Thermochromic liquid crystals (TLCs) can be applied
for thermographic measurements of heat trans-
fer and temperature in fluid mechanics, delivering
important quantitative full-field data for compar-
ison with and validation of numerical simulations.
Thin coatings of TLCs at surfaces are utilized to
obtain detailed heat transfer data for steady or
transient processes. Application of TLC tracers
allows instantaneous measurement of the tem-
perature and velocity fields for two-dimensional
cross sections of flows. These methods are based
on computerized true-color analysis of digital
images for temperature measurements and mod-
ified particle image velocimetry, which is used
to obtain the flow field velocity. In this Chapter,
the advantages and limitations of liquid-crystal
thermography are discussed, followed by several
examples of thermal flow field measurements.
The use of infrared thermography for non-
intrusive measurement of spatially resolved surface
heat transfer characteristics is described for five
different measurement environments, includ-
ing situations where large gradients of surface
temperature are present. In the first of these,
measurements are made on the surface of a ther-
apeutic biomedical patch, where the quantity
of interest is the time-varying spatially resolved
surface temperature. For the other situations,
the measured temperature distributions are used
to deduce quantities such as the surface Nus-
selt numbers on the surface of a swirl chamber,
the effectiveness of surface adiabatic film cool-
ing downstream of individual shaped film cooling
holes, the surface heat flux reduction ratio down-
stream of two rows of film cooling holes placed on
a model of the leading edge of an airfoil, and ther-
mal boundary condition information for numerical
predictions of the heat transfer characteristics on
the surface of a passage with an array of rib turbu-
lators. In all of these situations, in situ calibration
procedures are employed in which the camera,
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imaging, and data-acquisition systems are all cal-
ibrated together in place within the experimental
facility as the infrared measurements are ob-
tained. This requires separate, simultaneous, and
independent measurements of surface tempera-
tures, and produces spatially resolved results from
infrared images with high levels of accuracy and
resolution.
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7.1 Thermochromic Liquid Crystals

The description of transient temperature fields is one
of the most sought after goals of experimental fluid
mechanics. Unfortunately, performing accurate tem-
perature measurements is not an easy task. Point
measurements, which are the most common, usually
give insufficient information if complex configurations
are investigated. Full-field measurements, although not
as accurate, may offer greater confidence for compar-
ison with the numerical results. One such full-field
technique is based on the use of thermochromic li-
quid crystals (TLCs). Their use to study heat transfer,
flow visualization, and thermal mapping is playing
an increasing role in the compilation of experimental
temperature-related data in several areas of applica-
tions, competing with or replacing traditional infrared
thermography [7.1].

Liquid crystals are highly anisotropic fluids that ex-
ist between the phase boundaries of the solid phase
and the conventional, isotropic liquid phase [7.2]. Their
temperature sensitivity is based on the property of
some cholesteric, chiral-nematic liquid-crystal mater-
ials. This phase is typically composed of molecules
arranged in a stack of very thin layers with the direc-
tor in each layer twisted with respect to those above
and below. An important characteristic of the cholesteric
mesophase is the pitch, which is defined as the distance
over which the director rotates a full turn in the he-
lix structure of the nematic layers. The helical structure
of the liquid-crystal material is responsible for its abil-
ity to selectively reflect light of wavelengths related to
the pitch length. As the incident light passes through
a TLC material, the periodic variation of the refrac-
tive index (Sect.6.1) modulates the light polarization
and causes interference within the multilayered ma-
terial. According to Bragg’s law, a characteristic light
wavelength is singled out depending on the light scat-
tering angle, refractive index and structure periodicity.
Hence, a single color will be reflected when the mo-
lecular pitch is equal to the corresponding wavelength
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of light in the visible spectrum. Temperature variation
or stress executed on the sample will change the direc-
tor orientation in successive molecular layers, which
modifies the pitch length. This makes it possible to
use liquid crystals as temperature indicators, where de-
tection of the color change in reflected light leads to
quantitative information. The side effect, stress sensi-
tivity of the liquid crystals, is successfully used in fluid
mechanics to detect shear or pressure changes [7.3].
However, for temperature measurements this should be
minimized to avoid ambiguity of information given by
color changes.

Bulk TLC material is normally clear, or slightly
milky in appearance. It shows a change of color to
red in response to an increase of temperature, followed
by yellow, green, blue, violet, finally turning colorless
again at higher temperatures. The molecular transition
responsible for the selective light reflection is limited
to a narrow range of temperature variation, defined for
a specific TLC material as the color play range. The
color changes of TLCs are repeatable and reversible
as long as the material is not physically or chemically
damaged. This being the case, TLCs can be calibrated
accurately with proper care and used as temperature in-
dicators. They modify incident white light and display
color with a wavelength that is related to temperature.
Beyond its clearing point temperature, a TLC material
is a transparent liquid, simplifying its use as an additive
to paints, filters or warning labels.

Pure liquid-crystal materials are thick, viscous lig-
uids, and are greasy and difficult to deal with under most
heat transfer laboratory conditions. TLC materials are
also sensitive to mechanical stress. A microencapsula-
tion process that encloses small portions of liquid-crystal
material in polymeric material has been introduced to
solve problems with stress sensitivity and chemical
deterioration.

In the past liquid crystals have been extensively ap-
plied in the visualization of entire, either steady-state
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or transient temperature fields on solid surfaces. Since
quantifying color is a difficult and somewhat ambiguous
task, application of TLCs was initially largely qualita-
tive; application of color photography or interference
filters for color analysis was tedious and inaccurate.
Quantitative and fast temperature measurements were
only brought about with the adoption of the charge-
coupled device (CCD) color camera and digital image
processing. The rapid development of hardware and soft-
ware image-processing techniques has made the use
of inexpensive systems, real-time, transient, full-field
temperature measurements using TLCs possible.

