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Abstract. This work presents a numerical investigation of transient heat diffusion in a two-dimensional plate containing internal
defects subjected to pulsed thermal excitation. The governing heat diffusion equation is solved using the Finite Volume Method
(FVM) and the Lattice Boltzmann Method (LBM), implemented through an in-house Fortran 90 code. The numerical model is
validated by a grid convergence study and a detailed comparison between both approaches, demonstrating excellent agreement
with a maximum relative error below 2.65%. A parametric analysis is conducted to evaluate the influence of defect geometry,
including size, depth, and position, on the surface temperature distribution. The results show that increasing defect size leads to
higher thermal contrast and more pronounced temperature peaks, whereas defects located deeper or farther from the heated
surface exhibit weaker thermal signatures due to enhanced thermal diffusion. The symmetry and localization of the thermal
profiles are identified as reliable indicators for defect characterization. The findings confirm the accuracy and efficiency of the
Lattice Boltzmann Method for thermal analysis of heterogeneous structures and highlight its potential for applications in thermal-
based non-destructive evaluation using infrared thermography.

Keywords: Internal defect; Thermal diffusion; Numerical simulation; Defect parameters; Thermal contrast.

1. Introduction

Defects such as cracks, inclusions, and corrosion can seriously reduce the reliability and service life of engineering materials
and structures. These flaws not only weaken mechanical strength but can also influence how a component responds to temperature
changes, gradually leading to damage and, in some cases, sudden failure. In industrial pipeline systems, corrosion caused by the
transport of aggressive media remains one of the main sources of material degradation, leakage, and environmental risk [1-3].
Similar concerns are found in civil infrastructure, reinforced concrete structures, aerospace components, and mechanical systems,
where hidden or subsurface defects can compromise durability and long-term performance [4, 5] For this reason, detecting and
evaluating internal defects at an early stage using non-destructive testing (NDT) techniques is essential to maintain structural
integrity and support effective predictive maintenance strategies [6-8].

Among the available NDT techniques, infrared thermography has gained widespread acceptance due to its non-contact nature,
rapid inspection capability, and sensitivity to subsurface anomalies [9-12]. The method relies on monitoring the surface temperature
response of a material subjected to thermal excitation. In homogeneous media, heat transfer follows Fourier’s law; however, internal
heterogeneities locally disturb heat diffusion, producing measurable temperature contrasts at the surface [13, 14]. This physical
principle underpins numerous applications, including the detection of voids in metallic components, delamination in composite
materials, and corrosion in industrial and building structures [13, 16]. Experimental and numerical studies have demonstrated that
the detectability of defects strongly depends on their geometry, depth, and thermal properties, as well as on the characteristics of
the thermal excitation [17, 18].

Accurate interpretation of thermographic data requires reliable numerical modeling, as analytical solutions are generally
restricted to idealized geometries and simplified boundary conditions. Numerical techniques, in particular the Finite Volume
Method, the Finite Difference Method, and the Finite Element Method have become crucial tools for realistic simulations of heat
transfer in defective materials, even though analytical modeling of such phenomena is limited to simple geometries [19-21]. Over
the past decade, the LBM has gained increasing attention as a reliable numerical approach for modeling heat transfer processes. Its
effectiveness is particularly evident in transient thermal analyses and in the treatment of geometrically complex domains, where
conventional methods may encounter limitations. Owing to its mesoscopic formulation, numerical stability, and algorithmic
simplicity, LBM has been successfully applied to conduction and convection heat transfer problems [22, 23], with several studies
highlighting its favorable stability properties compared to conventional schemes.
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Table 1. Thermal properties of the studied materials (at 293.15K).

Materials = Thermal Conductivity A (W/m.K) Density p (Kg/m®)  Specific Heat Capacity C, (J/Kg. K)
Steel 44.50 7850 475
Rust 0.60 5242 648.70

Despite these advances, a significant portion of the existing literature remains focused on steady-state conditions or simplified
defect configurations, offering limited insight into transient thermal responses under pulsed excitation [24, 25]. Furthermore,
systematic comparative studies between FVM and LBM for defect detection applications are still scarce. This lack of comprehensive
parametric investigations restricts a detailed understanding of how defect size, depth, and position influence thermal contrast and
detection capability [26, 27].

