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Prediction of the Effect of Defect Parameters on the Thermal Contrast 
Evolution during Flash Thermography by Finite Element Method
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Abstract A 3D model based on the finite element method (FEM) was built to simulate the infrared thermography 
(IRT) inspection process. Thermal contrast is an important parameter in IRT and was proven to be a function of 
defect parameters. Parametric studies were conducted on internal defects with different depths, thicknesses, and 
orientations. Thermal contrast evolution profiles with respect to the time of the defect and host material were 
obtained through numerical simulation. The thermal contrast decreased with defect depth and slightly increased with 
defect thickness. Different orientations of thin defects were detected with IRT, but doing so for thick defects was 
difficult. These thermal contrast variations with the defect depth, thickness, and orientation can help in optimizing 
the experimental process and interpretation of data from IRT. 
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1. Introduction

Recent years, infrared thermography (IRT), 
which is also known as thermal inspection or 
infrared imaging, has attracted a lot of attentions 
on the nondestructive test (NDT) fields [1,2].  
As the most conventional NDT methods, like 
ultrasonic, magnetic field and eddy current 
methods have two significant drawbacks: physi- 
cal contact to the material under test is required 
and they generate images slowly by scanning, 
and then they are mainly suitable for the 
detection of defects at depths from 5 to 100 cm. 
However, the IRT gives immediate information 
rapidly with relatively low cost and it is 
becoming more and more widely used along 
with other NDT methods [2-4]. 

In the case of IRT, the remarkable strengths 
are as following: fast inspection rate, no 
couplant needed and no harmful radiation 
involved [1]. Although IRT is not good at the 
effects of thermal losses, which induce spurious 
contrasts affecting the reliability of the inter- 
pretation, IRT still have the bright future and is 

generally used for the non-contact inspection of 
structures. The results are recorded by thermal 
and infrared sensors in order to visualize thermal 
surface contrast after a thermal excitation. IRT 
measures the radiated electromagnetic energy   
in the infrared zone of the electromagnetic 
spectrum and produces 2D-images that represent 
heat wave contour. According to the electro- 
magnetic spectrum, there are three wave infrared 
bands: the short (0.9-1.7 μm), mid (3-5 μm) and 
long (8-14 μm) region. The camera wavelength 
should be chosen carefully for the surface 
measurement, because the mid wave camera can 
receives emission from both the coating surface 
and the internal matrix. Therefore, the long 
wave infrared camera is preferential for surface 
measurement [5]. Furthermore, IRT with a 
selective heating of the surface under investi- 
gation, permits to detect and to characterize the 
non-homogeneities in buildings structures in the 
near surface region up to a depth of about 
10 cm [6-8].

The main principle of IRT is that the 
thermal energy propagates by diffusion under 
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the surface while a thermal infrared camera 
monitors and records the temperature variation 
over the viewed surface. Optical excitation 
techniques [1,7-9], including pulsed and modu- 
lated thermography, are the most common 
excitation techniques used in thermography. 
Other excitation methods include electromagnetic 
induction [5], mechanical stimulation like sonic 
or ultrasonic [3,4], and chemical excitation like 
exothermic reaction of binary adhesive. In case 
of homogenous material and uniform surface 
heating, temperature is uniformly distributed on 
the material under test. The presence of a 
defect at a certain depth interferes with the heat 
flow causing local surface temperature variations 
or any other change in the thermal properties of 
the material. The changes in heat flow cause 
localized energy differences on the surface of 
the test object, which can be measured using an 
infrared detector. The thermal signatures are 
then used to evaluate various flaws, including 
leaks, cracks, debonding, corrosion, poor elec- 
trical wiring and contacts, and delaminations. 
Thermographic NDT method typically involves 
the evaluation of thermal signatures of material 
under test using imaging techniques [2]. The 
most highlight feature of the thermal image 
technique in contrast to other NDE techniques 
is that it facilities evaluating larger parts of the 
structure in a single. Many researchers developed 
new approaches for analyzing transient tempera- 
ture data [9,10]. Titman [1] evaluated some appli- 
cations of the thermal imaging technique in 
civil structures such as ascertaining the degree 
of thermal insulation, detecting entrapped 
moisture and locating buried pipelines, using 
solar heat as the natural sources. Cheng et 
al. [8] used the fusion of information gathered 
from active IRT and elastic waves for the 
inspection of building exteriors. Sakagami et al. 
introduced a quantitative technique for delami- 
nation detection by the phase delay measure- 
ment under periodical heating [9]. Kim et al. 

developed a robust analytic approach to detect 
surface cracks using the contour integral of 
holomorphic function under steady-state thermal 
conditions [10]. Cho utilized lock-in infrared 
thermography to optimize phase comparative 
images in detecting defects in welded part of 
ship and offshore structures [11].

