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Abstract. Thermochromic liquid crystals (TLC), Particle Image Velocimetry (PIV), Infrared 

Imaging Themography (IR) and True-Colour Digital Image Processing  (TDIP) have been 

successfully used in non-intrusive technical, industrial and biomedical studies  and applications. 

These four tools (based on the desktop computers) have come together during the past two 

decades to produce a powerful advanced experimental technique as a judgment of quality of 

information that cannot be obtained from any other imaging procedure. The brief summary of 

the history of this technique is reviewed, principal methods and tools are described and some 

examples are presented.  With this objective, a new experimental technique have been developed 

and applied to the study of heat and mass transfer and for biomedical diagnosis. Automated 

evaluation allows determining the heat and flow visualisation and locate the area of suspicious 

tissue of human body. 

 

1.  Introduction 

In order to demonstrate the feasibility of thermochromic liquid crystals techniques, true-colour image 

processing and particle image velocimetry in practical heat transfer and flow visualization contexts 

several experiments has been performed. The first set was carried out to investigate temperature and 

then heat transfer coefficient distributions (in Nusselt number form) on film-heated models in channels 

with ribs/turbulators. Two experimental techniques were employed in the research for comparison: 

firstly, the steady-state and secondly transient technique. The flow pattern produced by transverse vortex 

generators (ribs) was visualized using planar beam of double-impulse laser tailored by a cylindrical lens 

and oil particles. Sequential images of the particles in a cross sectional plane taken with CCD video 

camera from the downstream side of the flow were stored on a personal computer to obtain distributions 

of velocity vectors by means of the PIV method. 

Also in experimental investigation of the film cooling effectiveness for model turbine blades using 

TLC technique is presented. The film cooling and visualization of the few different holes configuration 

in steady-state and transient performance were analyzed experimentally. 

In biomedical situations, e.g. skin diseases, breast cancer, blood circulation and other medical 

application, TLC, IR and image processing are successfully used as an additional non-invasive 

diagnostic method especially useful for screening large groups of potential patients. Biomedical data 

presented in the paper is based on results taken from literature and from medical researchers 

collaborating with authors. 

http://creativecommons.org/licenses/by/3.0
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Using the automated evaluation allows determining the heat transfer coefficient without arbitrary 

influence of human interpretation. Most of described studies and obtained data (liquid crystals 

experiments, pressure gradient, flow visualization and PIV) provide useful information for better 

understanding of thermal performances of many industrial installations and medical screening. 

2.  Liquid Crystals 

Liquid crystals constitute a class of matter unique in exhibiting mechanical properties of liquids (fluidity 

and surface tension) and optical properties of solids (anisotropy to light, birefringence). Although they 

were first observed more than 120 years ago by an Austrian botanist, Friedrich Reinitzer, studies of 

liquid crystals were confined to material laboratories until the 60’s when applications to science and 

engineering began [3] 

The original use of the term ‘liquid crystal’ is credited to Lehman, a German physicist. In many 

publications of the time, Lehman use terms like Fliesende Krystalle (flowing crystals) and Flussige 

Krystalle (fluid crystals) to describe the unusual phase that existed between the two melting points of 

not only cholesteryl benzoate, but also  a large number of other compounds he studied. 

Liquid crystals are temperature indicators that modify incident white light and display colour whose 

wavelength is proportional to temperature. They can be painted on a surface or suspended in the fluid 

and used to make visible the distribution of temperature. Normally clear, or slightly milky in appearance, 

liquid crystals change in appearance over a narrow range of temperature called the ‘colour-play interval’ 

(the temperature interval between first red and last blue reflection), centered around the nominal ‘event 

temperature’. The displayed colour is red at the low temperature margin in the colour-paly interval and 

blue at the high end. Within the colour-play interval, the colours change smoothly from red to blue as a 

function of temperature [4]. The effect is reversible which, in practical therms, means that a single 

application of liquid crystals to a model can be used repeatedly (usually until coating is oblated or 

otherwise damaged). Both the colour play interval and the event temperature range of a liquid crystal 

can be selected by adjusting its composition, and materials are available with event temperatures from -

30°C to 120°C and with colour play bands from 0.5°C to 20°C [4-5] although not all combinations exist 

of event temperature and colour play band widths. Widths of 1°C or less will be called narrow band 

materials, while those whose band width exceeds 5°C will be called wide band. The types of material to 

be specified for a given task depend on the type of image interpretation technique to be used [1]. 