Thermochromic liquid crystals can be painted onto
a surface [7.4-11] or suspended in the fluid to render
the temperature distribution visible [7.12—-16]. By dis-
seminating the liquid-crystal material throughout the
flow, TLCs not only become classical tracers for flow
visualization, but simultaneously, minute thermometers
monitoring the local fluid temperature (Fig. 7.1).

The typical diameter of TLC tracers used in flow
measurements is 20—50 pm. As the density of TLCs
is close to that of water, they are well conveyed in
liquid flows. The response time of TLC materials is
3—10 ms, sufficiently fast for typical thermal problems
in fluids. Application of TLCs as tracers facilitates in-
stantaneous measurement of temperature and velocity
fields [particle image velocimetry (PIV); Sect. 5.3.2] in
atwo-dimensional cross section of the flow. Itis a unique
method of combining full-field temperature and velocity
measurements [7.17-20]. In the following we give some
details on application of TLCs for fluid mechanics meas-

urements, mostly gained through our own experience
playing with colors during the last 20 years.

7.1.1 Materials

Generally there are three different forms of TLCs avail-
able: unsealed pure cholesteric material, slurries of
encapsulated TLCs, and mechanically protected thin
liquid-crystal films. TLCs can be purchased in one of
these forms with the chemical composition matched
to the temperature variation of the problem. Typically
they have a color play range of about 0.5-40°C, as-
sociated with clearing point temperatures of —30°C to
above 120°C. The proper choice of material depends
on the application. Its working temperature (clearing
point) should match the expected temperature range.
Selection of narrow-band TLCs offers accurate resolu-
tion of temperature but only over a very narrow interval.
This is convenient in detecting transient changes of tem-
perature, where the passage of a single, well-defined
isotherm through the investigated media can easily be
detected. Broadband TLCs give rather qualitative infor-
mation, discriminating hot and cold regions with very
little accuracy of measured temperature values. It is
worth noting that most TLC producers define the tem-
perature response of their products using a null angle
between illumination and observation. These must be
modified according to Bragg’s law for other configura-
tions, which results in a shift of the clearing point and
shrinkage of the bandwidth of the TLC’s color response.
Table 7.1 shows the basic properties of a few TLC sam-

Fig.7.1a—=c Natural convection in a differentially heated box. Three different flow regimes are visualized using un-
encapsulated liquid-crystal tracers: (a) Low Rayleigh number (10%): temperature difference between walls 4 °C, TLC
material TM 107, box size 38 mm; (b) Intermediate Rayleigh number (8 x 10%): temperature difference 16 °C, TLC mater-
ial TM445, box size 38 mm; (c) High Rayleigh number (1.3 x 10%): temperature difference 34 °C, TLC material TM317,
box size 80 mm. Images (a) and (b) were obtained from color slides exposed 20 times every 15 s; image (c) was created
from 20 digital images taken every 200 ms and added in a computer memory
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Table 7.1 Thermochromic liquid crystals applied to flow measurements. Nominal red clearing point Ty and temperature
range AT according to catalogue data
Company Symbol Tstare CC) AT (°C) Form Comments
Hallcrest BM 250/ROC 10W /S33 0 10 Encapsulated AT =~ 5°C, heavy tracers
Hallcrest BM 100/R90OF 2W /S33 32.5 2 Encapsulated
Hallcrest BM 100/R90F10W /S33 325 10 Encapsulated
Hallcrest BM R29C 4W /S33 29 4 Encapsulated
Hallcrest BM 100/R20C10W /S33 20 10 Encapsulated
Hallcrest BM 100/R6C12W /S33 6 12 Encapsulated
Hallcrest BM 100/R29C4W /S33 29 4 Encapsulated
Hallcrest BM /R96C6W 96 6 Liquid
Hallcrest BM /R60CO6W 59.8 6 Encapsulated
Hallcrest BN /R70C6W 69.5 6 Liquid
BDH TM 445 (R17 C6W) 17 6 Liquid Strong colors, AT ~4°C
BDH TM 446 (R37 C6W) 37 6 Liquid Strong colors, AT ~4°C
BDH T™ 317 21 20 Liquid Strong colors, AT ~4°C
BDH T™ 107 (R27 C6W) 27 8 Liquid Strong colors, AT ~ 3°C
Merck T™M 912 —2 10 Liquid Strong colors
Merck TCC 1001 (27C-31C) 27 4 Encapsulated Very stable suspension
ples used as tracers with some practical remarks about ence, is their flexibility in matching the color play range.
their usage. In experiments where phase changes takes place (freez-
Liquid-crystal organic compounds degrade very eas-  ing, boiling) the color play of TLCs must exactly match
- ily when exposed to chemical contamination and to the desired temperature range. Usually it is not pos-
o ultraviolet light. Slight chemical contamination may sible or very expensive to obtain TLCs manufactured
; shift the color play range over several degrees Celsius exactly to that range, and even then experimental con-
= or even completely remove the TLC temperature sensi- ditions may shift the resulting color response, making
i tivity. In our experience, apparently negligible sources new, expensive matching of the ordered TLCs necessary.

of contamination such as the use of polyvinyl tubes for
providing the suspension of liquid crystals appear to
produce surprisingly strong effects on the TLC response
characteristics. As the effect of chemical deterioration
is usually difficult to predict, it is recommended to use
unsealed TLCs only in water and its solutions with glyc-
erol. For all other flow configurations protection through
encapsulation is necessary. Despite this inconvenience
in most of our experiments pure, unsealed TLCs mater-
ial was used to produce TLC tracers. There are two main
reasons for this. Pure material offers a very good signal-
to-noise ratio for color evaluation. For large enough
tracers and for glycerol or water as a carrier liquid,
the intensity of light scattered by unsealed TLCs (Mie
scattering band) beyond their clearing point is negli-
gibly small. Hence, tracers are practically invisible for
temperatures outside their color play range. This prac-
tically cancels any secondary light scattering, improves
color evaluation, and allows for deeper optical pene-
tration in the flow. The second reason for using pure
TLCs material, which is very important in our experi-

@ Springer Handbook of Experimental Fluid Mechanics
= Tropea, Yarin, Foss (Eds.) - © Springer 2007

The same result can be achieved simply in the labora-
tory using unsealed material by mixing two samples of
TLCs with clearing points above and below the desired
working temperature. The mixture obtained will exhibit
temperature sensitivity in the range proportional to its
composition.