Numerical simulation is expected to predict 
the experimental results with certain condition 
that the experiments are difficult to implement 
and cost too much. Modeling of IRT can help 
us to obtain the physical insight of the thermal 
phenomena occurring during and after thermal 
excitation of structures and fully understand all 
the aspects of their thermal behavior [7,12,13]. 
In order to investigate the efficiency and the 
feasibility of IRT, it is necessary to take the 
internal defect characteristics into consideration. 
The depth, thickness, and orientation are the 
common parameters of the defect. These three 
parameters may influence the heat transfer in 
the specimen during the IRT process, thus have 
been studied in the present work. Based on this 
study, the results are potential to optimize the 
system performance to enhance IRT effective- 
ness in internal structures detectability.

In this paper, a FEM-based model has been 
applied to simulate the thermal phenomena in 
IRT. A brief model description for IRT is 
shown in part 2. The thermal contrast is 
considered to be the discriminating parameter 
and the parametric studies of defects with 
different depths, thickness and orientations are 
implemented in part 3. Finally, the conclusion is 
made in part 4.

2. Model Descriptions

The numerical simulation of the IRT is 
implemented through solving the heat transfer 
equation with the commercial software COMSOL 
multiphysics.
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(a)

(b)

Fig. 1 Geometrical models: (a) 2D dimension of 
specimen and (b) meshed 3D model of 
specimen with defect and two halogen lamps

Table 1 Material property for simulation

Concrete Halogen Lamps 

Thermal Conductivity, 
k [W/(m·K)] 1.8 400 

Heat Capacity, 
Cp [J/(kg·K)] 1000 10 

Density, ρ [kg/m3] 2300 8700 

Surface Emissivity, ε 0.92 0.99 

2.1 Governing Equation and Boundary Conditions

The underlining physics in heat transfer is 
governed by the partial differential equation:

( ) 0p
TC k T
t

ρ ∂
−∇⋅ ∇ =

∂ , (1)　　
where  is the density (kg/m3);  refers the 
material heat capacity at constant pressure 
(J/(kg·K));   is absolute temperature (K);  
indicates the material thermal conductivity 
(W/(m·K));  refers to time.

The initial condition is represented by the 
ambient temperature, shown as:

( ) [ ], , , 0 293.15 ambT x y z t T K= = = , (2)　　
where  refers to the ambient temperature.

The boundary conditions are heat transfer by 
convection and radiation from the corresponding 
surfaces, shown as following:

( ) ( ) ( )4 4
0 conv amb ambk T q h T T T Tσε∇ = + − + −n , (3)　　

where  refers to the heat source (W); hconv is 
the constant convective heat transfer coefficient 
(W/(m2·K)); σ is the Stefan-Boltzmann constant 
(W/(m2·K4)); ε is the emissivity that is the ratio 
of radiant emittance of an object to that of a 
blackbody at the same temperature. The second 
and third terms are accounting for the convec- 
tion and radiation heat fluxes respectively.

   
2.2 Model Setup

The 3D model geometry with adiabatic 
condition at lateral surfaces is consisted of a 
rectangular plate with defects and two halogen 
lamps, shown in Fig. 1. The distance of the 
internal defect with a thickness t from the plate 
surface is denoted by d, and the defect can 
rotate with an angle θ to investigate the 
orientation effect. The center and the edge point 

are used to extract the surface temperature of 
the defect  and host material , respectively.

The model simulates the heat source by two 
halogen lamps, which is shown in the Fig. 1 
(b), with 500 W each of them. The material 
properties from [7] are applied and summarized 
in table 1. In order to simplify the analysis, the 
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Fig. 2 The simulation result for the surface 
temperature

Fig. 3 The power curve of a halogen heat source 
of 500 W

(a)

(b)

Fig. 4 The evolution with irradiation time: (a) for 
surface temperatures of defect and host 
material, and (b) for the corresponding 
thermal contrast

space between the concrete and the halogen 
lamps is set as empty space.

 
3. Parametric Studies of IRT

A series of parametric studies have been 
implemented to obtain a full understanding of 
the IRT. At first, the thermal contrast will be 
calculated to obtain the maximum thermal 
contrast. Then, different depth , thickness t and 
orientation   of the defects will be investigated 
to see the thermal contrast change.

   
3.1 Thermal Contrast Calculation

Here a total irradiation time of 15000 s has 
been investigated. The surface temperature from 
the solution is shown in Fig. 2. Also, the power 
curve of the halogen heat source of 500 W has 
been obtained in Fig. 3.

Thermal contrast is one of the most impor- 
tant parameters in the infrared thermography 
inspection and various definitions exist [14]. The 
standard thermal contrast used in this work is 
expressed as:

( ) ( ) ( )
( ) ( )0

d s
T

s s

T t T t
C t

T t T
−

=
−

(4)
　　

where  is the thermal contrast;  is the 
surface temperature of the defect;  is the 
surface temperature of the host material; (0) 
is the ambient temperature.

