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HIGHLIGHTS

o Infrared thermography (IRT) is a non-contact condition monitoring (CM) tool.

e We review the advances of IRT for CM of machineries, equipment and processes.

e Applications in various industries are covered in this critical review.

e Basics of IRT, experimental procedures and data analysis techniques are reviewed.
o Sufficient background information for the beginners and non-experts are provided.
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Am’flf? history: Temperature is one of the most common indicators of the structural health of equipment and compo-
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widely accepted condition monitoring tool where the temperature is measured in real time in a non-con-
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Infrared thermography ating condition thereby, reducing system down time, catastrophic breakdown and maintenance cost. Last
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Deformation monitoring structures, electrical installations, machineries and equipment, material deformation under various load-
Thermal anomaly ing conditions, corrosion damages and welding processes. IRT has also found its application in nuclear,
Quality assurance aerospace, food, paper, wood and plastic industries. With the advent of newer generations of infrared
camera, IRT is becoming a more accurate, reliable and cost effective technique. This review focuses on
the advances of IRT as a non-contact and non-invasive condition monitoring tool for machineries, equip-
ment and processes. Various conditions monitoring applications are discussed in details, along with some
basics of IRT, experimental procedures and data analysis techniques. Sufficient background information is
also provided for the beginners and non-experts for easy understanding of the subject.
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1. Introduction

The process of monitoring the condition of machineries and
processes is called condition monitoring. Condition monitoring
aims to prevent unplanned breakdowns, maximize the plant avail-
ability and reduce associated hazards. It enables detection of prob-
lems before a major malfunction of a machine or component. E.g.
The wear and tear of oil and gas pipelines, internal leakages in
valves and pressure vessels, etc. can be catastrophic as they can
lead to explosions and fire [1]. For aerospace, civil and mechanical
engineering infrastructure industries, the process of implementing
a damage identification strategy for condition monitoring is known
as structural health monitoring (SHM) where damages are defined
as changes to the material and geometric properties [2]. Unpredict-
ed failure of machineries and components in industries may result
in major accidents and huge economic losses, which warrant regu-
lar maintenance of those machineries and components. In large
scale industries, the maintenance cost can be as high as 40% of
the total budget [3]. Apart from financial losses, poor maintenance
of machineries also leads to major accidents which may cause
environmental pollution and damage to human lives. Table 1
shows the principal causes behind major accidents [4]. It is evident
from the table that mechanical failure causes 38% of all major acci-
dents, which stress the importance of efficient condition monitor-
ing practices. Bragatto et al. observed that, risk based inspection is
an essential requirement for sustained operation of critical indus-
trial components [5]. The principal objective of an efficient condi-
tion monitoring system is to detect process, component and
machine faults, thereby, enhancing the quality of manufactured
products and reducing the down time and maintenance cost [6].
Several NDT techniques such as radiography, eddy-current testing,
ultrasonic testing, acoustic emission and vibration analysis are
routinely used for condition monitoring. It is well known that tem-
perature is one of the most useful parameter that indicates the
structural health of an object [7]. Therefore, monitoring the tem-
perature of machineries or a process is undoubtedly one of the best
predictive maintenance methodologies. Various temperature mea-
surement systems like thermocouples and resistance temperature
detectors (RTD) are in general contact type and does not provide a
visual image of the object under investigation. Infrared thermogra-
phy (IRT) is a novel NDT method that measures the temperature of
a body remotely and provides the thermal image of the entire com-
ponent or machinery. In general, faults associated with abnormal
temperature distribution can be easily detected by IRT in advance
that allows preventive maintenance before failure.

IRT has been successfully utilized for several condition monitor-
ing applications such as civil structures [8-10], inspection of elec-
trical equipment [11-13], monitoring of plastic deformations [14],
inspection of tensile deformation [15-17], evaluation of fatigue
damages in materials [18-20], inspection of machineries [21-23],
weld inspection [24-27], monitoring of electronic printed circuit
boards (PCBs) [28-30] and evaluation of chemical vapor deposition
process [31]. IRT has also been utilized in nuclear [32-34], aero-
space [35,36], food [37], wood [38], high-level current density
identification over planar microwave circuit sectors [39] and paper
industries [40,41]. Basics of IRT methodology, operating principle
of infrared camera and applications of IRT in building envelope

inspection, roof inspection, electrical and mechanical inspection,
detection of buried objects, surveillance, process control and con-
dition monitoring of power distribution systems have been dis-
cussed in detail by Holst [42]. Applications of IRT for condition
monitoring purposes in various fields like nuclear, electrical, PCBs,
aerospace, civil, etc. are also described by Reeves [43] and Malda-
gue [44]. Origin of IRT, development of infrared detectors, perspec-
tive of IRT applied to building science, application of IRT to
thermo-fluid dynamics and combustion systems are well de-
scribed in a recent book edited by Meola [45]. In this article, we re-
view the applications of IRT in the field of condition monitoring
with typical case studies. We also describe the basics of IRT with
theoretical background, developments of infrared camera over
the last few decades, experimental methodologies and data analy-
sis techniques.

2. Background of IRT and infrared cameras

The origin and theory of IRT has been described in detail else-
where [46]. For completeness, the basic theory and the fundamen-
tal equations are described here. All objects with temperature
above 0K (i.e. —273 °C) emits electromagnetic radiation in the
infrared region of electromagnetic spectrum. Infrared radiation
(wavelength in the range of 0.75-1000 pm) is positioned in-be-
tween microwave and visible part of the electromagnetic spec-
trum. This vast range can be further subdivided into near
infrared or NIR (0.76-1.5 pm), medium infrared or MIR (1.5-
5.6 pm) and far infrared or FIR (5.6-1000 pm). In 1800, Sir William
Herschel discovered infrared radiation and the recording of the
first thermal image was done by his son John Herschel which
added new dimension to the temperature measurement. It took al-
most two centuries to adopt IRT in civilian domain mainly because
of non-availability of quality equipment and technical knowhow.

In thermal radiation theory, blackbody is considered as a hypo-
thetical object which absorbs all incident radiations and radiates a
continuous spectrum according to Planck’s law as follows.

1
[P — 1
2exp () —1] @

where 1 is the wavelength of the radiation (nm), L; is the power
radiated by the blackbody per unit surface and per unit solid angle
for a particular wavelength (W m—2 pm~! sr™!), T is the tempera-
ture in absolute scale (K), ¢; and c; are the first and second radia-
tions constants respectively. On integrating Planck’s law over all

Table 1

Principal causes behind major accidents [4].
Causes Frequency
Mechanical failure 38
Operational errors 26
Unknown/miscellaneous 12
Process upset 10
Natural hazards 7
Design errors 4
Arson/sabotage 3
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Table 2
Wavelength of the peak of the emission spectrum of a typical blackbody at various
absolute temperatures.

Temperature (K) Physical significance Wavelength

of the peak (pm)

3864 Lower limit of infrared region 0.75
1811 Melting point of iron 1.60
1420 Eutectic temperature of iron-carbon 2.04
1000 Eutectoid temperature of iron-carbon ~ 2.89
933 Melting point of aluminum 3.10
373 Boiling point of water 7.77
303 Room temperature 9.56
273 Ice temperature 10.61
77 Liquefaction point of nitrogen 37.63

frequencies, Stefan-Boltzmann'’s law is derived which is expressed
as follows.

a 4

1= eoT (2)
where q is the rate of energy emission (W), A is the area of the emit-
ting surface (m?), T is the absolute temperature (K) and & is the Ste-
fan-Boltzmann’s constant (¢ =5.676 x 1078 Wm2K™) and ¢ is
the emissivity of the emitting surface for a fixed wavelength and
absolute temperature T. For a perfect blackbody emissivity is unity,
but for real surfaces it is always less than unity. The wavelength of
the peak of the emission spectrum is also related to the absolute
temperature of the emitting surface by Wien'’s displacement law,
which is expressed as follows.

JmaxT = 2897.7 pm K (3)

Table 2 shows the peak wavelength of the emission spectrum
for different ranges of temperatures and the corresponding events.
It shows that up to 3864 K the emitted radiation falls within the
infrared regions.

In IRT, infrared radiation emitted by a body is detected in a non-
contact way by an infrared detector and using Stefan-Boltzmann’s
law (Eq. (2)), the temperature of the body is obtained. Infrared
detectors are the heart of IRT systems. Several types of detectors
are available and they can be classified into two main categories,
viz. thermal (like pyrometers, bolometers, etc.) and semiconduc-
tors (like photoconductive, photovoltaic detectors). Infrared detec-

Photograph of an impeller end
of a blower system

tors are in general placed inside a protective housing, consisting of
the optical arrangements (lens, mirrors, etc.), detector elements,
cooling system and associated electronics. Hence, they are also
called infrared cameras. Infrared cameras have undergone several
modifications during the last few decades [47]. The first generation
cameras consisted of a single element detector and two (one hori-
zontal and one vertical) scanning mirrors. In the more advanced
second generation cameras two similar scanning mirrors along
with array detectors (a large linear array or a small two dimen-
sional array) were used. The modern third generation cameras
are without mirrors and have large two dimensional array detec-
tors (popularly known as focal plane arrays: FPA) [48,49]. Several
on-chip image enhancement techniques like time delay integration
are also implemented in these modern cameras which increase the
resolution and sensitivity of the systems. The old technology
systems have lower spatial resolution, higher noise levels, smaller
dynamic range, limited data storage capabilities and without on-
board image processing. Development and basic working princi-
ples of various infrared detectors and sensors are described in
detail in a book chapter [50].