In this context, the present study investigates transient heat transfer in a two-dimensional plate containing internal defects
subjected to pulsed thermal loading. A dedicated Fortran 90 code is developed to implement both the FVM and the LBM, allowing
consistent numerical comparisons. A detailed parametric analysis is performed to evaluate the influence of defect geometry and
thermal properties on surface temperature distributions, with the aim of identifying conditions that enhance thermal contrast and
improve defect detectability in thermography-based non-destructive evaluation.

2. Materials and Methods

The geometrical layout of the physical model under consideration is presented in Fig. 1. It consists of a two-dimensional
rectangular plate with an internal defect of height / and length L. The vertical walls on the right and left sides of the plate are
thermally insulated, while the upper horizontal side is maintained at a constant temperature T, (heated side), and the lower
horizontal side is kept at a constant temperature T, (cooled side).

The present study aims to develop a numerical model and to investigate heat conduction in a two-dimensional rectangular
plate containing an internal defect. The thermophysical properties adopted for the numerical simulations are summarized in Table
1. In this study, diffusive heat transfer is examined through the application of two different numerical approaches. For a two-
dimensional computational domain, the time-dependent behavior of the temperature field is governed by the transient heat
conduction equation, which can be written in the following form [28]:

oC 7 o7y

oT 92T 92T
@:A{ }

(1)

where,
A: thermal conductivity of the material, expressed in (W m™ k™)
. oy ; -1 -1
CP: represents .the speFlflc heat capacity (J K* Kg?)
p: is the material density (Kg m)
T: represents the temperature at each point and moment
The heat transfer equations to be solved for domains 1 and 2 are as follows:
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2.1. Boundary conditions

Boundary conditions (BC) can take various forms. They represent the transfers between different parts of the body and its
surrounding environment. The continuity constraints at the interface between solid1/solid2 impose:

or or

>\sl % = ASQ%

3)

e Solid/solid interface conditions:

Second-type boundary conditions correspond to the case of heat transfer by conduction across the interface of two solid bodies,
1 and 2, with different thermal conductivities, assuming perfect contact. The surfaces in contact have the same temperature:

m:g and y<a . %:dg % @
\X|gg and v—a 7x138_§1:7x288_1; )
~ v4 T,
UL

Domain 1

T, 4y piCay

Fig. 1. Geometry of problem.
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e Conditions on the lateral surfaces:

L or,

x| = 2 Tox

The use of non-dimensional variables in the equations allows for a better representation of the physical phenomena because

they are independent of the measurement unit system used to study them. It can also be said that these variables provide general

information, which plays a significant role in similarity analysis. To bring the previous equations into a non-dimensional form, it
is necessary to define following variable transformations:

0 vo<y<l (6)
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In numerical methods for solving differential equations, computational areas are converted into small elements, which are
shown in Fig. 2. Temperature points are also shown as colored circles.

One of the difficult parts of this problem is the part of applying interface boundary conditions between two materials in contact.
Since the interface boundary condition exists only in the elements that are located in the boundary between two materials,
therefore a special boundary condition is established in these elements. To solve this problem, it is assumed that all computing
elements have different characteristics (Cp, p,)). In this case, due to the different characteristics of each element, the interface
boundary condition will be established between all the calculation elements, which is shown in Fig. 3. Now a general equation can
be expressed for all elements. In the following, the algebraization of Eq. (2) will be discussed. Figure 3 presents a typical
computational element interacting with four adjacent elements.