Liquid crystals are classified into three categories according to their molecular structures: smectic, 

nematic and cholesteric. However, from a structural viewpoint, it can be argued that there are only two 

basic types of liquid crystals, chiral-nematic and smectic, with cholesteric being regarded as a special 

kind of nematic. Their structures are shown schematically in figure 1 [5]. 

 

Figure 1. A different view of the mesophase structure. The orientation of the molecular director is 

represented by the arrows: a – nematic, b – cholesteric, c – smectic A, d – smectic B [5] 

 

For flow analysis the suspension of thermochromic liquid crystals can be used to make visible the 

temperature and velocity fields in liquids. By dispersing the liquid crystal material into the liquid they 
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become not only classical tracers used for flow visualisation but simultaneously small thermometers 

monitoring local fluid temperature [6]. A collimated source of white light must be used to illuminate a 

selected cross-section of the flow (light sheet technique) and colour images are acquired in a 

perpendicular direction. In the following examples the un-encapsulated TLC’s tracers have been applied 

to measure both temperature and velocity flow fields. We found that light scattered by the capsule shell 

inevitably diminishes saturation of the observed colours. Because in a slow motion the stress effects are 

negligible we prefer application of fine dispersed raw material in flow measurements. 

The liquid crystals can be also used as temperature sensors in the case of investigations in strong 

magnetic field [7-8]. Magnetic field was the source of additional force, which was able to enhance heat 

transfer of paramagnetic fluids connected directly with temperature changes indicated by the liquid 

crystals. To get the qualitative information about temperature field an image analysis is necessary. Some 

publications described the suitability of color space transformations for such optical temperature 

measurements [9]. 

Many image processing operations developed for processing grey-level (intensity) images can be 

readily applied to HSI colour images. These include image transformations, enhancements, analysis, 

compression and restoration. A schematic view of image processing system (developed by one of the 

authors) is shown in figure 2. 

 

 

Figure 2. The information flow chart for a true-colour image interpreter and computer-controlled video 

system 

 

Before the execution of a thermal or flow visualization experiment, we should recognize the 

characteristics of the overall combination of TLC, the light source, the optical camera system (ordinary, 

CCD black and white or RGB camera), and make a rational plan for the total measurement system. The 

relationship between the temperature of the crystal and the measured Hue of the reflected lights defines 

the calibration curve for the liquid crystal. The result is a curve relating the Hue of the reflected light to 

the surface temperature. A known temperature distribution exists on a ‘calibration plate’ (brass plate) to 

which is attached the light crystal layer. In order to maintain a linear temperature distribution with 

desired temperature gradients, one end of a brass plate was cooled by stabilized water and the other end 

controlled electrically to give a constant temperature [10-11]. The brass plate with the liquid crystal 

layer is calibrated in place in the wind tunnel with the same lighting level and viewing angle used during 

the data acquisition phase of the experiment [11]. The distribution of the colour component pattern on 
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the liquid crystal layer was measured by RGB colour camera and series of images at a different 

temperatures defines the calibration. A representative calibration curve including Hue and temperature 

distribution along the plate is shown in figure 3. 

 

Figure 3. Representative calibration curve – Hue and temperature distribution along the test plate (left; 

for Hue = 77.5 temperature is 32.64°C) and typical reflected wavelength (colour) temperature response 

of a TLC mixture (right) 

 

Two main methods of surface temperature measurement are performed involving steady state and 

transient techniques. 

2.1.  Steady State Analyses - Constant Flux Method 

The steady state techniques employ a heated model and the TLC is used to monitor the surface 

temperature. Usually a surface electric heater is employed such that the local flux, q is known and this, 

together with the local surface temperature, Tw, (found from the TLC), gives the local heat transfer 

coefficient, h, 

 𝑞 = 𝐼2𝑟 (1) 

and 

 ℎ =
𝑞

𝑇𝑎−𝑇𝑤
 (2) 

 

where Ta is a convenient driving gas temperature, I is the current and r is the electrical resistance per 

square of the heater. 

