illumination angles, TLC film thickness, aging
cycle).

For both the direct and indirect views, the TLC has a minimum
activation temperature and the hue increases monotonically, but
non-linearly, as the temperature is increased. Near the clearing-
point temperature (H > 0.7) the TLC ceases to reflect colour and be-
comes transparent. There is a definite change of slope at the green-
to-blue transition (H � 0.38) and the calibration is less useful
above this point because the resolution decreases as dH/dT de-
creases. The two calibrations have a similar shape and activation
range in terms of hue and temperature. However, there is a notice-
able shift of about 0.6 �C for the same value of hue. By refraction, or
some other optical process, the polycarbonate medium is believed
to alter the spectral content of the RGB components and conse-
quently shift the hue. Similar effects were measured using the
Te(C)
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Fig. 5. Variation of hue with temperature for direct and indirect view for 40 �C
crystal.
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30 �C and wide-band crystals. It should be noted that these calibra-
tions were repeatable as long as the TLC was kept below the upper
clearing-point temperature; if the temperature was increased be-
yond this point the TLC experienced hysteresis (see Section 3.4)
and aging (see Section 3.5).

3.2. Influence of strobe frequency

The spectral distribution of the illumination source will affect
the TLC response, and in most TLC experiments the primary source
of illumination dominates the background lighting. Anderson and
Baughn (2005) examined the spectral effects of a variety of illumi-
nation sources including a tungsten, halogen and fluorescent fila-
ments. Here all calibrations and experiments were conducted for
an indirect view in a dark-room using only the strobe light as illu-
mination. Fig. 6 shows a calibration of hue as a function of temper-
ature for the 30 �C crystal illuminated at three frequencies, which
correspond to the disc rotational speeds of 1000, 3000 and
5000 rpm used in the experiments. The measurements indicate
that the spectral distribution of the strobe light does not change
significantly with frequency and that the hue–temperature rela-
tionship is independent of the strobe frequency. The effects of rota-
tional acceleration were discussed in Section 2.2.

3.3. Lighting and viewing arrangement

TLC is sensitive to the viewing and illumination angles: Farina
et al. (1994), Behle et al. (1996), Sabatino et al. (2000), and Chan
et al. (2001) have all reported significant shifts in the hue temper-
ature correlations of wide-band TLC. Camci et al. (1992) reported
that the effect of viewing angle (h, see Fig. 4) with narrow-band
TLC was negligible between 0 < h < 40 but potentially significant
at greater angles. Here the influence of viewing angle on the cali-
bration of both narrow- and wide-band TLC has been studied. In
order to match the subsequent experiments, in all cases the cali-
brations are for an indirect view, the TLC film thicknesses were
all 45 lm and the TLC was experiencing the first heating cycle. In
Fig. 4, h is the angle between a normal view and the illumination
angle. For the calibration, the illumination angle was fixed at 34�
and h = 20�, 28�, 34� (to match the experiment) and 45�.
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Fig. 6. Effect of strobe frequency on variation of hue with temperature for 30 �C
crystal.
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Figs. 7a and b illustrate the variation of hue with temperature
using h as a parameter (shown in the legend) for the 30 and
40 �C crystals, respectively. For the narrow-band crystals there is
no significant effect at lower values of hue but the curves are ob-
served to diverge beyond the green-to-blue transition (H > 0.38).
The effect of the lighting/viewing arrangement might suggest the
necessity of a unique calibration for each pixel in view of the cam-
era for H > 0.38; although possible, this would be cumbersome in
most practical situations and it was imperative to ensure that an
image-wise, rather than point-wise calibration was suitable. Under
each lighting arrangement, i.e. for each h, the variation in measured
hue (0 < H < 0.7) across a 60 mm width of the isothermal TLC
surface was within the uncertainty limits. This 60 mm spacing
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Fig. 7b. Effect of illumination angle on variation of hue with temperature for 40 �C
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corresponds to an arc of 17.5� on the rotating disc used in the
experimental setup (see Part 2), which was the maximum field of
view used for the analysis; this 17.5� arc corresponded to a varia-
tion in lighting angle, h < 2�. Thus a unique pixel-by-pixel calibra-
tion for the narrow-band TLC was considered unnecessary.