In the FEM simulation, the surface tempera- 
tures on defect and host material can be 
extracted, shown in Fig. 1(a). The surface tem- 
peratures and the corresponding thermal contrast 
revolution with irradiation time are obtained as 
Fig. 4.

From the simulation result, at short irradiation 
time condition (smaller than 1000 s), some noises 
exist, which should be avoided in IRT inspection, 
and the thermal contrast will increase with 
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Fig. 5 The thermal contrast evolution with time for 
different defect depths

Fig. 7 The thermal contrast evolution with time for 
different defects thicknesses

Fig. 6 The maximum thermal contrast and its 
corresponding irradiation time variations with
defect depths

Fig. 8 The maximum thermal contrast and its 
corresponding irradiation time variations with 
different defect thicknesses 

increasing irradiation time. At some irradiation 
time, the thermal contrast reaches a maximum 
value, which is the most effective point for IRT 
inspection. Under this case, the irradiation time 
max  corresponding to the maximum thermal 
contrast max  is 10000 s.

   
3.2 Defects with Different Depths

The same structure defect with various 
distances from the surface can also have a big 
influence on the IRT results. The thermal 
contrast has been calculated under the same 
procedure mentioned in section 3.1 and the 
results are shown in Fig. 5.

The simulation results show that with the 
increasing of the defect depth, the thermal 
contrast decreases and the irradiation time max  
for the maximum contrast increases max  at 

the same time. The maximum thermal contrasts 
and their corresponding irradiation time have 
been expressed as Fig. 6.

From the results, the maximum thermal 
contrast shows an inverse relationship with the 
defect depth while the corresponding irradiation 
time is almost linearly related with defect depth.

   
3.3 Defects with Different Thicknesses

The defects with different thicknesses at the 
given depth have also been taken into 
consideration. The thermal contrast varying with 
time has been shown as Fig. 7.
  From Fig. 7, the thermal contrast shows little 
difference of the evolution in time domain. The 
maximum thermal contrast and its corresponding 
irradiation time have been analyzed and the 
results are shown in Fig. 8.
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Fig. 9 The thermal contrast evolution in time for 
different angled defects

Fig. 10 The maximum thermal contrast and its 
corresponding irradiation time variations with 
defect orientations

Fig. 11 The maximum thermal contrast variation with 
different orientations of different thickness

Fig. 12 The irradiation time of maximum thermal 
contrast variation of different thickness

From the results, both the maximum thermal 
contrast and its corresponding time increase 
with defect thickness increasing and becomes 
saturated around 0.08 m. However, the variation 
is very small and it is hard to be distinguished 
during the IRT experiment. Therefore, the result 
proves that the IRT is not good at measuring 
the defect thickness. 

   
3.4 Defects with Different Orientations

When the center of the defect is fixed, 
rotating the defect inside the specimen can give 
the influence of thermal contrast of different 
defect orientations. The relation between thermal 
contrast and the orientation   is shown in   
Fig. 9. 

From Fig. 10, the thermal contrast increases 
with the increased defects orientation, while  
the corresponding irradiation time decreases. In 
order to investigate this phenomenon, several 
different thickness defects are taken into con- 
sideration and the maximum thermal contrasts 
are compared in Fig. 11 and Fig. 12.

From Fig. 11 and Fig. 12, the influence of 
defect orientation is highly related with the 
defect thickness as well. For the ultra thin 
defect (t=0.01 m), the maximum thermal contrast 
increases with the increased defect orientation, 
while the corresponding time decrease. For the 
thick defect (t=0.10 m), the variation in thermal 
contrast is very small and irregular. This 
phenomenon is assumed to be related with the 
distance from the irradiated surface to the 
nearest part of the defect.

   
4. Conclusion Remarks

In this work, the computation with the 3D 
finite element method on the objective model 
has been developed for the IRT on NDT, to 
confirm the possibility of IRT fitful work 
performance of NDT, compared the conventional 
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method of NDT which has the obvious 
drawbacks. A model contains a plate with an 
internal defect and two halogen lamps. The 
temperature profile based on the different of 
irradiation time is investigated and there is a 
maximum thermal contrast at a certain time, 
which is very important to have an effective 
inspection in the IRT process. The numerical 
simulation results show that IRT is helpful to 
optimize the experimental conditions and show 
the competitive potential, compared with the 
conventional NDT methods.

Parametric studies on the defect geometry 
have been implemented. The maximum thermal 
contrast is reversed with the defect depths, while 
its corresponding irradiation time shows a linear 
relation. The defect thickness shows a small 
difference on the thermal contrast involution in 
time domain. The thermal contrast increases 
with the increased defect thickness and then 
become saturated at some level. Different 
orientations of thin defects can be inspected 
with IRT, which shows high thermal contrast. 
IRT could make the detection on the thick 
defect inspection, but it is its weak point.

The numerical simulation result is helpful to 
optimize the experimental conditions and explain 
the experimental data of IRT.
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