2.2.  Steady State Analyses - Uniform Temperature Method 

The TLC-coated test specimen forms one side of a constant temperature water bath and is exposed to a 

cool/hot air flow. The resulting thermograph is recorded on film or video and further measurement 

positions are obtained by adjusting the water bath temperature. This method is more time consuming 
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due to the large volume of water that needs to be heated.  In this case, the heat transfer coefficient is 

determined by equating convection to the conduction at the surface, 

 ℎ(𝑇𝑎 − 𝑇𝑤) =
𝑘

𝑥
(𝑇𝑤 − 𝑇𝑏) (3) 

where, Tb is a water-side temperature of the wall, x the wall thickness and k the thermal conductivity. 

2.3.  Transient Method 

This technique requires measurement of the elapsed time to increase the surface temperature of the TLC-

coated test specimen from a known initial temperature predetermined value. The rate of heating is 

recorded by monitoring the colour change patterns of the TLC with respect to time. If the specimen is 

made from a material of low thermal diffusivity and chosen to be sufficiently thick, then the heat transfer 

process can be considered to be one-dimensional (1-D) in a semi-infinite block. Numerical and 

analytical techniques can be used to solve the 1-D transient conduction equation. The relationship 

between wall surface temperature, T, and heat transfer coefficient, h, for the semi-infinite case is, 

 
𝑇−𝑇𝑖

𝑇𝑎−𝑇𝑖
= 1 − 𝑒𝛽

2
𝑒𝑟𝑓𝑐(𝛽) (4) 

 𝛽 = ℎ (
𝑡

𝜌𝑐𝑘
)
0,5

 (5) 

where, , c and k are the model density, specific heat and thermal conductivity. Ti and Ta are the 

initial wall and gas temperatures and t is time from initiation of the flow.  

More recent formula for evaluation of heat transfer coefficient h is in the following form: 

 ℎ = −
𝛿𝜌𝑐

2𝑡
𝑙𝑛 [

𝑇𝑎−𝑇

𝑇𝑎−𝑇𝑖
] (6) 

where,  is a plate wall thickness and the transient local surface temperature T is detected after a time 

interval t [1,5,12-13]. 

3.  Particle Image Velocimetry (PIV) 

Particle Image Velocimetry technique is another well-established experimental method in fluid 

mechanics, that allows quantitative measurement of two-dimensional flow structure.  

 

  

Figure 4. Schematic of a typical PIV measurements (left) and “laser light sheet” (right) 
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It enables measurements of the instantaneous in-plane velocity vector field within a planar section of 

the flow field and allows to calculate spatial gradients, dissipation of turbulent energy, spatial 

correlations, and the like. In PIV technique selected cross-section of the investigated seeded flow is 

illuminated by laser light formed in thin “light sheet” (figure 4). Images of the flow are recorded by 

CCD camera and correlated to calculate instantaneous velocity fields. 

4.  IR-Photography 

Infrared photography is a non-contact measurement method, which enables visualisation and 

registration of temperature distribution on the surface. Every object with temperature above 0 K emits 

radiation as an electromagnetic wave. Figure 5 presents blackbody radiation as a function of wavelength 

and temperature given by Planck. Radiation in the range of 0.8 m up to 1000 m is non visible by 

human eye and is called infrared radiation (IR). Its intensity is a function of temperature and emissivity 

of the object surface. IR-photography measures from the distance intensity of infrared radiation emitted 

by the body and converts it into digital signal. That signal is enhanced and transformed, which leads to 

obtaining a temperature field of measured object as a thermogram (map of temperature field). It can be 

later analysed using computer software.  

 

 

Figure 5. Spectral irradiance graphs as a function of wavelength and temperature [14] 

 

This technique has wide applications in industrial [15], scientific [16] and medical examination [17]. 