Pure TLC material is commercially available as
a thick, viscous liquid. It can be dissolved in several
organic solvents (e.g., diethylether) and sprayed onto
the solid surface or directly into the fluid to be inves-
tigated. It is also possible to emulsify them into the
liquid by strong mixing with the carrier fluid. When
applying unsealed TLCs as tracers, it is important to
achieve a homogeneous, very dilute suspension of small
droplets. The size of the tracers should be minimized to
avoid buoyancy effects and guarantee that tracers follow
the flow pattern. However, they should be large enough
to be detectable and, what is even more important in
the case of TLCs thermography, to guarantee a strong
enough signal-to-noise ratio of reflected light for color
evaluation.
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Several techniques have been investigated to achieve
this target. Mixing diethylether solutions of TLCs with
a hot carrier liquid is a relatively simple and efficient
method. First, a thin layer of the solution is left at
the liquid surface until the ether has completely evapo-
rated. Then, by mechanical stirring, a tiny microlayer of
pure TLC is broken into a suspension of microdroplets.
However, the resulting droplets vary quite substantially
in size and an additional selection procedure (sedi-
mentation) is necessary to remove the large ones. The
method was improved using piezoceramic droplet gener-
ator to disperse the ether TLC solution in a 2 m-high fall
tower [7.21]. The ether solvent in droplets with a diam-
eter of 0.4 mm completely evaporates during their flight,
and pure TLC material can be collected in the carrier
liquid. The apparatus allows a suspension of almost per-
fectly monodisperse TLC droplets with a diameter of
50 um to be obtained, evidently improving the qual-
ity of tracer images (Fig.7.1a,b). A less tedious but
in most cases satisfactory method of dispersing pure
TLC materials in liquids is turbulent mixing of a pre-
heated carrier liquid doped with a small amount of hot
TLC material. Using this method, the TLC droplet size
is 10—-50 pm, forming a uniform colorful mist when
observed by a CCD camera.

Perhaps the most common method employed for
flow visualization experiments is the application of en-
capsulated TLCs, which are commercially available as
slurries of polymer capsules in water. Each microcap-
sule, of size 50—150 jum, contains approximately 40%
(by weight) of enclosed TLC material. These are cus-
tom formulated for the required color change properties.
It is possible to control the buoyancy (apparent specific
gravity) characteristics of the microcapsules within lim-
its by varying the composition of the TLC mixture, and
the microcapsule diameter and wall properties. The TLC
slurry can be added directly to the carrier fluid. Theoret-
ically, it should be possible to use such microcapsules
in any liquid that is not aggressive to the encapsulation
material. Since the slurry carrier is water, in practice
it seems that they can only be mixed with aqueous
solutions of glycerol, ethylene glycol, and other simi-
lar low-molecular-weight polyhydric alcohols. Seeding
with dry particles is not possible. Polymeric shells en-
closing TLC materials are very fragile. Any attempt
to remove the TLC particles from the slurry by dry-
ing or filtering leads to their damage and loss of their
content. Perhaps the only nonaqueous carrier liquid suc-
cessfully used with encapsulated TLCs is silicon oil.
Usually encapsulated TLCs produce less-saturated col-
ors. Light diffused by the capsule creates an additional

white background in addition to the selective reflec-
tion by the liquid crystals, decreasing the saturation of
the analyzed colors and the overall transparency of the
carrier liquid. Therefore the potential advantages of us-
ing encapsulated TLCs, the chemical and mechanical
protection of the TLC material, is diminished by the
reduced flexibility in matching size and composition,
their worse optical properties, and the much higher unit
price.

For surface temperature measurements, the unencap-
sulated material (unsealed liquid) is applied to a clear
plastic sheet and sealed with a black backing coat to form
a prepackaged assembly. Commercially temperature-
indicating devices using a thin film of liquid crystal
sandwiched between a transparent polyester sheet and
a black absorbing background are available. If chemical
or mechanical protection is not a serious problem, it is
possible to deposit pure material directly onto the black
surface. Evaporation of an ether solution of TLCs has
been successfully used to cover interrogated surfaces
with a very uniform, thin microlayer of thermochromic
material.

Application of TLCs sheets and films is limited to
measurements of the heat transfer coefficient and tem-
perature distribution over areas that are difficult to access
with other complementary techniques such as infrared
(IR) thermography. TLC films have an advantage over
IR techniques in all configurations where direct monitor-
ing of long-wavelength infrared radiation is obstructed,
for example by a water film falling over the surface
in question. However, obtaining quantitative measure-
ments with TLC films is not simple and in many cases
impossible due to artefacts produced by nonuniform il-
lumination of the interrogated object. Additional sources
of uncertainty are heat flux resistance occurring between
the surface and the thermochromic foil or unknown vari-
ations of the effective thickness of the thermosensitive
paints sprayed over the surface.

7.1.2 lllumination

TLCs show colors by selectively reflecting incident
white light. The observed color depends on the TLC
temperature and also on the reflection angle, measured
relative to the incident light direction. The effects are
different in thin films and paints compared to trac-
ers suspended in liquids. In both cases two basic rules

apply:

1. the light source should have smooth and stable spec-
tral characteristics, and

Springer Handbook of Experimental Fluid Mechanics
Tropea, Yarin, Foss (Eds.) + © Springer 2007 =

4o

T°,]|9 Med



492

T°,]|9 Med

Part B

Measurement of Primary Quantities

2. the angle between the observer (camera) and the
direction of incident light should be kept fixed across
the whole monitored area.