One of the main advantages of IRT based condition monitoring
technique is that it requires minimal instrumentations. The essen-
tial requirements for such applications are an infrared camera, a
tripod or camera stand and a video output unit for displaying the
acquired infrared thermal images. Fig. 1 shows the schematic of
a typical IRT experimental setup, where the infrared camera, dis-
play unit and a typical infrared image of a mechanical component
(compressor motor) along with its original photograph are shown.
Nowadays several handheld cameras with built-in display are also
available. The benefit of these cameras is that they are light weight
and portable. Advances in the field of solid state technology has
paved the way for the development of newer types of uncooled
infrared detectors with better resolution and accuracy. Presently,
thermal sensitivity of the uncooled cameras is about 0.05 °C com-
pared to 0.01 °C of the cooled ones [47].

Several parameters must be considered before choosing an
infrared camera as the ability of producing a sharp and accurate
thermal image largely depends on these performance parameters.
A detailed study of these performance parameters of thermal imag-
ing systems are reported by Venkataraman and Raj [51]. A few
important parameters are discussed below.

IR camera

—_—
Monitor/ PC
801°C
: j 80
F 70
60
F 50
F 40
355°C
IR image

Fig. 1. Schematic of a typical experimental setup for IRT based condition monitoring experiments. The infrared (IR) camera is placed suitably in front of the object under
investigation in such a way that unrestricted optical access is available. Environmental conditions must be favorable for accurate temperature measurement. The acquired
thermal images are displayed in the personal computer (PC) and real time temperature of the object can be measured in a non-contact way. The acquired thermal images are
often pseudo color coded that makes their interpretations easier and faster. The images can also be stored digitally for further post-processing. Here a typical infrared thermal
image of a mechanical component along with its original photograph is shown. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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Spectral range: Spectral range is defined as the portion of the
infrared spectrum in which the infrared camera will be operation-
ally active. As temperature of an object increases, the thermal radi-
ations emitted by the object are more in the shorter wave length
bands (this is a direct consequence of Wien'’s displacement law:
Eq. (3)). For observing objects at ambient temperature long wave
length band (7.5-14 pm) is preferable. This is because of two rea-
sons, viz. bodies at ambient temperature emits predominantly at
these wavelengths and secondly measurements performed at these
wavelengths are not affected by the radiation from sun (valid for
outdoor measurements), as radiation from sun is predominantly
in the shorter wave length bands. Short wave systems (2-5 pm)
may be preferred during overcast days and night times [11].

Spatial resolution: Spatial resolution of a thermal imaging sys-
tem is defined as the ability of the camera to distinguish between
two objects within the field of view. A better spatial resolution will
result in superior image quality. Spatial resolution of an infrared
camera primarily depends on object to camera distance, lens sys-
tem and detector size. Spatial resolution decreases with increasing
object to camera distance. Lens system with small field of view has
higher spatial resolution. For example a 10° x 7° lens system has
superior spatial resolution than a 20° x 16° lens system. Finally
detectors with larger number of array element will produce ther-
mal images with better spatial resolution. For example,
640 x 512 elements detector will have better spatial resolution
than 320 x 256 elements detector. Typical spatial resolution value
for a 320 x 256 elements detector with 20° x 16° at 1 m object to
camera distance will be 1.1 mm/pixel and 1.09 mm/pixel respec-
tively in the horizontal and vertical directions respectively.

Temperature resolution: Temperature resolution is defined as
the smallest difference in temperature in the field of view which
can be measured by the infrared camera. Temperature resolution de-
pends on several experimental parameters like object temperature,
ambient environmental temperature, object to camera distance,
presence of filters, etc. The most common parameters used as a mea-
sure of temperature resolution are noise equivalent temperature dif-
ference (NETD), minimum resolvable temperature difference
(MRTD) and minimum detectable temperature difference (MDTD).
Though a detailed discussion of these parameters is beyond the
scope of the present paper but these quantities are in general deter-
mined as per the ASTM standards E 1543-94,E 1213-92 and E-1311-
89 respectively. Typical values of NETD for modern Stirling cycle
cooled cameras are less than 0.025 K at room temperature.

Temperature range: Temperature range signifies the maximum
and minimum temperature values which can be measured using
an infrared camera. Typical values are within the range —20 to
500 °C.The range can be extended up to 1700 °C using various filters.

Frame rate: Frame rate is defined as the number of frames ac-
quired by an infrared camera per second. Higher frame rate cam-
eras are in general preferable for monitoring moving objects or
dynamic events like propagation of thermal fronts. Typical frame
rate values are 50 Hz, i.e. 50 frames per second.

Apart from the above mentioned performance parameters, the
selection of an infrared camera also depends on the inherent
parameters such as power, size, weight, image processing capabil-
ities, calibration, storage capacity, computer interface, cost and ser-
vice. Some of the infrared cameras (along with the spectral range,
temperature resolution and detector elements) used for condition
monitoring applications are presented in Table 3.

3. Experimental methodologies for IRT based condition
monitoring

IRT can be broadly classified into two major categories, viz. pas-
sive and active. In passive thermography, temperature of the object

under investigation is recorded without any external heat stimula-
tion as the object itself acts as a source of heat. Since abnormal
temperature distribution over skin surface is a probable indication
of illness passive thermography has been extensively used in the
field of medical sciences [52-54]. On the other hand, external heat
stimulation is essential for active thermography experiments.
Depending on the nature of the heat stimulation, active thermog-
raphy can be further subdivided into several categories like pulsed,
lock-in, pulsed phase, etc. [55]. In pulsed thermography, a short
duration heat pulse is used as stimulation and the temperature
evolution is monitored in the transient domain. Lock-in thermog-
raphy is performed in the stationary domain, where a sinusoidal
heat wave is used as stimulation. Pulsed phase thermography is
a combination of both lock-in and pulsed thermography tech-
niques, where data is acquired in time domain but phase analysis
is performed in the Fourier domain. Active thermography tech-
niques are in general used for various non-destructive evaluation
(NDE) applications like quantification of defects in metallic and
composite specimens [56-58], measurement of coating thickness
of corrosion protective paints [59] and even in industrial processes
[60]. Fig. 2 shows schematic representation of passive and active
IRT techniques and related applications. For most of the IRT based
condition monitoring applications passive thermography is the
preferred experimental technique as experimentation and data
analysis is simple and straight forward. Passive thermography is
in general used for inspection of civil structures, monitoring of
electrical components, machineries, deformation monitoring dur-
ing tensile and fatigue loading and online weld quality monitoring.
External heating is not required for the above mentioned applica-
tions as the defective regions appear as hot-spots and significant
temperature difference exists between the defect and defect-free
regions. On the other hand, in some applications like detection of
weld defects (post welding) and inspection of light-weight com-
posite structures of aircraft components external heating is re-
quired to induce a significant temperature difference between
the defect and defect-free regions and hence, various active ther-
mography techniques are used for such applications. A particular
technique is chosen depending on the nature of the object to be in-
spected, accessibility and expected features of the defect (like size,
depth, orientation, and shape).

As condition monitoring experiments are in general performed
in shop-floor, plant-site or harsh outdoor experimental conditions,
adequate measures are to be adopted to acquire reliable infrared
thermal images under these conditions. The factors those are det-
rimental for an accurate IRT measurement can be classified into
three principal categories: procedural, technical and environmen-
tal conditions [11]. Procedural factors can be minimized by
employing qualified thermographers. A prior knowledge of the ob-
ject under investigation and experimental conditions enable better
thermography images of the object of interest. For example it has
been reported that cylindrical specimens can give error in temper-
ature measurement in case of tensile testing due to the restriction
of viewing angle of the camera [16]. Technical factors of interest
are emissivity of the object under investigation, camera-to-object
distance, and load current variation (in case of inspection of electri-
cal equipment) [11,61,62]. Emissivity values play a significant role
in determination of correct temperature of an object and caution
must be practiced for selecting an accurate emissivity value. In
normal day-to-day condition monitoring practices temperature
and spectral dependence of emissivity is excluded because they
are not substantial. The emissivity values for some materials are
listed in Table 4 [42,63]. If possible, the object to inspected is
coated with a black-paint (of high emissivity value: &= 0.98) for
enhancing surface emissivity. For example, in case of tensile and
fatigue loading or post weld defect detection applications, the
specimens are coated with a black paint [26,64]. Avdelidis and
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Table 3

Infrared cameras used by different research groups for various condition monitoring applications.