5.  Experimental facility for heat and flow visualisation 

The experimental study was carried out using an open low-speed wind tunnel consisting of entrance 

section with fan and heaters, large settling chambers with diffusing screen and honeycomb, and then 

working sections (figure 6). Air is drawn through the tunnel using a fan able to attain the Reynolds 

numbers in the range from 500 to 40 000. The working air temperature in the rig ranges from 15C to 

65C produced by the heater or cooler positioned just downstream of the inlet. The major construction 

material of the wind tunnel is perspex. Local and mean velocity are measured using conventional Pitot 

tubes and DISA hot-wire velocity probe. 

The alternative effects of constant wall temperature and constant heat flux boundary conditions are 

obtained using  plate electric heater. Photographs are taken using RGB video-camera and a true-color 

image processing technique. The liquid crystals used here, manufactured  in sheet form by Hallcrest 
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[18], had an event temperature range from 30.0 to 35.0C. In this particular experiment uncertainty for 

temperature measurement was estimated at about  0,05C by considering only the section of the surface 

used in the experiment, span-wise non-uniformities in Hue value are minimized. 

 

Figure. 6. Open low speed wind tunnel, 1 – RGB camera (TK-1070), 2 – PC, 3 – monitor (RGB-VMR 

200), 4 – S-VHS recorder, 5 – air conditioning system, 6 – heater, 7 – LC mapping section, 8 – digital 

micro manometer FCO 12, 9 – DISA hot wire system, 10 – variac, 11 – fan, 12 – orifice 

 

In many cases, as mentioned above, remarkable enhancement of local and spatially  averaged  surface 

heat transfer rates are possible with rib turbulators, in spite of the lower local Nusselt number at certain 

locations along the ribbed surfaces. The test surface that is analyzed contains a collection of rib 

turbulators that are perpendicular and angled with respect to the flow stream (figure 7) [19]. 

 

 

Figure 7. Schematic view of five types of transverse vortex generators (rectangular ribs) 
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To determine the surface heat flux (used to calculate heat transfer coefficients and Nusselt numbers), 

the convective power levels provided by the thermofoil heaters are divided by flat test surface area. 

Spatially resolved temperature distributions along the bottom rib turbulator test surface are determined 

using liquid crystals thermography (LCT) and true-color image processing system commercially 

available from Hallcrest [18]. 

The main part of PIV set-up as a part of wind tunnel consists of a transparent model of ribbed channel, 

laser light source (30 mJ double pulse Nd:YAG laser SoloPIV, New Wave Research, Inc.) and high 

resolution 12 bit digital CCD camera (1280×1024 pixels, PCO SensiCam). This system permits 

acquisition of two images at the minimum time interval of 200ns, exposition time of 5ns, and about 

3.75 Hz repetition rate. The PIV recording system installed on 3 GHz Pentium 4 computer with 3GB 

RAM capable for acquisition over 200 pairs of images during a single experimental run. The PIV 

measurements were performed for pure air seeded with small droplets (few micrometers in diameter) of 

synthetic oil DEHS (Di-Ethyl-Heksyl-Sebacat). The oil drops volumetric concentration was very low (< 

0.001), hence they did not affect the flow structure. 

Experimental facility is also equipped with Infrared Camera FLIR T440bx. T-Series camera offer 

superior sensitivity, high resolutions, excellent infrared image quality and reliable temperature 

measurement accuracy at an affordable price, which is ideal for scientific applications. FLIR T440bx 

has been specifically designed to have 8 times continuous digital zoom with a temperature range from -

20°C to 1200°C, MSX Thermal Image Enhancement and many other features. 

6.  Selected results 

In the following examples the TLC’s plastic sheet and capsulated TLC’s tracers have been applied to 

measure both temperature and velocity flow fields. For human body screening or biomedical situations 

few images using TLC and IR-Photography techniques are also presented. 