To fulfil the first condition, collimated light from
strong halogen lamps or xenon flash tubes is practi-
cally the only choice. For flow illumination, strong and
relatively easily fabricated light sources are assembled
using linear 1000 W halogen lamps with a tungsten fil-
ament spanning a 150 mm tube. Lamps are switched
on for only a short time (0.5-55s) to avoid excessive
heating and to extend the lifetime of the filaments. A fil-
ament preheating circuit is used to speed up switching
of the lamp to full power. High-energy xenon discharge
lamps are employed for short illumination times. Such
lamps consist of a 150 mm-long tube connected to a bat-
tery of condensers and can deliver as much as 1kJ
of energy during a 1 ms pulse. Repetition of the light
pulses is relatively slow (several seconds). The total
thermal load and condenser charging time are both fac-
tors limiting the repetition rate. In practice, two sets
of condensers with an electronic switch can be used
to allow two light pulses to be emitted from the same
tube within approximately 200 ms. Such a configuration
is useful when applying TLC tracers for simultaneous
temperature and velocity measurements (particle image
thermometry (PIT) and velocimetry (PIV); for the latter
see Sect. 5.3.2).

For surface temperature measurements special care
is necessary to avoid specular light reflections form the
surface covered by the TLCs. Sometimes polarization
filters may help to minimize this effect. Application
of diffuse light, often preferred for the illumination of
complex surface geometries, introduces uncertainty in
the color—temperature relation and limits the accuracy
of measurements due to variation of the illumina-
tion/observation angle over the investigated area. To
avoid additional heating by irradiating light, infrared
filters and short light pulses should be applied. Use
of fluorescent tubes is not advised as the illumina-
tion they produce is pulsating in time and spectrally
discontinuous.

Incident light should be collimated to achieve well-
defined conditions for Bragg reflection of a single
wavelength. This is especially important for tracers,
where reflected light is observed directly. For TLCs
sealed between multilayered films, internal light re-
flections partially diminish their sensitivity to the
observation angle variation. In some surface tempera-
ture studies, variation of the lighting/viewing angle by
up to 30° is often accepted as a compromise between il-
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lumination uniformity and good color resolution [7.4].
However, for quantitative measurements such a compro-
mise is not acceptable and, as pointed out by Sabatino
et al. [7.10], only a calibration over the full viewing
area can help to remove viewing angle bias from sur-
face temperature measurements. In practice this requires
a calibration curve for each point (image pixel) of the
analyzed surface. Such a technique, which is easy to per-
form when using digital recording, takes into account
most sources of uncertainty in the perceived hue, in-
cluding reflections, nonuniformity of the color response
characteristics of the CCD pixels, lenses, and optical
windows.

Good collimation of panchromatic (white) light,
which is necessary for quantitative temperature meas-
urements, is not an easy task. Optical passages including
multiple slits, parabolic mirror and cylindrical lenses are
used to extract a 2 mm-thick 100 mm-wide sheet of light
from a halogen or flash tube, with the sheet collima-
tion preserved over a distance of about 10 cm. The cost
of this is strong attenuation of the light intensity, leav-
ing little left from a 1000 W light source. To resolve
the difficulties of light collimation it is possible to ap-
ply a bundle of three monochromatic light sources, such
as lasers or laser diodes operating at blue, green and
red colors. However, an additional problem arises with
equalizing the color balance at every illuminated point.
Hence, in practice lasers (HeNe) are applied for the il-
lumination of TLCs only to extract single isotherms for
calibration purposes.

A procedure has been developed to resolve the ques-
tion of the single-wavelength accuracy of the method
and its sensitivity to variations in lighting and viewing
angle [7.22]. A suspension of unsealed TLCs (TM317)
in glycerol was produced using the aforementioned
ether-solvent-based dispersing method. Calibration of
the suspension was performed in a small cubic container
(38 mm internal size) made of Plexiglas, with top and
bottom walls made of black, oxidized metal. Both metal
walls were kept at a constant temperatures, 28.7 °C for
the top and 26.6 °C for the bottom, ensuring stably strat-
ified thermal field in the liquid. The temperature in the
cavity varied linearly with height, with small deviations
in the vicinity of the Plexiglas side walls. The liquid was
illuminated by a chopped 0.5 mm-diameter laser beam
from a 5SmW HeNe laser, passing through the center
cross section of the cavity (Fig. 7.2a). The scattered light
was observed in the perpendicular direction (¢ = 90°)
with an optical system equipped with a focusing lens and
a photodiode. Scattered light was collected from a re-
gion approximately 1 mm in size, selected in the middle



Temperature and Heat Flux ‘ 7.1 Thermochromic Liquid Crystals 493

a) Chopper
PD H:%

Reference frequency input

b) Voltage (arb. units)
20

18
16

7.6 27.7 27.8 279 28 28.1 282 283 284
Temperature (°C)

€) Temperature change (°C)
0.2

0.15
0.1

0.05

a

60 70 80 90 100 110
Angle (deg)

of the beam. The scattered light intensity was monitored
using a differential, phase-locked voltmeter. Moving the
cell up and down with a micrometer screw, liquid layers
with linearly varying temperature were interrogated. The
intensity of the scattered light (reflected by the TLCs)
remained almost constant until the temperature-matched

Fig.7.2a-c Intensity of HeNe laser light scattered by sus-
pension of unencapsulated TLC tracers (TM317) kept in
a stable vertical temperature gradient in a 38 mm Plexiglas
box: (a) schematic of the apparatus, (b) effect of tempera-
ture variation, (c) effect of the angle of observation on the
measured temperature shift

red-band sensitivity of TLCs. A strong peak in the sig-
nal was observed (Fig.7.2b) when the condition for
matching the laser wavelength with the TLCs charac-
teristic pitch was reached. The near-Gaussian shape of
the signal, with a half-amplitude width corresponding to
a 0.2 °C temperature change, indicates the nominal sen-
sitivity of the TLC sample. This value corresponds to
the ideal conditions of 633 nm-wavelength evaluation of
isotherms, and for the given experimental configuration
defines the minimum error of quantitative temperature
measurements in the red part of the color play range of
the TLC sample. The dependence of the reflecting angle
on the temperature shift was evaluated by varying the
position of the detector on the arc centered at the inter-
rogated point of liquid. Figure 7.2c illustrates the linear
decrease of the detected light intensity, with a slope
corresponding to a change of 0.07°C in the recorded
temperature for each 10° change in the viewing angle.
This test underlines the importance of preserving a fixed
angle between the illuminated plane (light sheet plane)
and the camera, and keeping the viewing angle of the
lens small. For example, observing a 5cm-wide area
with a CCD camera in the perpendicular direction, the
observation distance should be about 400 mm to keep
the viewing angle below 4°.