Researchers [Ref.]  Year Study

Camera used Detector (spectral

range in pm)

Temperature
resolution (°C)

Rodgers et al. 1999 Heat transfer predictions in single and multi-component printed circuit Inframetrics HgCdTe (3-12) <0.2
[126] boards under natural convection environment Model 760
Clark et al. [9] 2003 Condition monitoring of concrete and masonry bridges AGEMA InSb (2-5.6) 0.1
Thermovision-
900
Venkatraman 2004 Prediction of tensile failure in 316 stainless steel specimens AGEMA PtSi (3.6-5) <0.1
et al. [64] Thermovision-
550
Speka et al. [203] 2008 Control of laser welding of amorphous polymer FLIR Uncooled 0.08
THERMACAM microbolometer
S40 (7.5-13)
Bagavathiappan 2008 Condition monitoring of exhaust system blowers AGEMA PtSi (3.6-5) <0.1
et al. [21] Thermovision-
550
Wang et al. [143] 2010 Study of necking phenomenon in fiber drawing FLIR Uncooled 0.08
THERMACAM microbolometer
A40M (7.5-13)
Lahiri et al. [26] 2011 Inspection of friction stir weld aluminum and tungsten inert gas welded FLIR SC 5200 InSb (2.5-5.1) <0.025
stainless steel joints
Fokaides and 2011 Determination of overall heat transfer coefficient (u-value) in building FLIR T360 Uncooled 0.06
Kalogirou envelopes microbolometer
[109] (7.5-13)
Naderi et al. [147] 2012 Monitoring dissipated thermal energy and damage evolution of glass/ MIKRON M7500 Uncooled 0.06
epoxy materials microbolometer
(7.5-13)
Zhang et al. [121] 2012 Monitoring temperature variation of bridge-wires used in electric FLIR A40 Uncooled 0.08
explosive devices microbolometer
(7.5-13)

Moropoulou reported that the knowledge of the emissivity values
of building materials (like plaster, marbles and porous stones) at
various temperatures will reduce the errors in temperature mea-
surement of civil structures [65]. Experiments were performed in
two wavelength ranges, viz. 3-5.4 pm and 8-12 pum and it was ob-
served that the emissivity values were closer to unity for the longer
wavelength range. In the case of IRT based inspection of metalized
top surfaces of some of the integrated circuits (IC), temperature
measurement is affected due to the low emissivity values of the
metallic components [66]. To avoid the emissivity problem, the
temperature of the plastic or ceramic portion alone is considered.
Vellvehi et al. developed a new approach for emissivity correction
methodology which is based on direct processing of the infrared
camera output signal [28]. Environmental conditions also affect
IRT measurements in various ways, e.g. an increase in ambient
air temperature leads to a higher measured temperature of the ob-
jects under investigation, whereas humidity, rain or snow reduces
the measured temperature values. Wind-flow and direct solar radi-
ation also affect the measured temperature values of the objects.
Studies indicate that apart from emissivity, temperature of civil
structures also depends on ambient temperature and relative
humidity [67]. It has been reported that high winds can reduce
the effectiveness of temperature monitoring of civil structures
due to surface temperature shear effects [68]. Standing water on
roof, perspex and glass materials must be avoided while using
IRT for temperature monitoring of civil structures. In general, IRT
based temperature monitoring of large civil structures are per-
formed after sunset to avoid the effects of direct solar radiations
and to obtain an appreciable temperature difference between the
defect and defect-free regions. As discussed earlier, selection of a
long wave length band infrared camera will also be beneficial to re-
duce the adverse effects of direct solar radiation during day time
operations. The experimental methodologies for various condition
monitoring applications have been discussed in detail in numerous
standards published by different international organizations. A few
standards relevant to the field of condition monitoring are enlisted
in Table 5. Careful selection of experimental condition along with

efficient data analysis procedures can result in high degree of accu-
racy in IRT based temperature measurement that reduces false
alarms and sudden failures.

4. Data analysis methods for IRT based condition monitoring
applications

The quantitative analysis of IRT data enables accurate determi-
nation of the temperature of a point or a region. On the other hand,
in qualitative analysis relative value of a local hot-spot with re-
spect to a reference point is considered. In majority of condition
monitoring applications like inspection of electrical components
and machineries qualitative data analysis is performed as the
methodology is fast and does not warrant rigorous evaluation of
the acquired thermal images and provides quick decisions using
the difference in temperature of the region of interest and the ref-
erence region (AT) criteria [11,69]. The severity of the incident is in
general represented in terms of AT tables, where, three to four dif-
ferent priority classes are present and each class represents a level
of severity [70]. Several standards are available, which provide
such AT tables for qualitative measurement of temperature using
IRT for electrical equipment. Some of the commonly used stan-
dards are International Electrical Testing Association (NETA)
[11,71], American Society for Testing & Materials (ASTM): E
1934-99a [72], National Fire Protection Association (NFPA) [73],
military standard: MIL-STD2194 [74] and Allen-Bradley motor
control center standard [75]. Infraspection institute standard spec-
ifies the experimental methodologies and data analysis techniques
for electrical components as well as rotating components [76].
Maximum allowable temperature of several mechanical compo-
nents (like bearing, rolling elements, lubricants, grease, synthetic
coils, seals, gaskets, gear drives, chain drives, etc.) are listed in this
standard. Under normal operational conditions temperature of a
particular component must not rise beyond the maximum allow-
able value enlisted in the above mentioned standard. Table 6
shows the salient features of the NETA, MIL-STD2194 and
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Fig. 2. Schematic representation of passive and active thermography techniques along with various applications. External heating is not required for passive thermography,
whereas active thermography requires adequate external heat stimulation like heat wave, optical, ultrasonic, etc. Depending on the mode of stimulation active thermography
can be further subdivided into pulsed (short duration heat pulse is used), lock-in (sinusoidal heat wave is used), pulsed-phase (combination of pulsed and lock-in), step
heating (long duration heat pulse), vibrothermography (heat generated by ultrasonic excitation), etc.

Table 4

Emissivity of some common materials [42,63] (when wavelength is not specified, it covers the

entire MIR and FIR range).

Materials Temperature (K) Wavelength (um)  Emissivity
Aluminum (heavily weathered) 290 - 0.83-0.94
Asbestos 293 - 0.96
Brass (polished) 301 - 0.03
Cast iron (heavy oxidation) 377 - 0.95
Cement 298 8-14 0.54
Clay (fired) 298 8-14 0.91
Common brick 290 2-5.6 0.81-0.86
Concrete (dry) 309 5 0.95
Copper (oxidized) 311 - 0.87
Fiberglass 293 - 0.75
Granite (natural surface) 309 5 0.96
Graphite 293 - 0.98
Limestone 311 - 0.95
Marble (gray, polished) 311 - 0.75
Masonry brick 273 5 0.94
Mica 311 - 0.75
Mortar (dry) 311-533 2-5.6 0.94
Nickel (polished) 298 3-14 0.05
Tempered iron (polished) 313-523 0.28

Infraspection institute standards. As qualitative monitoring suffers
from several drawbacks like non-availability of standard data ta-
bles and lack of accuracy, detection of systematic equipment fail-
ures requires rigorous quantitative analysis [11].

Infrared thermal images are in general noisy and suffer from
low signal to noise ratio. Hence, various image processing tech-
niques are used for enhancement of the acquired thermal images.
From condition monitoring point of view the principal objectives of
image processing are detection of hot-spots and extraction of de-
fect features. For image enhancement purposes various point oper-
ation algorithms like contrast stretching, histogram equalization,
etc. can be used. The objective of these algorithms is to stretch
the histogram of an image, which will in turn increase the dynam-

ical range of the image, thereby enhancing the contrast. Using ad-
vanced signal analysis techniques like thermographic signal
reconstruction (TSR) and principal component analysis (PCA) de-
fects of greater depths can be detected with higher thermal con-
trast [77]. The texture analysis based feature extraction of
thermal images has been found to be helpful in image classification
and object shape determination [78]. For detection of hot-spots
image segmentation and image thresholding are performed. Sev-
eral segmentation and thresholding algorithms are used and their
choices depend on the nature of the image and the objective of the
users. The most commonly used segmentation and thresholding
algorithms are global thresholding [57], fuzzy thresholding [79],
morphological segmentation [69,80], two level segmentation [81]
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Table 5
Relevant standards for condition monitoring applications.

Sl Standard reference  Topic
no. no.

Title of the standard

1 ASTM-E1213-97
2 ASTM-E1311-89
3 ASTM-E1543-00
4 ASTM-E1862-97

Temperature resolution
Temperature resolution
Temperature resolution
Temperature correction
5 ASTM-E1933-99a Emissivity correction
radiometers
6 ANSI/IEEE C37.010-
443
7 ASTME1934-99a

Electrical inspection

Electrical and mechanical
inspection

Mechanical inspection
Mechanical inspection

-]

ISO 18434
9 1SO-18436-8

Standard test method for minimum resolvable temperature difference for thermal imaging systems
Standard test method for minimum detectable temperature difference for thermal imaging systems
Standard test method for noise equivalent temperature difference of thermal imaging systems
Standard test methods for measuring and compensating for reflected temperature using infrared
imaging radiometers

Standard test methods for measuring and compensating for emissivity using infrared imaging

IEEE application guide for AC high-voltage circuit breakers rated on a symmetrical current basis
Standard guide for examining electrical and mechanical equipment with infrared thermography

Condition monitoring and diagnostics of machines-thermography
Condition monitoring and diagnostics of machines — requirements for training and certification of

personnel-thermography

10 IS 12782
11 ASTM-E2582-07

Industrial inspection
Aerospace industry

Guidelines for using thermography for monitoring of industrial components
Standard practice for infrared flash thermography of composite panels and repair patches used in

aerospace applications

12 ASTM-D4788-03
13 EN 13187

Civil inspection
Building inspection
14 ASTM C1046-95 Building inspection

components
15 ASTM C1060-11a Building inspection

buildings
16 ASTM C1153-10
17 I1SO 6781

Building inspection
Building inspection
method

18 ISO 13790 Building inspection

Standard test method for detecting delaminations in bridge decks using infrared thermography
Thermal performance of buildings. Qualitative detection of thermal irregularities in building envelopes
- infrared method

Standard practice for in situ measurement of heat flux and temperature on building envelope

Standard practice for thermographic inspection of insulation installations in envelope cavities of frame

Standard practice for location of wet insulation in roofing systems using infrared imaging
Thermal insulation - qualitative detection of thermal irregularities in building envelopes - infrared

Annual energy use for heating and cooling of the building

and normalized cut segmentation [82]. It has been reported that
ground truth segmentation technique is best suited for infrared
images [11]. In many condition monitoring application edge detec-
tion filters are used for isolating the boundary of a particular defect
[83]. Various types of edge detection filters (like Sobel, Canny, Pre-
witt, etc.) are in use and again the choice of a suitable edge detec-
tion filter depends on the nature of the image and user-objective. A
detailed discussion on various image processing techniques is be-
yond the scope of the present paper and several dedicated books
are available on this subject [84]. Various image processing tech-
niques suitable for condition monitoring application have been dis-
cussed in detail in a recent review authored by Jadin and Taib [11].
Fig. 3a shows a typical infrared thermal image of a PCB with two
faulty integrated circuit (IC) components, which show higher tem-
perature compared to the surrounding regions. The faults could be
easily visualized in the histogram equalized image shown in
Fig. 3b. Application of image processing tools will lead to intelli-
gent image analysis system which will ultimately pave the way
for automated fault detection and localization systems. Such auto-
matic inspections techniques for infrared thermal images have al-
ready found widespread applications in the medical [52,85] and
NDT [86,87] fields.