6.1.  Full field surface temperature measurements 

Liquid crystals can be used to determine the distribution of the surface temperature, and if the surface 

heat flux can be found, this allows evaluation of the heat transfer coefficient or the Nusselt number. The 

alternative effects of constant wall temperature and constant heat flux boundary conditions are obtained 

using a water bath. Photo-graphs are taken using a RGB video-camera and a true-colour image 

processing technique. Usually several isotherms (each corresponding to a different heat flux) are taken 

by RGB video-camera to record the local Nusselt contours under an oblique Reynolds number. The 

locations of each isotherm and colour (adjusted to each Nusselt number) are digitised following a 

projection of the false colour image on a digitising image respectively (this particular method can be 

called ‘Image Combination Technique’ ICT). Figure 8 shows photographs of the colour distribution of 

the liquid crystal layer around a square section column, image of the computer display after 

segmentation processing (Hue: 45-55) and false colour image processing (ICT) respectively on the right. 

 

  

Figure 8. True-colour images from liquid crystal thermography for an endwall surface with in-line 

square ribs (up); Pattern of 10 Nusselt numbers Nu reconstructed by false colour images of the heat 

transfer surface for Re = 20000 (0: Nu = 79; 9: 99; 8: 113; 7: 123; 6: 136; 5: 147; 4: 160; 3: 175; 2: 185; 

1: 209) (bottom) 
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Improvements in flow and thermal characteristics of heat exchanger do not require any 

demonstrations and would substantially reduce fuel and production costs. The measuring technique 

comprising the use of LC flexible sheets and true-colour processing may also be used for a great variety 

of applications and should be of considerable use in improving the design of all types of compact heat 

exchanger. Experimental procedures cover full field flow patterns in classic heat exchanger elements 

(flat plate with fine-tubes in-line, staggered and with vortex generators) describing local heat transfer 

coefficient and Nusselt number on the surfaces. An examples of such results are presented in figure 9.  

 

  

Figure 9. Visualization of model heat exchanger with vortex generators: ribbed surface - true-colur 

image (left) and winglets – false image (right) 
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Figure 10. Local streamwise Nusselt number distribution between ribs in a boundry layer for ribbed 

bottom and top walls and ribs perpendicular to the flow 
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Nusselt number distribution for channel with vortex generators (rib turbulators) for one geometry with 

ribbed bottom and top walls (geometry b in figure 7) for different Reynolds numbers (9,000; 16,000; 

26,000; 35,500) in the boundary layer is shown in figure 10. The analysis of the boundary layer was 

carried out to assess the impact of the channel wall on heat transfer. More information can be found in 

[19] 

6.2.  Visualization of film cooling of model turbine blades 

Internal cooling technique for gas turbine blades has been studied for many years. The designers need 

detailed data for heat transfer and temperature distributions along with the flow and streamwise pressure 

gradient to understand the flow physics and to improve the current internal cooling designs. Examples 

of modified gas turbine blades are shown in figure 11 [20]. Within this objective, TLC technique also 

has been applied to study of aerodynamic and aerothermal blade turbine design with effusive cooling 

concept. View of test section of low-speed wind tunnel is presented in figure 11. Examples of steady-

state and transient LCT measurements and visualization are shown in figure 12. 

 

  

Figure 11. gas turbine blades with cooling holes (left) and view of test section for model turbine blade 

cooling (right) 

 

  

Figure 12. Steady-state LTC visualization of air flow on a blade surface with air jets (left) and end-wall 

temperature distribution by transient TLC method (right) 

6.3.  Natural convection in a closed cavity 

Vertical temperature gradients are mainly responsible for the atmospheric or oceanographic fluid 

motion. Development of the nocturnal stable stratification over flat areas, inversion of temperature 

gradient and break-up of the convective boundary layer developed at the ground levels can be simulated 

using small-scale laboratory experiments. One of the typical features characterizing instabilities 
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generated by vertical temperature gradient are plumes or ejections appearing, when the thermal 

boundary layer breaks up. Figure 13 shows temperature and velocity visualization in glycerol-filled 

cavity under free convection in horizontal and vertical position. 