By two-dimensional integration from Eq. (2), we can write:

CPP#AIA@, _ |:/yy+Ay [{Aj—f}e B {Aj—f}w] i /:+Az [{)\‘i_:;}n _ {)\%}j dr} (17)
it bt Ja 0% -1t

Tn+1 _Tn
PP At

AxAy =

Az (12)

Known

® Unknown

Fig. 2. Meshing known and unknown points.
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Fig. 3. An example of an element.
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Now considering:

r:[‘w‘r = Tw’ = Tw Tn+ = Tn’ = Tn
T, =T, =T, T, =T, =T,
And by using Taylor's expansion and backward scheme, Eq. (12), can be written as follows:
ot o dT dT dT dT
Cop—xy—AxAy = “{*5}9 ~D) Jav [{W}n - {W}j AX} 13)
n+1l _ n _ _ _ _
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In Eq. (14), the values of T,,, T, T,,, T.. are the temperature values on the boundary of the element P. Since there is no calculation
point on the contact surface between the elements, so the temperature of these points must be obtained by other points. For this,
the contact boundary condition can be used:

dT dT Tp — T+ T,-—T
W] [ _’ Ap B Wt e W 15
" dx w W dx w™ v %AXP W %Axw (15)
P 2W T 2P T+ 2T 2B, 28 2B L4 AN
T, =TS T, =SS T, = 2552 T, = M5 (16)
xp | Axw xp | Axp Ayp ' Ayg Ayp TAYN
By inserting Eq. (15) and Eq. (16) in Eq. (14) the following general equation can be reached:
T T,-T Tp-T T,-T Tp-T,
Cop =Ry~ [{1 5}'{3 ;}}* {1n 5}'{1P ;} (17)
[Llade) Lads) [ L gaw], adve) ]
Tn+1 —Tn
Cp,pp PTtP = aeTy +awTy +apTp + asTg + anTy (18)
and,
RS:H 2w 28 RSN
oo 2Xp _ Bxg _ 2>\§- Axw N — 2>\§- Ayg an — 2>\§- AyN
PN 2N X as an A aw ae
ap:_[ Py r;] L ) LA
Ayp  Axpl Ayp | X M| Axp | Aw o Am
Ayg  Ayy Axy  Axg
In general, the equation governing the elements can be expressed as follows:
apt[Te™ — T8 = aeTy + awTy, + apTp + asTg + anTy (19)

2.2. Alternating Direction Implicit (ADI) method

The ADI scheme is a finite difference approach commonly employed for the numerical solution of elliptic and parabolic partial
differential equations. It is particularly well suited for modeling multi-dimensional heat conduction and diffusion problems [21].
The method relies on a directional splitting strategy in which the governing equation is treated implicitly along one spatial direction
and explicitly along the other. In the present formulation, the time derivative is approximated using a forward difference scheme,
while the spatial derivatives are discretized using central differences. This procedure leads to a set of intermediate algebraic
equations that are solved sequentially, advancing the solution from the time level n to an intermediate state n + 1/2, and

subsequently to the next time level n + 1. The overall solution process is illustrated schematically on the computational grid in
Fig. 4.

= = implicit
» = explich

Fig. 4. The grid system for the ADI method depicted.
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As we know, there are three general methods for solving unstable equations:

e Explicit

e Implicit

¢ Semi explicit and implicit

In this project, the goal is to solve equations in ADI form. The ADI method is a semi-implicit and semi-explicit method. In the
following, the ADI method is explained. In this method, each time step is divided into two sub-steps, i.e., dt_new = dt/2, then the
elements in a row, as shown in Fig. 5, are all assumed to be unknown. This is done for allj =2, ..., ny - 1 rows. In the same way, it is
repeated in the vertical direction.

ADI along x direction:

Fig. 5. ADI along x axis.