7.1.3 Acquisition and Calibration

The calibration procedure is the most tedious and deli-
cate element of TLCs thermography. Due to the unstable
properties of TLCs and the large sensitivity of their color
response to experimental conditions, the same illumina-
tion and recording system should be used for calibration
and measurements. This guarantees that color bias due
to external optical effects is taken into account. A typical
experimental setup used for quantitative thermography
consists of an illumination set, a three-chip CCD color
camera and a 24 bit frame grabber. A commercially
available standard three-CCD camera can be used, but its
color response should be verified and properly balanced.
The electronically generated color bars are useful to
balance the gain and contrast of each of three color chan-
nels. Features that compensate for the nonlinear color
response of the human eye, automatic gain, and white
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balance, usually set by default in standard cameras,
should be deactivated.

For flow measurements, the investigated cavity is
illuminated with a thin sheet of white light from the
aforementioned halogen lamp or xenon flash tube and
observed in the perpendicular direction. The color im-
ages, typically of 768 x 564 pixels, can be easily acquired
using a color frame grabber installed in a personal
computer equipped with a peripheral component inter-
connect (PCI) or Firewire (IEEE 1394) interface. The
setup (Fig.7.3) additionally consists of a computer-
controlled system of three stepper motors, which allow
the automated acquisition of several horizontal and ver-
tical planes across the flow within one or two minutes.
Hence, for slowly varying flow structures, a transient
recording of three-dimensional flow features is possible.
Recording of the transient flow patterns and tempera-
ture fields is performed periodically. Typically every
10-300s, a short series of images is acquired and stored
on the hard disk of the computer for later evaluation. In
the case of TLC tracers their displacement can be ana-
lyzed using the PIV technique (Sect. 5.3.2, and full flow
velocity fields are obtained [7.18].

Temperature measurements using TLCs are based
on color analysis of the images and needs appropri-
ate calibration. This is eased by using preprocessed
color information from a three-CCD camera, which
splits light into three basic components: red, green and
blue (RGB). This process is known as trichromic de-
composition. Each of the three color components is
usually recorded as a separate 8 bit intensity image. Nu-
merous methods of subtracting color information from
a trichromic RGB signal exist [7.6]. The most straight-
forward is to convert the RGB trichromic decomposition
to another trichromic decomposition based on Aue (color
value), saturation, and intensity (HSI). Such a decom-

Fig.7.3 Schematic of the experimental system. PC (1) with the
acquisition card controlling the color camera (2), halogen lamp (3)
and three stepping motors (5) using a driver (6). The temperature
in the cavity (4) is controlled by two thermostats (7); the mirror (8)
used to direct the light sheet
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position is common in image analysis and also serves
as a natural means of converting color images to their
black-and-white representation. Classical conversion of
an RGB color space to an HSI decomposition is based on
three simple relations. Light intensity / (or brightness)
is defined as the sum of its three primary components:

(R*+G*+B?)

V3
with R, G and B being the intensities of the red, green
and blue components, respectively.

Using an 8 bit representation, the maximum intensity
is equal to 255. The saturation S represents color purity,
i.e., the relative value of the reminder after subtracting
the amount of colorless (white) light:

min(R, G, B))

I = (7.1)

S =255 (1 — (7.2)
In our representation pure colors have saturation equal
to 255. The hue H relates to the dominant color and
is usually obtained from the algebraic or trigonometric
relation between the two dominant primary colors. To
make use of the 8 bit signal dynamics and limiting our-
selves to the spectral colors [7.18], the following formula
is used to calculate the hue value:

63+[(G'—R)63]/(G'+R') forB' =0,
189+ [(B'— G"63]/(G'+B’) forR' =0,
(7.3)

where R' = R—min(R, G, B), G’ = G —min(R, G, B),
and B = B—min(R, G, B).

Temperature is determined by relating hue to a tem-
perature calibration function. This is the most critical
stage of TLC-based thermography. Light refracted by
TLCs is not monochromatic, even if the observed sample
has a uniform temperature. Color depends on observa-
tion angle, the scattering properties of the TLCs material,
the color and refractive index of the carrier liquid, and
may also vary with the size of the particles. Additional
factors, such as the color of the light source, the color
transmission properties of the acquisition system, as
well as reflected and ambient light modify the resulting
color information. The observed color may also depend
on light intensity. Very careful calibration is therefore
necessary to obtain quantitative information. It is ad-
vised to generate a separate calibration curve for each
small area of the investigated surface and use these to
normalize the measured color information.

For the best effects the calibration procedure should
be performed with an identical experimental arrange-
ment to that used for measurements. To perform the

H =
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calibration, an interrogated surface or liquid in a cav-
ity with a suspension of TLC tracers must be kept at
a constant and uniform temperature. Temperature stabil-
ity and uniformity better than 0.1 °Cis required for TLCs
with narrow color bands. For measurements of tempera-
ture fields in liquids this is achieved by keeping the
walls of the experimental cavity at a constant tempera-
ture and continuously mixing the liquid with a magnetic
stirrer. Data for calibration are obtained by adjusting the
liquid temperature in small increments (usually 0.3 °C
steps) and acquiring several sequences of images for fu-
ture processing. Compared to surface thermography, the
use of TLCs suspension for flow investigations yields
additional problems. The color images of the flow are
discrete, i.e., they represent a noncontinuous cloud of
points and their color usually varies from point to point.
This is not only caused by slight variations in the TLC
temperature responses but also indicates local fluctua-
tions in the fluid temperature present due to the limited
thermal diffusivity of liquids. To minimize this effect,
calibration is usually performed for small areas of about
30x 30 pixels, extracted in the vicinity of the tempera-
ture sensors from each image and averaged for several
subsequent images.