5. Applications of IRT in condition monitoring

Faulty machineries, improper electrical loading conditions,
damaged metallic or non-metallic components in general present
abnormal temperature patterns. Further, temperature is one of
the most important controlling parameters in various industrial
processes. Identification of abnormal temperature patterns and on-
line temperature measurement performed in a non-contact way
using IRT assist early diagnosis of the probable faults and proper
preventive measures can be adopted to avoid major shutdowns.
Thermographic findings are often compared with the results ob-

tained from other techniques like ultrasonic inspection, vibration
analysis, etc. for versatile multi-mode condition monitoring to en-
sure reliability and accuracy. Fig. 4 shows a few applications of IRT
in condition monitoring like monitoring of machinery, liquid level
monitoring, inspection of PCBs, condition monitoring of trans-
former circuit breakers, motor shaft belt and three phase electrical
connections. The benefits of IRT are that it is remote, non-contact
and non-invasive technique that enables simultaneous monitoring
of a large area. Also IRT enables recording of dynamical variations
of temperature in real time and interpretations of the acquired
pseudo color coded infrared thermal images are easier and faster.
Based on the measured temperature values, proper decisions can
be made about the maintenance and repairing schedules. Thus,
IRT helps to reduce equipment damage, system down time and
maintenance cost. Due to these advantages, IRT has been estab-
lished as an effective condition monitoring tool. A few applications
of IRT in condition monitoring in various domains along with suit-
able case studies are discussed in detail below.

5.1. Monitoring of civil structures

Concrete structures such as bridges, roadways, water and sewer
systems, ports, harbors, airports and buildings are integral parts of
our lives and in-service condition monitoring of these structures
are essential to ensure public safety. Buyukozturk compared vari-
ous concrete imaging techniques and concluded that IRT can be
used for remote, rapid and accurate imaging of the concrete struc-
tures [88]. He also indicated that accurate imaging of concrete
needs additional requirements due to its heterogeneous composi-
tion, variable grain size distribution and different properties of
the constituent materials. The other constrains include complex
physical geometries, restricted accessibility and existence of rein-
forcement. The application of IRT in detection of voids and cracks,
detachment of frescos, wall bonding, moisture entrapment and
analysis of heating-ventilating-air-conditioning (HVAC) systems
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Table 6

Salient features of NETA and MIL-STD2194 standards for IRT based inspection of electrical equipment [11,71,74,76].

Standards Temperature difference (AT) (°C) Recommended action
NETA Between similar components Between components and
under identical loading ambient air temperature
1-3 1-10 Possible deficiency, warrants investigation (priority: 4)
4-15 11-20 Indicates probable deficiency, repair as time permits
(priority: 3)
- 22-40 Monitor continuously until corrective measures can be
accomplished (priority: 2)
>15 >40 Major discrepancy, repair immediately (priority: 1)
MIL-STD2194 10-20 Component failure unlikely but corrective measures
required at next scheduled routine maintenance period
24-40 Component failure probable unless corrected
40-70 Component failure almost certain unless corrected
>70 Component failure imminent
Infraspection institute standard for 1-10 Corrective measures should be taken at the next
electrical and/or mechanical maintenance period
components
>10-20 Corrective measures required as scheduling permits
>20-40 Corrective measures required ASAP (as soon as possible)
>40 Corrective measures required immediately

are described in detail in a recent book chapter authored by Grinz-
ato [89]. Ljungberg described various civil applications of IRT like
indoor and outdoor thermography of buildings, heating networks,
sewer systems, wastewater pipes, roads, bridges, asphalt paving,
canals, etc. [90]. Clark et al. used IRT for diagnosis of civil structures
under low ambient temperature conditions and reported that, the
temperature difference between the delaminated and normal areas
could be about 0.2-0.3 °C [9]. Datcu et al. proposed a method, using
highly reflective and diffusive aluminum mirror, to improve the
IRT based temperature measurement for inspection of civil struc-
tures [91]. Meola used IRT for inspection of single and multi-lay-
ered masonry structures [10]. The data was reduced to two
dimensionless quantities, viz. Dy (related to induced defect thermal
effects) and D, (related to the characteristics of the defect and host
material). It was observed that a power law relationship exist be-
tween Dt and D.. Maierhofer et al. applied impulse thermography
technique for detection of subsurface voids in concrete structures
and studied the effect of concrete age, pore content, aggregate
type, reinforcement density and hydration level in detail [92].
Studies indicate that IRT can be used for condition monitoring of
facades, investigation of interfaces between plasters and masonry,
crack detection, inspection of the structure of mortar filling of
joints and detecting sub-surface moisture [93]. Poblete and Pascual
used active thermography for measurement of concrete porosity
which ultimately affects the durability of the concrete [94]. Azenha
et al. used IRT for monitoring early age hardening of concrete [95].
The authors indicated that temperature monitoring during con-
crete casting is essential to avoid thermal cracking and using IRT
can be beneficial for this purpose, as temperature evolution over
a large surface area can be visually monitored in a non-contact
way. Arndt used pulsed phase thermography technique for study-
ing subsurface defects in civil structures [96].

IRT has also been widely used for condition monitoring of an-
cient structures of historical and cultural importance. Grinzato
et al. used IRT for monitoring hidden wall structures and moisture
content in ancient buildings [97]. Studies indicate that IRT can be
used as a powerful tool for studying the structural integrity of
the ancient monuments, air flow pattern, adhesion properties of
frescos and for detecting cracks [8]. Avdelidis and Moropoulou
used IRT for investigation of historical structures after conservation
or restoration work and concluded that, IRT can be considered as a
powerful tool for condition monitoring and evaluation of conserva-
tion status of such structures [98]. Tavukcuoglu et al. used IRT for
diagnosis of surface water drainage problems in historical build-

ings [99]. Their studies show that underground drainage path
and pipeline could be detected using IRT and rising damp problems
were in general associated with inadequate site grinding and re-
verse falls near the problematic regions. Luong applied IRT for
studying soil dynamics, especially the energy dissipating ability
of soil and concluded that IRT could be used for directly monitoring
the stress state of particle rearrangement and to observe the fuse
effect of soil which significantly reduces the earthquake loading
on civil engineering structures [100]. Sugiura et al. used IRT for
monitoring ground water status [101]. Thermal images were ac-
quired from a low altitude helicopter and atmospheric correction
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Fig. 3. (a) Infrared thermal image of a printed circuit board (PCB) with typical faults
due to malfunctioning of integrated circuit (IC) components. The faulty regions have
higher temperature compared to the normal regions. (b) Output image of the
histogram equalization operation on the original image (Fig. 4a). The histogram
equalized image provides better insights into the fault location and may help in
fault classification. Application of such image processing techniques will result in
the development of automated fault recognition systems which will ultimately lead
the way for robust, reliable and accurate intelligent condition monitoring
methodology.
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Fig. 4. Various condition monitoring applications of infrared thermography: (a) Monitoring of machineries where abnormal surface temperature distribution is an indication
of a probable flaw. (b) Inspection of liquid levels in industrial components. (c) Inspection of printed circuit boards. Localized defects like short circuits or current leakages
produce hot-spots which can be easily detected by infrared thermography. (d) Typical thermal images of a transformer circuit breaker where the faulty regions can be clearly
seen as hot-spots. (e) Inspection of shaft belt where the thermal anomaly is due to over-tightening of a belt. (f) Condition monitoring of three phase electrical panel where

local hot spots are developed due to load imbalance.

was performed on the acquired thermal images. The authors con-
cluded that IRT can be considered as a useful tool for determination
of soil moisture status. Vavilov and Demin used IRT for monitoring
the operation of smokestacks [102].

Nowadays performance indicators for new and existing build-
ing are derived from the temperature patterns and IRT can be used
for studying thermal insulations of such civil construction remo-
tely [89]. In 2006 it was made obligatory for salesman to perform
IRT based thermal balance inspections of houses at the point of re-
sale in France [103]. Residential energy services network (RESNET)
has published several standards for energy auditing of residential
buildings, which discusses the important technical guidelines and
energy rating of the buildings [104]. Balaras and Argiriou used
IRT for detection of energy leakages from building envelopes
[105]. They indicated that IRT can be used for detection of heat
losses, missing or damaged wall insulation, air leakages and
trapped moisture. Their studies also indicated that a temperature
difference of about 11 °C between the interior and exterior surface
may be a possible indication of missing or damaged insulation.
Sales et al. studied the thermal performance of expanded polysty-
rene (EPS) as insulators using IRT [106]. Ludwig developed a sim-
plified heat transfer model for the civil buildings and the same
was verified using IRT [107]. Haralambopoulos and Paparsenos
used IRT for monitoring the level of thermal insulation in old build-
ings and for detecting heat leakages in the building envelopes
[108]. Fokaides and Kalogirou used IRT for determining the overall

heat transfer coefficient (u-value) for building envelopes during
summer and winter time [109]. Their findings were confirmed
using thermohygrometry and the authors concluded that IRT
may be a more accurate technique as it incorporates radiative heat
transfer and surface emissivity. A typical infrared thermal image of
a residential building acquired during night time is shown in Fig. 5
[110]. Red color denotes the hotter regions whereas, blue denotes
the cooler regions. It is clearly seen that heat loss is mainly through
the doors and the windows. Fig. 6a shows the photograph of a plas-
tered wall of an ancient chapel showing some cracks, and Fig. 6b
and c shows the thermal image and phase image of the same wall
respectively [93]. It can be seen from the phase image that the
positions of the cracks are mainly inside the joints and between
the bricks. The above mentioned case studies clearly indicate the
effectiveness of IRT as a condition monitoring tool for civil inspec-
tions. IRT can be used for detection of voids and cracks, delamina-
tions, loss of insulation, energy loss from a building and even for
evaluation of damage and repair of ancient civil structures of cul-
tural importance.