Tt — 18
Cp,pp A = aeTy + awTy, + apTp + asTg + anTy (20)
ntg n+g ntg n n n (21)
—aely, ? —awTy, * + [2apt — ap|T), * = +asT§ + anTy + 2aptTh
ADI along y direction:
1 1 1
—asTy™ — anTR™ + [2apt — ap|Tp™ = aeTgJr2 + awT;;r2 + 2aptTl:+2 (22)

¢ Sing TDMA for solving equation

The Tridiagonal Matrix Algorithm (TDMA) is a two-step procedure that combines features of both direct and iterative methods.
Common iterative methods include Gauss-Seidel and Jacobi, while direct methods include Gaussian elimination and LU
decomposition. In TDMA, we first treat all variables along one direction as unknowns and assume that the variables in the other

direction are known. In the second step, we reverse these roles, considering the previously known variables as unknowns and vice
versa.

e Forstep 1

—aeTEJrE — awTW+7 + [2apt — ap]TP+7 = +asTg + anTyg + 2aptTp (23)

First, supply the arrays of a (below diagonal), b (diagonal), ¢ (above diagonal), and d (right side vector).
b, ; =2 a,, —a, (coefficient at the point P)

a; ; = —a, (coefficient at the east neighbor)

¢;; = —a,, (coefficient at the west neighbor)

d; ; collects the known terms of the right-hand side, evaluated at the previous time step or at the intermediate half-step.

3. Thermal Lattice Boltzmann Method

The numerical solution of the Boltzmann equation requires discretization in both time and space. In the Lattice Boltzmann
framework, the particle velocity vector ¢, is defined over a finite set of discrete directions in space, commonly referred to as
predefined lattice velocities [22-24, 29]. Using this method, the temperature distribution function's kinetic equation can be
expressed as follows:

OB 6] Vi ()= e ()0 (2)

The dimensionless temperature distribution function is described by the following discrete form of the Boltzmann equation:

gk(X+AX’ Y+Ay’ t+At)'gk(X7 Y, t): 'f_: [gk(xv Y, t)-giq(x, Y, t)] (25)
where 1, represents the collision relaxation time for energy.

Nonetheless, the focus of this article revolves around addressing two-dimensional diffusion and D2Q9 lattice problems. A
specific configuration is employed in this research endeavor. The resolution of Eq. (24) is carried out on a discretized domain,
known as the lattice. This discretization involves a finite number of nodes referred to as lattices. The system undergoes a two-step
evolution: collision and propagation, the latter also being known as advection.

A‘rf‘ Journal of Applied and Computational Mechanics, Vol. xx, No. x, (2026), 1-16
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Equation (25) can therefore be solved in two steps:
e Collision:

At . oo —
gk( XY, t+At )_gk( XY, t ):_’T_[ gk(rvt )_gkq( I'7t ) } (26)
0
e Propagation or streaming:
g ( xF+Ax, y+Ay , t+At )=g (x, y, t+At ) (27)

For the D2Q9 lattice, nine discrete velocity vectors ¢, and their corresponding weighting factors w, are employed to ensure
second-order accuracy and isotropy of the thermal field:

w=1 5 k=1-4 (28)
1
— k=5-
36 5-8
(0,0) k=0
w(k-1) . w(k-1) )Ax _
o= < cos 5 ,sin 5 AL k=1-4 (29)
T(2k-1) . w(2k-1) )Ax _
\/§< cos 1 ,sin 1 AL k=5-8

In heat transfer modeling, the macroscopic temperature is calculated by taking the summation of the temperature distribution
functions across all discrete lattice directions:

b
o () =) gt (30)
k=0
After the streaming step, certain distribution functions particularly those located at the domain boundaries or adjacent to solid
walls are not known. The role of the boundary condition is thus to reconstruct these missing distribution functions. This situation
is schematically represented in Fig. 6, which highlights the issue at a boundary node.

3.1. Thermal boundary conditions

Two approaches are possible for applying boundary conditions at the interface between two regions. In the first method, distinct
relaxation time coefficients are defined for each zone. As for the second method, in addition to establishing different relaxation
time coefficients between the two regions, the associated differential equation is modified into an algebraic form. The temperature
is then calculated at the boundary. A temperature T;,, = 1 is imposed at the upper wall, and bottom T,,,,,,,,, = 0 at the lower wall.
The implementation of these conditions for the distribution function g is as follows:

e At the top wall:

gny 8 = Ttop * { w ( 8 ) + W( 6 )} ) ny,6 (313)
8oyt = Tiop * {w(7) + w(5)}—guys (31b)
Soya = Tiopx {W(4) + w(2)} —guy, (31¢q)
e At the bottom wall:
802 = Taown*{w(2) + w(4)} —gou (32a)
g().S:Tdown*{w(5)+W(7)}_g0.7 (32b)
806 = Toown*{w(6) + w(8)} —gog (32¢)
Nord
6 2 5
Rk A
7 4 8
6. 2 5 6. 2 5
." ".'
Ouest 3 e ] e 1 Est
" >
7 4 8 7 4 8