Hue evaluation is performed for each pixel of the re-
sulting averaged image, under constraints of minimum
and maximum pixel intensity and minimum saturation.
Only good pixels, i.e., those having an intensity and
saturation above a given threshold level, are used to
build a hue matrix, which is smoothed using a 5x5
median filter followed by a low-pass filter. An average
hue value is then calculated for each image and used as
a reference point for the calibration procedure. The pro-
cedure can be repeated for several parts of the image to
create a position-dependent temperature—hue relation.
For the full color range of TLCs about 20—30 calibra-
tion points are collected at gradually increasing liquid
temperatures. A smooth and unique hue-temperature
relation is established by fitting a polynomial of degree
6—10. After removing outliers, a final fit is performed
to obtain a smooth temperature—hue function (Fig. 7.4).
The accuracy of the measured temperature depends on

Fig. 7.4a-c Temperature versus hue calibration points and
high-order polynomial fits for three different TLCs dis-
persed as tracers in a flow. (a) Encapsulated tracers
TCC1001 in water; (b) Suspension of unencapsulated TL.Cs
TM446 in water, error bars indicate estimated accuracy;
(€) Mixture of two TLC types (TM445 and TM912) used
to produce a suspension of liquid crystals matching the
desired temperature range

the color (hue) value as a direct consequence of the non-
linearity of the curve. The relative error is 3—10%, and is
based on the temperature range defined by the TLC color
play limits. It is estimated by calculating the uncertainty
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of single-point measurements from several images of
the same flow. For the TLCs used to obtain the curve in
Fig. 7.4b (TM446), an absolute accuracy of 0.15 °C re-
sults for low temperatures (red—green color range) and
0.5°C for high temperatures (blue color range). The
most sensitive color region is the transition from red to
green, which occurs over a temperature change of less
than 1°C. Additional, quantitative information beyond
the calibration curve can be obtained by careful analysis
of the remaining two components of the color decompo-
sition. These can be used to analyze the temperature in
areas of the TLC clearing point, which exhibits a gradual
fall in pixel intensity and the saturation of colors. Quan-
titative evaluation of these areas is difficult but possible,
for example using neural networks to include complete
image information in the color analysis [7.23].
Obtaining full calibration curves prior to each ex-
perimental run is not only tedious but also limits rapid
repetition of different experimental configurations. Such
repetitions are often necessary, for example when dif-
ferent TLCs are used to shift the analyzed temperature
range. Observing the shape of different calibration
curves taken under similar conditions we may find large
similarities. Therefore in some cases it is possible to
assume the existence of a general calibration curve, in-
dependent of the active range. A calibration procedure
based on such a master curve would require only a few
measurements to produce a useful calibration over an en-
tire active range. Using a nondimensional representation
of temperature Hay and Hollingsworth [7.6] obtained
repeatability of their regression curves with an accept-
able accuracy for TLCs painted onto a heated surface.

> e g TS

Similarities are also observed for the regression curves
obtained for TLC tracers (Fig. 7.4). For reproducible ex-
perimental conditions simple stretch and shift operations
may be used to transform one of them to another. Such
a procedure can be applied to account for small changes
of TLC response, either due to aging or when a new
mixture is prepared.

7.1.4 Examples

In the following we illustrate several applications of
TLC tracers to study the natural convection of liquids in
closed cavities, and also with a phase change (freezing of
water). In conjunction with the experimental program,
numerical simulations of the problem were performed
using finite-difference models of the Navier—Stokes and
energy equations [7.13, 18,24, 25]. The significance of
the full-field temperature and flow measurements for the
verification of the numerical results becomes evident
by a direct comparison of the evaluated and predicted
fields.

The first experiment deals with natural convection in
a cubic cavity with two vertical, isothermal walls kept
at different temperatures. This flow configuration re-
sembles a popular benchmark, an idealized case of the
flow in a cubical cavity used to test numerical solutions
of the Navier—Stokes equations [7.26]. The characteris-
tic recirculating flow is generated in the cavity by the
temperature gradients between the two opposite metal
walls of the cube. In addition to its theoretical inter-
est, this type of convective flow has numerous potential
applications, among which probably the most popular

o e T

Fig.7.5a—c Visualization of natural convection in water close to the freezing point, using a hot (left) wall at a temperature
of 10°C and a right wall at a temperature of 0°C for (a) and (b), —10°C for (c). Three types of liquid-crystal tracers
were used to indicate the temperature variation: (a) encapsulated TLCs BM100/R6C12W showing details of flow and
temperature for normal circulation (on the left); sum of 10 images taken every 1 s; (b) TLC mixture (TM445 and TM912)
active at lower temperatures, visualizing the complex structure of abnormal circulation; sum of 20 images; (c) TLC
mixture with a composition matched to the freezing point
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is that of double glazing. Initially our interest was di-
rected towards understanding the flow in the vertical
central plane of the cavity. For this purpose, the ob-
servations of flow patterns and temperature fields were
performed for several systems with increasing Rayleigh
number [7.13, 14]. The flow structure in the differen-
tially heated cavity strongly depends on the Rayleigh
number. At small Rayleigh number (Ra < 10%) the flow
is dominated by conduction, which is seen in the form
of vertical isotherms across the cavity. In the parameter
range analyzed (Ra = 2 x 10*~10°), both convection and
conduction are important. At the lower end of the range,
heat transfer due to convection begins to play a sig-
nificant role, generating a vertical temperature gradient
in the center of the cavity. The horizontal temperature
gradient is positive everywhere. The streamlines cor-
respond to a single roll located at the center of the
cavity. This can be well observed in the multiply ex-
posed photographs of liquid-crystal tracers conveyed by
the flow of glycerol (Fig. 7.1a). At higher Rayleigh num-
bers (Ra > 6x 10%), the horizontal temperature gradient
becomes locally negative in some regions. This causes
horizontal elongation of the streamlines and the devel-
opment of a second roll in the core (Fig. 7.1b). By further
increase of the Rayleigh number, a new flow regime is
observed (Fig. 7.1c), with a strongly stratified tempera-
ture distribution in the center and thin thermal boundary
layers at both isothermal side walls. This regime after in-
creasing Rayleigh number above 108 leads to a transition
to turbulence. Such a transition, easily identified using
full-field temperature visualization and quantification,
can be directly compared with numerical simulations of
the corresponding cases.