Fig. 8a illustrates the variation of hue with temperature using h
as a parameter for the wide-band crystal. Though active over a
wider range, only data for 0 < H < 0.38 is shown. Here a significant
shift in the calibration with viewing angle is observed over the en-
tire temperature range tested. Hay and Hollingsworth (1998) sug-
gested a normalised temperature which collapsed data from TLC
with different active ranges to a single calibration curve. This con-
cept has been extended to account for the differences in viewing
angles (and in the next section hysteresis) of the wide-band TLC.
Values of hue corresponding to the green and red intensity peaks,
HG and HR, were chosen as the upper and lower extremes of the hue
domain. The corresponding temperatures, TG and TR, were deter-
mined by the calibration curve as shown in Fig. 8b. A third temper-
ature, TM, is defined as the temperature at the mean hue, HM,
between HG and HR. The normalised temperature is defined as
follows:

f ¼ T � TM

DT
ð1Þ

where DT = TG–TM if T > TM or DT = TM–TR if T < TM.
This definition of f allows the two halves of the calibration

curve to be stretched independently about a centre, f (HM) = 0.
Fig. 8c shows that the normalised temperature effectively collapses
the wide-band data onto a single characteristic curve for all view-
ing angles over a range �1 < f < 1. These results help simplify the
quantitative response of the wide-band TLC over a range of lighting
conditions and viewing angles. However, further investigation is
required if a normalised temperature is to be usefully applied
universally.

3.4. Hysteresis

The colour response (i.e. hue–temperature relationship) of TLC is
known to depend upon whether the crystals are undergoing a cool-
ing or heating cycle. This difference, referred to as hysteresis
xx

ζ
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Fig. 8c. Effect of viewing angle on variation of hue with normalised temperature for
wide-band crystal.
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(Anderson and Baughn, 2004), can be reduced significantly if the cy-
cle is kept below the clearing-point temperature. The TLC is ob-
served to reset when it is cooled below the activation
temperature. If the TLC temperature is raised significantly beyond
the clearing-point, then the colour response can be permanently al-
tered due to damage or aging (Sabatino et al., 2000; Wiberg and
Lior, 2004). Anderson and Baughn (2004) suggested a possible
explanation of the hysteresis based on the texture of the liquid crys-
tal helical structure.

The above effects have all been observed in this study. Hyster-
esis was investigated using a mixture of 30 and 40 �C narrow-band
TLC which was heated from 20 to 42.5 �C, a temperature just
beyond the clearing-point of the 40 �C crystal. In order to
match the subsequent experiments, the calibrations are for an
indirect view, the TLC film thickness was 45 lm and the TLC was
easurements using thermochromic liquid crystal. Part 1: Calibration and
idflow.2009.04.007
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40 �C crystal.
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Fig. 10a. Effect of cooling or heating cycle on variation of hue with temperature for
wide-band crystal.
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Fig. 10b. Effect of cooling or heating cycle on variation of hue with normalised
temperature for wide-band crystal.
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experiencing the first heating cycle. The data is shown in Figs. 9a
and b, illustrating a difference in the hue–temperature characteris-
tic for the heating and cooling cycles. In the cooling cycle, a de-
crease in the measured RGB values was observed (relative to the
heating cycle) corresponding to a shift to a higher hue for the same
measured surface temperature. The shift in hue is observed to be
greatest for the 30 �C crystal; the magnitude of the shift was ob-
served to increase with increasing maximum temperature before
cooling, as also reported by Anderson and Baughn (2004). Once
cooled below the activation temperature, the TLC resets and the
subsequent heating cycle characteristic was generally reproduced
within experimental uncertainty. However, this repeatability is
limited by aging, as discussed in Section 3.5.
Please cite this article in press as: Kakade, V.U., et al. Accurate heat transfer m
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A similar hysteresis is observed for the wide-band crystal, as
shown in Fig. 10a. Fig. 10b illustrates that the normalised temper-
ature effectively collapses the wide-band data onto a single charac-
teristic curve for both the heating and cooling cycles over a range
�1 < f < 1. The causes of hysteresis are complex and further inves-
tigation is required if a normalised temperature is to be usefully
applied more universally.

Hysteresis can be reduced by ensuring that the calibrations are
conducted in the same direction and from the same initial temper-
ature as in the application, starting below or above the active col-
our–temperature range. In the application reported in Part 2, the
transient method exposes a low temperature model to a heated
flow and data is only collected in a heating cycle.
easurements using thermochromic liquid crystal. Part 1: Calibration and
idflow.2009.04.007