5.2. Monitoring of electrical and electronic components

IRT has found widespread applications in condition monitoring
of electrical components. Corrosion, loose connection, damaged
contacts, worn out wires, over loading or load imbalance are
the major types of faults in electrical components that causes
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abnormal rise of temperature which can be easily monitored by
IRT. The operating temperature of typical electrical equipment un-
der normal load condition may be considered as the baseline data
and any increase in operating temperature must be considered as
an indication of a probable fault. In general, product manufacturers
or international associations like IEEE, ANSI, IEC publish the normal
temperature ratings of electrical equipment which can be com-
pared with the measured temperature values for condition moni-
toring purposes [13]. Newport classified the common causes of
electrical faults into four main categories, viz. increased resistance
(localized resistance due to deterioration of electrical contacts over
time or over tightening of bolts), load (IR heating or Joule heating,
where [ is the electrical current and R is the resistance), induced
heating (eddy current heating in metallic specimens) and harmon-
ics (multiples of basic incoming frequency; odd harmonics or trip-
lens are reported to be most harmful and may cause severe
overvoltage, over current or overheating) [111]. Martinez and Lag-
ioia classified the major sources of electrical faults into three sec-
tions based on the case studies during the period 1999-2005
[112]. They reported that maximum numbers of faults (48%) were
found in connection accessories and bolted connections, whereas
45% of faults were found to be in disconnector contacts. They clas-
sified the fault induced thermal anomalies into three categories
and also recommended suitable preventive procedures for each
category. The three categories are serious (overheating >130 °C),
priority (overheating 100-130 °C) and programmed (overheating
75-100 °C). For serious types of faults repair and maintenance
work should commence immediately, whereas, for priority and
programmed type of faults repair and maintenance work can be ta-
ken up as soon as possible and when possible respectively. The fol-
lowing formula may be applied while using the AT criteria
(described earlier) to obtain the corrected maximum allowable
temperature (TmaXco; in °C) [76,113].

A 2
TmaXCorr = |:<A_A:> TR

Here Ay, Ag, Tr and Tamby, are the measured load in amperes, rated
load in amperes, rated temperature rise obtained from standards
(°C) and measured ambient temperature (°C) respectively.

Hurley described the applications of IRT for condition monitor-
ing of oil submerged high resistance equipment, transmission sys-
tems, heavily insulated connections, lighting arrestors and
underground lines [114]. Studies by Epperly et al. concluded that

+ Tamby (4)

Fig. 5. A typical infrared thermal image of a residential building acquired during
night time [110]. Red color denotes the hotter regions whereas, blue denotes the
cooler regions. It is observed that heat loss is mainly through the doors and the
windows. This image clearly demonstrates the applicability of infrared thermog-
raphy as a potential tool for assessing energy losses of buildings. (For interpretation
of the references to color in this figure legend, the reader is referred to the web
version of this article.)

IRT can be used for condition monitoring of various types of elec-
trical equipment like motor control centers, transformers, substa-
tion and switchgears, capacitor banks, overhead power lines,
drives, light and power panels, power cables and trays, terminal
strips and power supplies [115]. Showalter and Edmonds used
thermal maps generated from thermal scanners for detecting in-
service winding failure of newly installed replacement hydro-gen-
erator stators [116]. Ralph highlighted the application of IRT in
condition monitoring of high and low voltage transformers, radia-
tor type cooling fans of oil-filled transformers, high tension tower
connection lines, exciter rectifiers and oil filled circuit breakers
[117]. Frate et al. used IRT for performance monitoring of overhead
lines and joints [118]. Bonin used IRT for inspecting loose connec-
tions in high tension grid system and a synchronous motor of a
hydrocarbon compressor [119]. Chudnovski used IRT to inspect
the corrosion induced overheating of electrical components which
is a very common cause for fire and safety hazard in pulp and paper
industries [120]. Zhang et al. used IRT for studying the temperature
variation of bridge-wires (widely used in electric explosive devices
as transducers of electrical energy to thermal energy) under con-
stant current operating conditions [121]. They reported that appli-
cation of IRT can help to predict the safety current values for
bridge-wires of different diameters. Filho and Henriquez success-
fully used IRT in high-level current density identification over pla-
nar microwave circuit sectors [39]. Wang et al. used IRT for
inspecting cooling system blockage and connection flaws in power
transformers [122]. The authors categorized the severity of the
flaw induced overheating into four types, viz. attention, intermedi-
ate, serious and critical depending on the temperature rise of 0-9,
10-20, 21-49 and >50 °C respectively. Fig. 7a and b shows the nor-
mal photograph and typical infrared thermal image of a 225 MV A
transformer respectively [123]. The heat generation in the trans-
former can be clearly seen from the thermal image. IRT based con-
dition monitoring of electrical equipment can significantly reduce
unplanned shutdown, maintenance time and risk of accidents
and fire hazards.

Recent progress in the field of integrated circuits and solid state
technology has resulted in the widespread usage of printed circuit
boards (PCBs) containing millions of electronic circuits. Such high
density packing requires usage of multiple on board power sup-
plies and numerous electronic junctions which are potential sites
of faults. Identification and localization of such faults is essential
for error free performance of the PCBs. In general, the faults pro-
duce abnormal temperature patterns which could be detected by
IRT. Recent usage of non-lead solders with high melting point
may result in additional temperature load for the electronic cir-
cuits and IRT can be used for real-time temperature monitoring
in such cases [124]. Dumpert discussed the IRT based methodolo-
gies for inspecting PCBs in detail [66]. Several testing procedures
like batch screening, low volume screening, single piece fault local-
ization, etc. are illustrated with suitable case studies. Vishwakarma
et al. reported that temperature rise at the various locations of a
PCB can be recorded using IRT and the fault can be easily detected
from the thermal anomalies [125]. IRT has been used for experi-
mental validation of the numerical heat transfer problem of the
PCBs under natural and forced convection cooling conditions
[126-128]. Wiecek et al. used transient active thermography tech-
niques for the estimation of solder thickness in PCBs [129]. The sol-
der thickness values were extracted from the observed transient
temperature patterns. Avdelidis et al. used pulsed thermography
technique for defect detection in the PCBs [124]. Gupta et al. used
IRT for diagnosis of defects in the thermal interface materials of the
integrated heat spreaders in advanced microprocessors [130]. They
observed that internal die heating yielded better results compared
to the traditional external transient excitations. Breitenstein et al.
developed a microscopic lock-in IRT technique for inspection of
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Fig. 6. Condition monitoring of civil structures using infrared thermography [93]. (a) Photograph of a plastered wall of an ancient chapel showing some cracks. The region
was heated with an infrared radiator for 10 min and during cooling, thermal images were acquired at 5 Hz frame rate for 45 min. (b) Infrared image just after the heating was
stopped. The cracks and the associated regions can be clearly seen. (c) Phase image obtained from pulsed phase thermography technique. Single stones appeared as lighter
areas; on the other hand joint stones appeared as darker regions. It can be seen from the phase image that the positions of the cracks are mainly inside the joints and between

the bricks.

leakage sites in the ICs [131]. Temperature difference as low as
10 puK and spatial resolution of about 5 um have been achieved
by using this technique. Studies indicate that 1 mA of leakage cur-
rent could be localized within a few seconds, whereas it took less
than an hour for detection of a few pA of leakage current [29].
From the above mentioned case studies it is clear that IRT can be
considered as a sensitive, reliable and easy to use condition moni-
toring technique for fault identification in PCBs. IRT based method
for fault localization in electronic assembly can ensure quality con-
trol during the PCB fabrication and population stages.

5.3. Deformation monitoring

Material can experience various types of loading conditions
during operation which can drastically reduce its service life. Ten-
sile or fatigue loading causes deformation in components and part
of the mechanical energy is converted to thermal energy which in
turn increases the component temperature. Deformation induced
heat generation can be represented by the generalized heat con-
duction equation [132].

oC [% + ygrad(T)} _ divjkgrad(T)] = S. + S; (5)

where p is the mass density, C is the specific heat, k is the heat con-
duction tensor, T is the absolute temperature, v is the velocity field,
S. is the external volumetric heat source and S; is the internal volu-
metric heat source (like thermoelastic effect, intrinsic dissipations,
etc.) respectively. IRT is an excellent technique for monitoring the
surface temperature evolutions during such deformations and pro-
vides early indications of failure. IRT can provide early indication
about the zone of failure during tensile loading [64]. Wang and

Zhang studied the necking phenomenon in metallic specimens un-
der uniaxial tensile loading experimentally using IRT and also using
finite element modeling [133]. IRT has been used for monitoring
tensile deformation in nuclear grade AISI type 316 stainless steel
(SS) at room temperature [15]. It was observed that temperature in-
creases continuously during progressive plastic deformation and
the onset of necking can be clearly identified by the sudden increase
in temperature at the necking region. Rodriguez-Martinez et al.
used IRT for studying martensitic transformation in AISI 304 SS
specimens under tensile loading at room temperature [134]. They
observed that under macroscopic low strain rate experimental con-
ditions, martensitic transformation occurred for temperature differ-
ence greater than 140 °C. Oliferuk et al. studied the elastic to plastic
transition under uniaxial tensile loading in austenitic steel, titanium
and aluminum alloys [135]. They observed a decrease in specimen
temperature followed by an increase under such transition. This
study concluded that the temperature inversion point is an indica-
tion of initiation of plastic deformation over macroscopic scales and
IRT is a valuable tool for such measurement due to its fast response
in temperature measurement. The effect of stress triaxiality on
material deformation studied in smooth as well as axisymmetrically
notched specimens of IMI-834 titanium alloy using IRT indicated
that the localized temperature rise was higher in case of the
notched specimens compared to the smooth ones [16]. It has been
shown that the stress in the thermoelastic region can be predicted
from the temperature data using the Lord Kelvin’s equation as de-
scribed below.