 

 
 

 

Figure 13. Visualisation of Benard cells in the horizontal (top) and vertical (bottom) cavity using TLC 

6.4.  PIV measurements 

Velocity fields in case of ribbed channel were obtained from the PIV measurements for different ribs 

geometries (figure 7) and different Reynolds numbers (Re = 9000, 16,000 and 26,000). The area scanned 

by the PIV method was in all cases located in the mid-vertical-plane between side walls (one position 

of the laser light sheet). Figure 14 shows an average velocity field (averaged over 100 instantaneous 

velocity fields) for a geometry with ribbed bottom wall only (ribs height is 6 mm) and flow perpendicular 

to the ribs, while figure 15 show geometry with ribbed top and bottom walls. Reynolds number is 16,000. 

Maximum velocity for this cases is about 5.5 m/s and is located in the top part of the channel. Figures 

14-15 show also a turbulence intensity computed from 100 instantaneous velocity fields. 

 

 

Figure 14.  PIV measurements for ribbed channel: averaged velocity field (left) and turbulence intensity 

(right) for geometry with ribbed bottom wall 
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Figure 15.  PIV measurements for ribbed channel: averaged velocity field (left) and turbulence intensity 

(right) for geometry with ribbed bottom and top walls 

6.5.  Medical applications 

Both, liquid crystal thermography and infrared photography, as non-invasive diagnostic techniques, can 

be used for skin surface temperature measurements. Obtained images can give information about 

pathological phenomena in the patient organism.  

Liquid crystals in the mode of thermographic examination, can be also used in the case of diagnostics 

and monitoring of different diseases e.g.: diagnosis of cancers, tumours and inflammatory states (liver, 

lung, etc.), evolution of skin tests (allergy, tuberculin), traumatology and forensic medicine. Those 

methods are especially useful for children because they are non-invasive, fast, reliable and visually 

attractive. Because the temperature of human skin depends  upon the metabolic level of neighbouring 

tissues, heat transfer can occur via muscular and adipose tissues, blood circulation, muscular tensions, 

body position or effect of drugs. This kind of medical diagnosis should be confirmed by other 

independent methods in the case of diseases suspicion [13]. 

Requirements for thermographic examination are well-known [21]. The minimum area of a testing 

room has to be 9 square metres. All devices emitting heat should be removed, if possible. Air movements 

have to be minimised. The preferred temperature of the testing room should be 25 to 27 °C, while 

humidity should be 50 to 70 %. Both these parameters should be carefully controlled during 

measurement. The effect of sunlight should be minimised. Light sources have to secure scattered light 

of low intensity to avoid light reflections. Patients should abstain from physical activity during 20 

minutes before measurement. The skin area studied should be exposed for at least 15 minutes before a 

test to ensure thermal equilibrium with the environment [13]. 

The patient’s position should be similar to their physiological (normal) one to avoid temperature 

changes due to enforced changes of blood circulation. Body areas studied should not contact other body 

areas. Medicines, drugs (alcohol, nicotine and so on) and treatments affecting blood circulation should 

not be taken, if possible, for 24 hours before measurement. Also patients should not have cold and hot 

drinks and not eat large meals before measurement. Cosmetics can also affect thermal properties of skin. 

All subsequent measurements have to be done at the same hour of the day. The thermological report 

should contain all conditions of measurement, including the states of the patient and environment. The 

patient should be allowed to see the thermographic images because their colours have a positive 

psychological effect especially in the case of children. Various cases have been studied and typical 

results of LCT are shown in figure 16 [21], while figure 17 shows examples of infrared images of a 

human body taken by FLIT T440bx camera. 
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Figure 16. LC thermogram of forearm (left) and breast cancer (dark region) (right) 

 

  

Figure 17. IR thermogram of human hand and human back 

7.  Conclusions 

Advanced experimental techniques, in this case true-colur image processing  of liquid crystal patterns, 

particle image velocimetry and infrared imaging, allow new approaches to old problems and open up 

new areas of research and applications. Image processing data make available quantitative, full field 

information about the distribution of temperature, heat transfer and adjunctive medical pathogenesis and 

diagnostics. It is evidence from our research that liquid crystal and infrared imaging technique have 

many applications, not only in testing, but also in industry, medicine and the home. 

The presented overview provides an introduction to thermochromic liquid crystals, digital infrared 

imaging and particle image velocimetry, how this measurements techniques and methods work and how 

they are used. 
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