8 V.U. Kakade et al. / International Journal of Heat and Fluid Flow xxx (2009) xxx–xxx

ARTICLE IN PRESS
3.5. Aging and influence of film thickness

During each experiment the TLC experiences a heating cycle,
where it is heated from 20 �C (below the activation temperature)
to approximately 50 �C (well beyond the clearing-point) over a
time of approximately 20 s. The TLC then cools to 20 �C before
the next experiment. Typically one or two experiments were per-
formed each day and it is important to assess if the H–T calibration
is influenced by the aging inherent in this cyclic process. Wiberg
and Lior (2004) reported that the thickness of the TLC layer
affected the calibration and vulnerability to aging, i.e. a change in
the hue–temperature relationship with time due to prolonged
exposure to high temperature and use. Thicker layers of TLC were
shown to be less sensitive to the effects of aging. Anderson and
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Fig. 11a. Effect of repeated heating cycles on variation of hue with temperature for
30 �C crystal with film thickness 15 lm.
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Fig. 11b. Effect of repeated heating cycles on variation of hue with temperature for
30 �C crystal with film thickness 30 lm.
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Baughn (2004) discuss a similar effect, reporting permanent dam-
age to the TLC during exposure to temperatures above the clearing-
point; the damage was characterised by a decrease in reflectivity
and a shift in the temperatures at which the red and green inten-
sity peaks were observed.

The above effects have all been observed in this study. The
influence of film thickness (see discussion in Section 2.1) was
investigated using the 30 �C crystal. Figs. 11a–c illustrate the vari-
ation of hue with temperature for 15, 30 and 45 lm film thick-
nesses, respectively, with the number of heating cycles used as a
parameter – C1 is the first cycle, C5 the fifth, etc. Here each heating
cycle takes the TLC from 20 to 32.5 �C (a temperature just beyond
the clearing-point of the crystal) and then back to 20 �C, allowing
the crystal to reset as it cools past the activation temperature
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Fig. 11c. Effect of repeated heating cycles on variation of hue with temperature for
30 �C crystal with film thickness 45 lm.
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Fig. 11d. Effect of film thickness on variation of hue with temperature for 30 �C
crystal for first heated cycle.
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(�30.5 �C). Hysteresis occurs but only data for the heating portion
of the cycle is shown.

The data illustrates that the hue–temperature relationship of
the thinner films changes as the TLC is cycled past the clearing-
point. For a fixed temperature, the curves are observed to shift to
a lower hue as the number of cycles increase; as discussed below
in reference to Fig. 13, there is a corresponding shift in the peak
R and G intensity levels and their associated temperatures in this
aging process. The thinnest film is shown to be most sensitive to
aging; the calibration of the thickest film (45 lm) is shown not
to be influenced significantly up to 10 cycles. Fig. 11d is a plot of
H versus T for the three film thicknesses for the first heating cycle,
illustrating that the crystal calibration depends upon the thickness
of the layer even before aging occurs. The differences in the calibra-
tion are much smaller for the two thicker films, and it is important
to note that any non-uniformity in film thickness may cause errors
in the measured temperature.

One probable cause of aging is the exposure to ultra-violet (UV)
radiation. However, in the aging experiments reported here, an
indirect view was used, and the polycarbonate would have acted
as an effective filter for the UV light from the strobe. It is possible
that the more rapid aging of thin films of TLC, which has been
noted by others for the direct view case, was caused – or increased
– by the absorption of UV radiation by the exposed outer layers of
crystal; for thick films, the outer layers might act as a UV filter, pro-
tecting the inner layers from the aging process. The fact that aging
also occurs for the indirect view case, where UV effects are thought
to be negligible, suggests that some other mechanism might be
responsible. More work is needed before a definitive reason can
be given for the cause of TLC aging.

As observed by others, the crystals also age when exposed to
high temperature for a significant period of time. The sensitivity
to aging and damage (a permanent decrease in reflected intensity)
is shown to be more acute for thinner films. This was demonstrated
by heating the 30 �C crystal from 20 to 60 �C (curve denoted C1 in
Figs. 12a–c) and holding the crystal at this maximum temperature
for 150 min before cooling to 20 �C; the crystal is subsequently
heated through its active range (curve denoted C2 in Figs. 12a–c.
Fig. 12a illustrates the variation of H with T for a film thickness
of 15 lm and it is observed that for a given temperature there is
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Fig. 12a. Effect of exposure to high temperature for 30 �C crystal with film
thickness 15 lm.
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a significant shift to a lower hue in the second cycle. This shift in
the TLC colour–temperature relationship is more marked than that
observed in the data in Fig. 11a, which corresponded to a signifi-
cantly less exposure beyond the clearing-point temperature and
a lower peak exposure temperature (32.5 versus 60 �C) prior to
cooling. Similar data for the 30 and 45 lm film thicknesses are
shown in Figs. 12b and c, where the aging effect is shown to be less
pronounced. The shift in hue between the two cycles is related to
deterioration in the visibility of the TLC (i.e. a reduction in the re-
flected intensity) as well as a shift in the temperature of the peak R
and G maxima.