Flow visualization via liquid crystals allows the
observation of the flow structure and identification of
variation of the temperature field. Even without quan-
titative data, the general shape of the isotherms can be
deduced from the color photographs. However, despite
the undoubted beauty of multiply exposed color pho-
tographs of liquid-crystal tracers, they have little value
for quantitative image analysis. The lack of visible par-
ticles in large regions of the flow and their individual
modulation of color are the main obstacles to comput-
erized analysis. Hence, digital images of flow taken to
implement particle image velocimetry and thermometry
analysis exhibit a rather dense, uniform crowd of small,
singly exposed colorful dots, representing a fine disper-
sion of the liquid-crystalline material in the flow. The
human eye may still easily analyze the color distribution
of such images (Fig.7.5c), but particle displacements
can be detected only by computational means.

The behavior of natural convection of water in the
vicinity of the freezing point shows an interesting feature
in the typical configuration with differentially heated
walls. It is mainly due to the strongly nonlinear tempera-
ture dependence of the density function, which has an
extremum at 4 °C. The competing effects of positive and
negative buoyancy force result in a flow with two distinct
circulations. There is a normal clockwise circulation,
where the water density decreases with temperature
(upper-left cavity region) and an abnormal convection
with the opposite density variation and counterclockwise
rotation (lower-right region). As mentioned, TLCs allow
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Fig.7.6a,b Particle image velocimetry (a) and thermom-
etry (b) applied to measure the velocity and temperature
fields for natural convection in water freezing in a differ-
entially heated cavity. Temperatures applied: 10 °C (on the
left wall) and —10 °C (on the right wall)

Springer Handbook of Experimental Fluid Mechanics
Tropea, Yarin, Foss (Eds.) + © Springer 2007 =

Lo7

T°,]|9 Med



498 PartB

Measurement of Primary Quantities

T°,]|9 Med

the detection of temperature over a limited range of their
color play regime. In some cases it is necessary to obtain
precise information over a wider range of temperature
variation, a task that is impossible to achieve with high
precision for a single brand of TLCs. For steady or re-
producible flow configurations it is possible to repeat
the same experiment using different types of TLCs,
as illustrated in Fig.7.5. Regions of low temperature
are visualized in Fig. 7.5a using TLCs operating in the
temperature range 0—4 °C, and the same experiment is
repeated in Fig. 7.5b to elucidate the temperature pattern
in the left part of the cavity, using other types of TLCs.

To investigate natural convection with a phase
change, one of the isothermal walls was held at a tem-
perature of 7. = —10°C. As this is below the freezing
temperature of water, ice is formed at the cold wall
(Fig.7.5¢). Initially uniform growth of the ice layer
is quickly modified by the two colliding normal and
abnormal circulations. In the upper part of the cavity,
convective heat transfer from the hot wall is limited by
the abnormal circulation, separating it from the freez-
ing front. Figure 7.6 demonstrate the ability of TLCs
to resolve simultaneously the transient variation of the
velocity and temperature fields. These data, which were
compared with numerical simulations performed for the
freezing problem [7.24], led us to discover significant
discrepancies and indicated directions to improve the
model [7.27-29].

In the second solidification experiment flow in a cube
with only one isothermal wall was investigated. The top
isothermal wall was kept at a low temperature and the
other five walls were nonadiabatic, allowing a heat flux

- s

from the fluid surrounding the cube. The temperature
at the internal surfaces of the cube adjusted itself de-
pending on both the flow and the heat flux through
and along the walls. The lid-cooled cubic cavity was
selected to investigate the convective flow with and with-
out a phase change (freezing of water at the top wall).
When the phase change occurs, the configuration re-
sembles to some extent a directional solidification in
a Bridgman furnace used for crystal growth (Fig.7.7).
Physically this configuration bears some similarity to the
Rayleigh—Bénard problem. The symmetry of the enclo-
sure imposes a strong downward flow along the vertical
axis of symmetry. However, before a stable final flow
structure is achieved, several oscillatory changes in its
pattern are observed [7.30, 31]. The initial flow insta-
bilities are seen well in the temperature and velocity
fields visualized by TLCs in the box and could be con-
firmed in the numerical simulations. The formation of
ice has been studied by decreasing the lid temperature
to —10°C. A complicated flow pattern with azimuthally
varying structure was also reproduced in the star-like
ice surface [7.32]. It was found that the creation of the
ice layer at the lid has a stabilizing effect on the flow.
This follows from the symmetry of the solid ice surface,
which imposes the direction and character of the flow,
eliminating the instabilities observed in the pure convec-
tive case. There is also a density inversion under the lid
that decelerates the main jet and limits convective heat
flux in that region [7.33].

Another example of the investigated configurations
illustrates the simulation of flow characteristics accom-
panying the casting processes (Fig. 7.8). For this purpose

3.