AT = —K,TAc (6)
where AT is the change in temperature (K), T is the specimen tem-

perature (K), Ac is the stress change (Pa) and K, is the thermoelas-
tic coefficient and is expressed as
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Fig. 7. Infrared thermography is routinely used for condition monitoring and preventive maintenance of electrical transformers [123]. (a) Photograph of a 225 MV A
transformer. (b) Typical infrared thermal image of the transformer shown in Fig. 7a under operational conditions. The heat generation in the transformer can be monitored
remotely and any unnatural increase in temperature, which can be an indication of a probable fault, can be inspected beforehand. This increases the efficiency of the

transformer, reduces down-time and saves maintenance cost.
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Kp=—o (7)

where o is the coefficient of linear expansion (m K1), p is the den-
sity (Kg m~>) and Cp is the specific heat at constant pressure (J kg~ 'K~ 1).
Kutin and Adamovie used IRT based methodology for deformation
monitoring in butt welded joints of S355]2G3 steel specimens dur-
ing tensile loading [136]. Badulescu et al. used IRT and grid method
for studying plastic deformation in aluminum multi-crystal speci-
mens under tensile loading and observed that heat sources esti-
mated from the acquired temperature data matches well with the
strain distribution [14]. Louche and Chrysochoos used IRT for study-
ing Luders band propagation in S355MC steel specimens during dis-
placement controlled tensile test and observed a low amplitude
thermal wave propagation which was attributed to the Luders band
propagation [132]. Ranc and Wagner studied the heterogeneous
deformation related to Portevin-Le Chatelier (PLC) bands in an alu-
minum-copper alloy system using IRT and concluded that IRT can
be used for quantification of deformation increment [137]. Ait-
Amokhtar et al. studied the dynamics of PLC band formation in an
aluminum-magnesium alloy system under constant strain rate ten-
sile loading and found that the acquired temperature data provides
information about formation and movement of various PLC bands
[17]. Type A PLC bands were formed under large strain rate and
their propagation was found to be quasi-adiabatic. On the other
hand, under low strain rate conditions, type B PLC bands with qua-
si-isothermal propagation were formed. Their studies indicated that
the strain rate jumps can be quantified from the measured temper-
ature bursts. It has been reported that IRT can be used for studying
transition from continuous (type A) PLC bands to discontinuous
(type B) PLC bands [138]. Studies show that heat production due
to phase transitions in shape memory alloys can also induce mea-
surable changes in temperature [139]. IRT has been used for detect-
ing phase transformations in shape memory alloys during
mechanical testing [140]. Delpueyo et al. applied IRT for studying
martensitic microstructures in a shape memory alloy during cyclic
loading [141]. IRT has also been used for deformation monitoring
of non-metallic specimens like rubber and fiber. Wang et al. used
IRT for studying the thermal effects on rubber specimens during
loading-unloading cycle [142]. Their studies indicate that thermo-
elastic effect could be observed during the loading cycle and tem-
perature variations were partly reversible in the first cycle and to-
tally reversible in the subsequent cycles due to complex
deformation behaviors. Wang et al. studied necking phenomenon
during fiber drawing process using IRT [143]. It was observed that
the temperature exponentially increases with fiber drawing rate.
Meola and Carlomagno studied impact damages in glass fiber rein-
forced polymer (GFRP) using IRT and reported that online monitor-
ing of impact testing is useful for material characterization [144]. It
was observed that for impact energy below 7 ], the material exhib-
ited only elastic response (characterized by a sudden decrease in
temperature followed by a quick recovery to ambient temperature).
On the other hand for impact energy beyond 7 ] hot-spots were ob-
served which signified the initiation of damage in the material. It
was further observed that the damage locations coincided with
the location of onset of heat generation.

Fargione et al. used IRT for observing temperature evolutions
during fatigue testing of materials and reported that this technique
is suitable for rapid determination of fatigue curves [145]. Rosa and
Risitano used IRT for to determine fatigue limit by analyzing the
temperature of the external surface during cyclic loading [146].
The method is based on the increase of surface temperature for
stress levels beyond fatigue limit of the materials. Luong indicated
that IRT can be used for inspection of fatigue induced damage pro-
cesses, early detection of the intrinsic dissipation and rapid evalu-
ation of fatigue strength of materials [18]. IRT is a potential

experimental tool for determination of intrinsic dissipation during
deformation. Naderi et al. studied the heat dissipation in a glass/
epoxy laminate which was subjected to bending fatigue loading
[147]. They observed that the dissipated thermal energy can be
estimated by analyzing the surface temperature and rate of tem-
perature fall (after sudden halting of fatigue loading). Maquin
and Pierron studied various visco-elastic and micro-elastic effects
during fatigue loading using IRT [148]. Pastor et al. studied the
low cycle fatigue behavior of 2024-T3 aluminum alloy using IRT
and observed temperature oscillations due to thermoelastic cou-
pling [19]. The study concluded that transient loading to stress le-
vel higher than the yield stress of the test material causes sudden
increase in temperature which can be measured by IRT. Giancane
et al. used IRT for studying the high cycle fatigue behavior of
2024-T3 aluminum alloy [149]. Ummenhofer and Medgenberg ap-
plied IRT for analysis of localized fatigue damages during fatigue
testing of manual arc welded S355J2G3 steel components [150].
They reported that IRT is a valuable tool for determination of fati-
gue damage initiation and localized inhomogeneous damages can
also be identified since temperature data over a wide area which
covers the entire specimen can be acquired using IRT. Studies indi-
cate that IRT can be used for analyzing the heat sources associated
with fatigue process of 2024-T3 aluminum alloy and zones with
higher thermoelastic source amplitude can cause the onset of fati-
gue cracks [151]. Plekhov et al. found that spatial standard devia-
tion (SD) of temperature data acquired by IRT can be used for
monitoring fatigue crack initiation and current location of the
crack tip [152]. Fig. 8 shows the infrared thermal image of fatigue
testing of reactor pressure vessel steel SAA533B112 [153]. Fig. 8a
and b shows the temperature distribution of the specimen after
280,000 and 285,000 cycles respectively and Fig. 8c shows the sub-
tracted image where the location of the fatigue crack tip region can
be clearly seen. It is evident from the above case studies that IRT is
an excellent tool for deformation and damage monitoring of metal-
lic as well as non-metallic components. Degradation of material
properties can be remotely monitored and sudden catastrophic
failures can be avoided using IRT based condition monitoring.

5.4. Inspection of machineries

IRT has been widely used for condition monitoring of machiner-
ies [154]. Stator or rotor misalignments, faulty bearings, improper
lubrication may cause major mechanical failures unless proper
preventive monitoring practices and corrective measures are
adopted. It has been reported that periodic monitoring of the skin
temperature distributions of process plant tubes at regular inter-
vals is essential to ensure optimum yield, longer service lives of
the tubes and safe functioning of the plant [155]. Ge et al. used
IRT for performance monitoring of direct air-cooled power generat-
ing units [156]. They inspected the temperature distributions of
the air-cooled condensers using IRT and studied the effects of
ambient air temperature, natural air flow and surface defects on
the performance of the units. Studies indicate that IRT can be used
for condition monitoring of wind turbine structures to prevent pre-
mature failure of the turbine blades during operation [157-162]. Li
et al. used IRT to study the effects of the Reynolds number, width
and height of the fin and nozzle tip to fin tip distance on the ther-
mal performance of various types of heat sinks with confined
impinging jet [163]. Studies indicated that IRT is useful for condi-
tion monitoring of paper finishing machines [164], online temper-
ature measurement in hot rolling of aluminum [165], temperature
measurement in injection molding and blow molding of plastics
[166] and condition monitoring of refinery equipment [167]. Lee-
mans et al. used IRT for condition monitoring of rotating machines
[168]. They developed an auto-recursive model for determination
of accurate temperature and found that even temperature drifts
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Fig. 8. Infrared thermal image of fatigue testing of a reactor pressure vessel steel (SAA533B112) specimen [153]. (a) After 280,000 cycles. (b) After 285,000 cycles. (c)

Subtracted image showing the position of fatigue crack tip.
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Fig. 9. (a) Infrared thermal image of the shaft of an exhaust system blower under normal operating condition. (b) Thermal image of the impeller end of the exhaust system
blower. The abnormal temperature rise (encircled region) was attributed to improper gland packing. (c) Abnormal temperature distribution in the shaft belt due to over-
tightening. (d) Temperature profile along the length of the shaft (as indicated by the blue line in figure (a)). It can be seen from the graph that under normal operating
condition of the shaft, a symmetric temperature profile was obtained. Any departure from such symmetric profiles may indicate probable misalignment of the shaft. Studies
identified the faults beforehand and suitable maintenance work was carried out to avoid any unwarranted failure of the blower systems. (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this article.)