Figs. 13a and b shows the R and G intensities versus tempera-
ture for the 30 and 45 lm TLC film thicknesses for the two heating
cycles, C1 and C2, corresponding to the hue data presented in Figs.
easurements using thermochromic liquid crystal. Part 1: Calibration and
idflow.2009.04.007



Table 1
Reduction in peak green intensity due to aging.

Green intensity

Thickness (lm) Cycle T Hue Peak intensity % Reduction

30 C1 31.4 0.38 210
C2 31.7 0.4 84 60

45 C1 31.4 0.39 202
C2 31.1 0.38 176 13
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Fig. 13a. Effect of exposure to high temperature for 30 �C crystal with film
thickness 30 lm.
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Fig. 13b. Effect of exposure to high temperature for 30 �C crystal with film
thickness 45 lm.
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12b and c, respectively. Data for the green intensity is tabulated in
more detail in Table 1. The aging has reduced the G intensity of the
30 lm film by 60% where the deterioration in visibility is so acute
the crystal can no longer be used effectively. The H–T relationship
for the 45 lm film has been essentially preserved between cycles
C1 and C2 though the peak G intensity has been reduced by 13%.
These aging experiments, with their associated measurements of
peak R and G intensities, provide a useful measure of the fidelity
of the TLC calibration.

3.6. Summary of the calibration

The experimental application (see Part 2) uses the 30 and 40 �C
crystals with an indirect view, lighting angle of 34�, heating (rather
Please cite this article in press as: Kakade, V.U., et al. Accurate heat transfer m
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than cooling) direction, and film thickness of 45 lm. With refer-
ence to the experiments, these calibrations were not in situ but
they do account for the lighting arrangements, optical path, heat-
ing and cooling cycles, and peak temperatures experienced by
the TLC on the experimental apparatus. In all experimental cases
the time of exposure to high temperature was significantly less
than the extremes tested in the calibrations, and the number of
heating cycles experienced by the TLC never created a measureable
deterioration in the peak R and G intensities. While of practical
importance, the reported TLC calibrations are limited in the sense
that they are applicable to the specific experimental arrangement
used. However, the range of this investigation has provided insight
into the importance and influence of the various factors governing
any general calibration.
4. Conclusions

An extensive set of calibrations for wide-band and narrow-band
TLC has been reported, with the colour response presented as a
hue–temperature relationship. An apparatus was designed to ac-
count for both direct and indirect (through polycarbonate) views
of the TLC on an isothermal surface of known temperature. The
two calibrations were shown to have a similar shape and activation
range in terms of hue and temperature. However, as stated above,
the indirect view (which modelled the experimental arrangement)
produced a shift in the hue–temperature relationship.

Narrow-band crystals were observed not to be significantly af-
fected by variations in viewing angle between 20� and 45�, pro-
vided the hue did not exceed the green-to-blue transition
(H � 0.38). In contrast, the calibration of the wide-band TLC fea-
tured a significant shift in hue with viewing angle over the entire
active range of the crystal. A normalised temperature was shown
to effectively collapse the wide-band data onto a single character-
istic curve, simplifying the quantitative response of the wide-band
TLC over the range of lighting conditions and viewing angles
tested.

All TLC exhibited similar hysteresis behaviour when cooled
after being heated, provided the final temperature in a calibration
cycle was high enough relative to the activation range. In the cool-
ing cycle, a decrease in the measured RGB values was observed
(relative to the heating cycle), corresponding to a shift to a higher
hue for the same measured surface temperature. The magnitude of
the effect was observed to increase with increasing maximum tem-
perature before cooling. Once cooled below the lower activation
temperature, the TLC resets and the heating cycle characteristic
was generally reproduced unless influenced by aging effects.

In heat transfer experiments, the film should be sufficiently thin
that TLC temperature is (within reason) the same as the surface
temperature of a semi-infinite substrate and subject to the same
heat transfer history. The thickness of the TLC layer has been
shown to affect the calibration and the vulnerability to aging, i.e.
a change in the hue–temperature relationship with time due to
prolonged exposure to high temperature and use. Permanent dam-
age to the TLC, characterised by a decrease in reflectivity and a shift
in the temperatures at which the red and green intensity peaks
were observed, occurred during exposure to temperatures above
easurements using thermochromic liquid crystal. Part 1: Calibration and
idflow.2009.04.007
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the clearing-point. The sensitivity to aging and damage is shown to
be more acute for thinner film thicknesses.

The generic calibrations substantiate the findings of others and
provide new insights into how important effects (especially aging,
TLC film thickness, ‘optical path’ and the use of a normalised tem-
perature) influence the various factors governing the hue–temper-
ature relationship. The 30 and 40 �C narrow-band TLC were also
specifically calibrated for application to a transient experiment
modelling the flow of internal cooling in a gas turbine, as presented
in Part 2.
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