Fig.7.7a-c Ice crystal growing from the top in a lid-cooled cavity in a Plexiglas cube immersed in an external water
bath at a temperature of 20°C. The isothermal metal lid has a temperature of —10°C. Unencapsulated mixture of
thermochromic liquid crystals (TM445 and TM912) used as tracers to evaluate both the temperature and velocity flow
fields. (a) Superposition of five recorded images taken every 400 ms, (b) the evaluated temperature, and (c) the velocity

fields
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Velocity field (PIV)

— 0.5 mm/s

Temperature field (PIT)

Fig.7.8 Velocity field and temperature distribution visu-
alized for the cavity inclined at 45°. Two cold isothermal
walls (upper and lower) are responsible for sudden cool-
ing of the fluid. This changes the color of the seeded liquid
crystals (TM446) from blue (hot) to red (cold regions)

a rectangular cavity with two isothermal walls was
filled with pressurized hot, viscous liquid (glycerol).
The main features of the experiment, such as flow ac-
celeration and deceleration at obstacles, a free surface
flow and a sudden increase of the fluid viscosity on
cooling, are typical for melt solidification in a mould.
In contrast to a real casting, use of TLCs as tracers
enables full-field measurement of the temperature and
velocity fields. Quantitative transient data for the vel-
ocity and temperature fields were collected to verify
and validate the numerical models used for typical cast-
ing problems. The main aim of the investigation was to

create an experimental benchmark for the mould-filling
problem [7.25,34].

A similar rectangular, inclined box filled with wa-
ter was used to simulate the up-slope, down-slope flow
transition, typical for natural convection of air in val-
leys. Despite the differences in scales, some atmospheric
phenomena, such as updraughts typical of the morn-
ing transition, down-slope front propagation during the
evening transition, and nocturnal stable stratification
can be visualized well in the laboratory experiment. To
investigate up-slope flow phenomenon a negative tem-
perature gradient is set up between the lower and upper
wall, simulating solar heating of the ground. For tran-
sition and down-slope flow studies the temperature of
the walls is reversed by switching the coolant settings.
TLC tracers changing the color of refracted light with
temperature indicate the onset of flow instabilities with
periodically rising plumes and hot fluid ejections, anal-
ogous to those observed for diurnal circulation on long,
sloping surfaces (Fig.7.9). These periodical ejections
could be identified well in the experimentally measured
velocity fields and reproduced in the numerical simula-
tion. After reversing the temperature gradient a transition
front was observed both in the temperature field and the
velocity field. The front builds up about 1 min after the
reversal of temperature of the walls at a distance of 2 cm
from the lower edge of the slope, and disappears about
5 min later, when regular nocturnal stratification of the
temperature and the flow pattern develops [7.35].

7.1.5 Conclusions

Application of TLC tracers to laboratory studies of ther-
mally driven flows appears to be, in most cases, the only
option for acquiring full-field information about the tem-
perature and velocity fields in liquids. The noninvasive
character of the method and its relative simplicity en-
ables a valuable tool for the full-field verification and
validation of numerical results for small-scale labora-
tory configurations. We found that a large improvement
in the quality and reliability of numerical simulations
could be obtained by validating and tuning methodolo-
gies using information obtained from the full-field flow
measurements described [7.36].

However, despite its apparent simplicity, TLC ther-
mography requires tedious and frequently repeated
calibrations to offer high-quality quantitative measure-
ments. This is especially true for applications involving
flow field measurements. Further investigations both in
improving TLC stability and the robustness of color
evaluation procedures are necessary.
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Temperature and velocity field (PIV)

Temperature field (PIT)

Fig. 7.9 Laboratory simulation of a diurnal up-slope flow, temperature and velocity measured with TLCs suspended in
water. Left: unencapsulated tracers TM107 used to evaluate temperature and velocity fields in the cavity inclined at 30°;
right: encapsulated tracers (TCC1001) visualizing the temperature field in the cavity inclined at 20°

7.2 Measurements of Surface Heat Transfer Characteristics

Using Infrared Imaging
7.2.1 Introduction and Background

The use of infrared thermography has increased dra-
matically throughout the world over the past 15 years
for the measurement of surface characteristics for
a variety of research investigations involving con-
vective heat transfer phenomena. The technique is
especially viable and useful because it gives spatially re-
solved surface temperature distributions non-intrusively,
even when large gradients of surface temperature are
present. This can be done with high levels of ac-
curacy and resolution, when the infrared imaging
system and acquisition procedures are properly cali-
brated, and the nuances of camera behavior and infrared
imaging are properly taken into account. In many
research situations, the surface temperature distribu-
tion itself is of interest. However, its measurement
is often one step in the determination of a variety
of other spatially varying quantities that may be of
interest, such as surface heat transfer coefficient distri-
butions, nondimensional quantities containing surface
heat transfer coefficients, surface adiabatic effective-
ness, overall thermal effectiveness distributions, and
thermal boundary condition information for numerical
predictions of arrangements that are measured experi-
mentally.

One critical step in the use of infrared thermo-
graphy is the calibration of the images in some way
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so that local surface temperatures can be determined
from the different shades, gray scales, or colors within
infrared images. This is possible analytically, but re-
quires knowledge of a variety of physical characteristics
such as the surface emissivity, the effective atmospheric
transmittance, the temperatures of surrounding walls,
the atmospheric temperature, and other quantities. Be-
cause of the complexity and limited accuracy that is
possible with such an approach [7.37], most investiga-
tors use some form of in situ calibration instead. Such
an in situ calibration procedure was described and used
as early as 1968 by Czysz and Dixon [7.38] for surface
measurements using thermographic phosphors. Details
of in situ calibration procedures employed by other
investigators for specific measurement apparatus and en-
vironments using infrared thermography are described
by Meyers et al. [7.39], Gartenberg and Roberts [7.40],
Wendt [7.41], Westby [7.42], Martiny et al. [7.43], Sar-
gentetal. [7.44], Schulz [7.37], and others. In the Meyers
et al. [7.39] study, film cooled combustor walls are in-
vestigated under transient conditions. During heating
of the combustor, these investigators recorded data si-
multaneously from both the infrared camera scanner
and thermocouples that were embedded in the walls
of the chamber. These data were then used for a best-
fit approximation of the calibration parameters of the
camera. Westby [7.42] calibrates prior to measurements
by stepping a test article through a series of indepen-