less than 1 °C could be detected using this model, which helped to
predict potential modes of failure beforehand. Studies indicate that
approximately half of the machine failures occur due to faulty
bearings globally [21,22]. Kim et al. used IRT for detecting faults
in rotating deep-grooved ball bearings [169]. Mazioud et al. re-
ported that IRT can be used for the detection of rolling bearing deg-
radation (like spalling) and the rise in temperature could be
correlated with the level of vibration [170]. Gaberson highlighted
that, IRT can be used for investigating energy loss due to misalign-
ment of rotating machines and reported that misalignment can
cause up to 2% energy loss, which in turn can increase the temper-
ature of the component significantly [171]. Bagavathiappan et al.
used IRT for condition monitoring of the bearings, shaft and motor
of exhaust system blowers used in ventilation system of a nuclear

power plant [21]. Abnormal temperature rise at the bearing and
shaft of the impeller end of the blower was observed, which was
attributed to excess heating due to defective gland packing. Addi-
tionally, they found that the abnormal temperature distribution in
one of the belts of the pulley drive system was due to over-tight-
ening. Fig. 9a-c shows the typical thermal images of the shaft,
impeller end and shaft belt of the exhaust system blower respec-
tively. The horizontal temperature profile of the properly aligned
shaft is also shown in Fig. 9d. The hotspot is due to defective gland
packing at the impeller end (encircled region in Fig. 9b) and the
abnormal temperature distribution of the shaft belt due to over-
tightening (indicated by an arrow in Fig. 9c) can be clearly seen
from the respective thermal images. IRT based condition
monitoring of mechanical equipment ensures proper and healthy
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operation of plants, reduces down-time and maintenance cost and
increases the plant efficiency.

5.5. Corrosion monitoring

Corrosion causes huge economic losses across various industrial
sectors. A recent study indicates that in United States of America
(USA) the total annual direct cost related to corrosion is almost
$276 billion [172]. As corrosion is accompanied with loss of mate-
rials, it causes surface temperature variations and hence, IRT is an
excellent tool for monitoring the surface temperature changes
associated with corrosion damages. Grinzato and Vavilov used
transient IRT techniques for characterization of hidden corrosion
defects [173]. They developed a 3D heat transfer model for corro-
sion damages and proposed a simple surface temperature time
derivative based algorithm for detection of corrosion induced
thickness variation. Grinzato et al. applied a simple 1D thermal
model to thick cylindrical and spherical components for corrosion
detection where heating protocol was optimized for improving the
SNR [174]. They reported that corroded areas can be characterized
by maximum thermal contrast and appearance time of the maxi-
mum contrast value. Marinetti and Vavilov used IRT for detection
and characterization of hidden corrosion defects in thick metallic
components [175]. Han and Park used IRT for detection of corro-
sion in steel components coated with organic material where it
was observed that temperature difference was highest for ruptured
blister kind of defects [176]. Similar studies were also performed
by Jonsson et al. [177] and Schonberger et al. [178]. IRT has also
been used for detection of corrosion defects in aircraft aluminum
panels [179]. Liu et al. used pulsed IRT techniques for quantifica-
tion of pitting corrosion defects in iron pipes [180]. Phase congru-
ency measurement and principal component analysis were
performed and it was observed that the second principal compo-
nent shows a linear relationship with material loss. Studies show
that the acceptable level of accuracy in IRT based techniques is
only achievable when there is at least 20% wall thickness loss
due to corrosion [181]. Hermanson and Sandor illustrated the
applicability of forced diffusion thermography and frame subtrac-
tion based image processing algorithm for corrosion fatigue mod-
eling [182]. Chung et al. used IRT for measuring corrosion in
reinforced bars where it was observed that the rate of temperature
rise increases with the extent of corrosion [183]. Shen and Li re-
ported that IRT is a powerful tool for detecting corrosion pits and
wall loss defects in high temperature pipelines which are most
commonly used in petrochemical plants and power stations
[184]. Their studies indicated that IRT could easily detect corrosion
defects bigger than 10 mm in diameter and 40% wall thickness in
depth. Fig. 10 shows the infrared thermal images of the corroded
areas in an aluminum metallic plate [185]. It can be seen that
the corroded regions can be easily localized from the phase image
shown in Fig. 10b. Corrosion induced defects reduce the service life
of components and IRT based non-contact condition monitoring
provides an estimate of material loss due to corrosion and thereby
helps in remaining life assessment of the components.

5.6. Weld monitoring

Welding is one of the most widely used joining methods for
metallic as well as non-metallic materials. The weld joints are
the origins of structural weakness in most of the cases and hence,
weld joints must be routinely monitored to ensure structural
integrity of the fabricated products. Farley et al. indicated that
the probability of weld failure is directly proportional to the prob-
ability of NDT missing the flaw [186]. Safety of the welded joints
can be ensured by total quality control, i.e., online monitoring of
fabrication process and NDT of the finished welded joints. IRT

can be regarded as a powerful tool for both of these processes.
Meola et al. used IRT for post weld condition monitoring of laser
welded SS and adhesively bonded aluminum joints and concluded
that the technique provides valuable information about the struc-
tural integrity of the welded joints [24]. Pulsed and lock-in ther-
mography techniques were employed for inspection of the
welded joints and it was observed that extension of the heat af-
fected zone could be determined from the acquired phase images.
It was also verified, using IRT, that heat affected zone becomes nar-
rower as the welding speed increases. IRT has been widely used for
online weld penetration monitoring [187-191], control of welding
processes [192-195], material deposition control [196], weld sys-
tem control [197], quality assurance of laser welding [198], online
quality monitoring of abrasive water jet (AW]) cutting process
[199], monitoring of resistance spot welding [200] and friction stir
welding (FSW) processes [201]. Venkatraman et al. used IRT for on-
line detection of incomplete penetration and penetration depth
estimation during TIG welding and reported that surface tempera-
ture profile shows linear correlation with penetration depth [202].
Sreedhar et al. used IRT for online weld quality monitoring and
automatic detection of defects [27]. Their studies indicate that off-
set positioned IRT based online monitoring of TIG welding is capa-
ble of detecting porosities. They further reported that the spatial
and time dependence of temperature near the weld pool could pro-
vide valuable information regarding possible defects in the welded
regions. IRT has also been used for online monitoring and quality
control of no-metallic (like polymer, wood, etc.) welding processes.
Kafieh et al. used IRT for automatic detection of defects in polyeth-
ylene pipes [25]. Infrared thermal video sequences were acquired
during the post-weld cooling phase and a clustering algorithm
based image processing was performed to characterize the defects.
Speka et al. used IRT for parameter optimizations during transmis-
sion mode laser welding of amorphous polymer specimens [203].
Ganne-Chedeville et al. used IRT for studying the wood welding
parameters where the maximum and average peak temperature,
temperature distribution and rate of temperature increase were
measured near the welded regions and the effects of these param-
eters on the weld integrity were studied in detail [204]. Nandhitha
et al. discussed various feature extracting algorithms for process-
ing of the infrared thermal images acquired during online weld
monitoring and reported that Euclidean distance based color image
segmentation algorithm is best suited for the purpose [205]. Lahiri
et al. used IRT for detection and quantification of weld defects in
friction stir welded aluminum joints and tungsten inert gas (TIG)
welded SS joints [26]. The defect depths were estimated using
lock-in thermography technique. The results were confirmed using
digital X-ray radiography technique. Fig. 11a-d shows the photo-
graphs and lock-in images of TIG welded SS joints with lack of fu-
sion and tungsten inclusion defects respectively. It must be noted
that all the defects could be clearly identified from the thermogra-
phy images. Based on the above case studies it can be concluded
that IRT is an excellent technique for defect detection in welded
joints and compared to other non-contact NDT techniques, lock-
in thermography is preferable because it provides information
about defect depth also. IRT is a matured and widely accepted con-
dition monitoring tool for inspection of weld joints and online
monitoring welding processes and provides sufficient information
for quality assurance of weld joints which will in turn ensure the
structural integrity of weld joints thereby reducing the risk of sud-
den failures.

5.7. Application of IRT in nuclear industries
IRT has been widely applied for condition monitoring of various

components of nuclear industries. IRT can be reported to be suc-
cessfully used for condition monitoring of the annulus fan bearings
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corrosion

corrosion

Fig. 10. Infrared thermography is a potential tool for corrosion detection [185]. Artificial defects were fabricated on an aluminum specimen and a modulated heat source was
used for heating the specimens. The infrared images were acquired at regular interval. (a) Amplitude image. (b) Phase image. The corroded regions could be easily seen in the

phase image.

and motor faults located on top of the radioactive liquid waste
tank, cooling water pump, slurry pump, exhaust fans and electrical
components like panels, circuit breakers, relays, etc. at the Savan-
nah riverside nuclear installations in USA [206]. Lewak has de-
scribed the various applications of IRT in several commercial
nuclear installations across USA in detail [207]. He has illustrated
the applications of IRT with numerous detailed case studies for de-
fect detection in fiber-glass reinforced plastic materials used in the
critical components of negative pressure reactor safety systems
and fiber reinforced rubber materials which are used as sealant
in earlier generation Canadian deuterium uranium (CANDU) reac-
tors. Rodriguez and Raj has used IRT for condition monitoring of
various components of a nuclear power plant like main trans-
former, switchyard, concrete walls of turbine building, etc. [208].
Lee and Kim used IRT for early detection and condition monitoring
of heavy water leakage out of the fuel channel closure-plugs of a
heavy water reactor during operation [209]. They observed that
using IRT, the location of the leakages could be identified and the
leak status could be monitored in real-time during the reactor
operation and concluded that IRT can be considered as a powerful
tool for condition monitoring of operational nuclear reactors. Kim
et al. used ultrasound pulsed phase thermography for real time
crack detection in the austenitic STS304 specimens, which are used
for piping in reactor coolant systems [210]. Madurga et al. applied
IRT for real-time monitoring and controlling of the cooling process
of lead shields during the fabrication stages of the nuclear fuel
transport containers [211]. IRT has been used for condition moni-
toring of a heavy water plant which employs ammonia-hydrogen
isotopic chemical exchange process [212]. The ammonia cracker
tubes should be operated at their designed optimum temperature
and must not exceed the maximum limit of 993 K. High tempera-
ture operation of these tubes may cause loss of ductility, intergran-
ular cracking or creep damage which may lead to failure of the
tubes, whereas, low temperature operation will lead to incomplete
cracking of ammonia resulting in lower yield. IRT was used for esti-
mating the surface temperature of the cracker tubes and to visual-
ize the thermal gradients across the tubes as a function of
elevation. The flames in the background and restricted optical ac-
cess presented major experimental difficulties for IRT measure-
ments. The thermal images were acquired during night time and
through a small circular opening available at various elevation
stages.

Itami et al. developed multiplexing thermography technique for
the divertor of the International Thermonuclear Experimental Reac-
tor (ITER) for measuring the effects of the edge localized mode (ELM)
heat fluxes, which may cause severe erosion of the divertor [34]. The
authors reported that, survivability issues under plasma discharge
and redeposition related surface problems may present major
experimental challenges. Courtois et al. used lock-in IRT for health
monitoring of the controlled plasma facing components of the
Tore-Supra (TS) toroidal pump during maintenance shutdown
[213]. This technique was successfully tested under laboratory con-

ditions and the authors concluded that IRT can be considered as a
qualitative method for detecting serious flaws on the refractory ar-
mour tile and heat sink interface. The studies also indicate that a
few flawed tiles could be clearly identified in a recent in situ cam-
paign using the lock-in IRT method. A transient IRT technique called
station acquisition et traitement infrarouge (SATIR) was developed
by French atomic energy commission (CEA) for condition monitor-
ing and quality control of the manufactured plasma facing compo-
nents for the fusion reactor. Durocher et al. used SATIR
methodology for inspection of the ITER vertical components manu-
factured by the Europeanindustries [214]. Gauthier et al. used IRT for
the study of ELM heat flux interactions in an ITER-like wide angle
infrared and visible diagnostic using reflecting optics [215]. The ac-
quired infrared thermal images showed that the major plasma wall
interactions were located on the divertor, but significant amount of
interactions were also present on the upper and outer limiters.
Fig. 12a and b shows a typical photograph of internal components
of the joint European torus (JET) vessel and the infrared image of
the JET vessel during edge localized mode (ELM) discharge respec-
tively [215]. The infrared image shows the temperature difference
between two consecutive frames, one before the ELM discharge
and one after the discharge. Online monitoring of various safety-
critical systems of nuclear power plants using IRT will ensure struc-
tural integrity of the systems and in many cases major failures and
damages could be avoided.

5.8. IRT based condition monitoring in aerospace industries

IRT is one of the most commonly used tools for condition mon-
itoring in aerospace industries. Several types of light weight com-
posite structures (like carbon and glass fiber reinforced polymers,
honeycomb structures, sandwich panels, etc.) are routinely used
for fabrication of aerospace components. These components are
prone to defects like delaminations, de-bonds, foreign inclusions,
porosity, water ingress, node failure and core crushing. Periodical
monitoring of the fabricated components are required for ensuring
structural integrity. IRT is a widely accepted condition monitoring
tool in aerospace industry primarily because inspection can be car-
ried out on large areas without dismantling aircraft components.
As the process is non-contact in nature inspection time is consider-
ably lower than other condition monitoring techniques. In general,
moisture corrodes the honeycomb structures and at the same time
adhesive strength is also reduced. Hence detection of water ingress
is composite structures is of prime importance. Saarimaki and Yli-
nen used IRT based techniques for detection of water penetration
in composite materials [216]. The whole structure is cooled below
freezing point of water and subsequently warmed up to room tem-
perature. Phase transition energy (required for melting of water)
was detected using IRT and the location of water penetration could
be identified from the thermograms. In general inspections of the
composite parts are carried out after fabrication or in situ (after a
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Fig. 11. (a) Photograph of a tungsten inert gas (TIG) welded stainless steel (SS) joint with lack of fusion (LOF) defect. (b) Lock-in thermography image (excitation frequency:
0.1436 Hz) of the LOF specimen. (c) Photograph of a TIG welded SS joint with tungsten inclusion (TI) defect. (d) Lock-in thermography image (excitation frequency:
0.1266 Hz) of the TI specimen. It is evident that all the defects (encircled in red) could be easily identified from the infrared thermal images. The advantage of lock-in
thermography over other techniques is that it additionally provides depth information also. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

few hours of landing). For inspection purposes, active thermogra-
phy techniques are preferable as external heating is required for
producing thermal contrast between the defect and defect-free re-
gions. Reflection mode (camera and heat source are on the same
side) is in general adopted as most of the components have single
side access. Ibarra-Castanedo et al. presented a detailed study on
active thermography techniques (pulsed, lock-in, pulsed phase, vi-
bro-thermography) on light weight structural materials like hon-
ey-comb panels [77,217]. The studies indicate that though optical
excitations resulted in good defect resolution, the results are
strongly affected by surface features. Advanced signal processing
techniques could reduce the impact of the surface conditions. They
reported that defects (diameter to depth ratio of 2 or higher) of
depth 2.5 mm could be detected using pulsed phase thermography
and thermographic signal reconstruction techniques. Meola et al.
used IRT for monitoring the damages (delamination, impact dam-
ages, fatigue failure, etc.) in various aerospace materials like com-
posites, hybrid composites, sandwich structures and
recommended that IRT must be integrated with the industrial
instrumentation for monitoring the entire fabrication process and
subsequent quality assurance [218]. Robotic arrangement for auto-
mated thermography of large components of fiber reinforced poly-
mers has been developed by aerospace industries [219]. Such

automated systems will reduce the inspection time drastically.
Menaka et al. used IRT for inspecting variations in glue content
and defect detection in adhesively bonded canopy specimens used
in fighter aircrafts [36]. The specimens were uniformly heated and
the thermal contrast between the regions with normal and reduced
glue content were monitored. This study shows that infrared ther-
mal imaging is a highly sensitive technique to detect variation
(>20%) in glue content. Burleigh described several diversified appli-
cations of IRT in aerospace industries like thermographic nonde-
structive testing of composite materials and structures, thermal
mapping of aerodynamically heated components, thermographic
studies of gas plumes ejected from jet and rocket engines, temper-
ature monitoring of electrical de-icers on helicopter rotor blades,
detection of cooling system blockages in jet engine turbine blades,
etc. [220]. Meola and Carlomagno reviewed several applications of
IRT in modeling of aerodynamics [221]. Fig. 13 shows typical infra-
red thermal images of the cockpit region of an aircraft, where insu-
lation defects can be clearly seen [222].

5.9. Other applications

IRT has been successfully used in postharvest quality control,
grain quality monitoring and detection of foreign bodies in food
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Fig. 12. Infrared thermography can also be used for condition monitoring of nuclear components [215]. (a) A typical photograph of internal components of the joint European
torus (JET) vessel used for fusion reactor experiments. (b) Infrared image of the JET vessel during edge localized mode (ELM) discharge. The image shows the temperature
difference between two consecutive frames: one before the ELM discharge and one after the discharge.

Fig. 13. (a) Infrared thermal image of the cockpit off an aircraft [222]. The
insulation failures can be clearly seen from the thermal images.

items [37]. IRT has also been used for several other applications in
food industries like surface quality monitoring of apples [223],
monitoring surface drying of citrus fruits [224], assessment of pork
and raw ham quality, etc. [225]. Song and Shida used IRT for mea-
surement of surface temperature to control the drying condition of
Japanese cedar lumber wood to reduce surface checking (small
cracks on the surface) [226]. Plescanu et al. used IRT to investigate
the structure of flooded wooden floors and found that IRT is useful
to study the drying process and localization of the wet areas [227].
IRT has found its application in paper industry also. Kiiskinen et al.
used IRT for monitoring paper cockling, moisture formation, ther-
mal non-uniformity and analysis of the paper failure mechanisms
[40]. Hojjatie et al. used IRT for quantitative determination of in-
plane moisture distribution in paper [41]. The studies reported that
lower moisture content areas appeared as hotter regions in the ac-
quired thermal images and there exist a linear correlation between
the moisture content and the surface temperature values. IRT has
also been applied to marine industry for inspection of electrical
and mechanical systems of ships, mobile marine systems, to mon-
itor the quality of sea water surface and to detect any pollution or
leakage of hazardous materials [228].

6. Conclusion

Infrared thermography has evolved as an effective condition
monitoring tool for real-time temperature monitoring of objects
or processes in a non-contact way. It provides pertinent informa-

tion regarding the health and efficiency of equipment or processes
which are very crucial to prevent catastrophic breakdown or emer-
gency shutdown. The applications of modern image processing
tools on the acquired infrared thermal images along with artificial
intelligence based approaches can further augment the decision
making process faster and without human interference. Unlike
other condition monitoring methodologies, infrared thermography
provides a real-time pseudo color coded image of the object and vi-
sual manifestation of defects. Applications of IRT as a condition
monitoring technique in civil structures, electrical installations,
machineries and equipment, material deformation under various
loading conditions, corrosion damages, welding processes, nuclear,
aerospace, food, paper, wood and plastic industries are reviewed.
This review would also enable non-specialist in industries to adopt
this technique for various condition monitoring applications,
which would reduce down-time, maintenance cost, risk of acci-
dents and enhance the productivity and growth.
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