Fig. 6. D2Q9 model.
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(©
Figs. 7. Mesh structures of a rectangular geometry, (a) Mesh 1, (b) Mesh 2, (c) Mesh 3.

1.0
0.9}
0.8}
~o.7} LBM
o —— 31*465
'L 0.6} ——61*915
I~
=05 ——101*1515
00 —— 121*1815
o4l —— 151*2265
-
— 0.3}
02}
0.1}
0.0 : : : : : : : : .
00 01 02 03 04 05 06 07 08 09 10

yY

Fig. 8. Effect of grid size on temperature variations at the midpoint x/X = 0.5

For the adiabatic vertical walls, the application of boundary conditions is done using the equations:

801 = 803 805 — 807 808 =806 (33a)

8n1 — 83 8n5 — 8n,7> g8ns = 8np (33b)

where n denotes the grid on the boundary.

4. Results of Numerical Simulation

4.1. Validation of the numerical code

The Fortran 90 code was validated by comparing numerical solutions of the diffusion equation obtained using the lattice-based
approach and the finite-volume formulation. A grid sensitivity analysis was performed to examine the effect of mesh resolution
on the results. Several mesh sizes were considered, and the temperature profiles were evaluated along the midline of the
computational domain. The comparison showed good agreement between the two methods. An appropriate mesh resolution was
identified to ensure numerical accuracy while maintaining reasonable computational cost.

4.2. Mesh study

To assess the impact of mesh size on the numerical results, the problem was solved using grids of various resolutions, as
illustrated in Figs. 7. The influence of the mesh was evaluated by examining the variations in temperature distribution along the
centerline of the geometry, specifically at x/Y = 0.5 for each grid size considered.

The dimensionless vertical temperature distribution at x/X = 0.5 along the height of the plate is presented in Fig. 8. The
governing diffusion equation was solved using the lattice Boltzmann method (LBM). To evaluate the influence of grid resolution on
the numerical results, a grid independence study was conducted using five different mesh resolutions: 31x465, 61x915, 101x1515,
121x1815, and 151x2565.

The comparison of the temperature profiles shows that the numerical solutions gradually converge as the mesh is refined. In
particular, the profiles obtained with the finer grids become almost indistinguishable, indicating that the solution is nearly
independent of the grid resolution. It can also be observed that further refinement beyond the 101x1515 mesh leads to only minor
changes in the temperature distribution while significantly increasing the computational cost. Therefore, the 101x1515 grid can be
considered sufficiently refined to ensure accurate numerical results without unnecessary computational expense.

The results shown in Fig. 9 indicate that the maximum relative error between the two numerical approaches, evaluated using
Eq. (34), does not exceed 2.65%. This limited discrepancy reflects a very good agreement between the temperature distributions
predicted by the two methods over the entire domain. Such an error level remains well within the range commonly accepted for
numerical validation and confirms the consistency of the obtained results.

A\V[‘ Journal of Applied and Computational Mechanics, Vol. xx, No. x, (2026), 1-16
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Fig. 9. Validation of numerical simulation.
0.35 0.40
(—=— LBM ¢,=0.05 —=—LBM¢g,=0.1
0.39
0.34 038
0.37
0.33
0.36
0.32 0.35
“ ©034
0.31 0.33
0.32
0.3 0.31
0.30
0.29
0.29
4 5 6 7 8 9 10 11 4 5 6 7 8 9 10 11
Distance x/L. Distance x/L
(@ (®)
0.50 0.50
—=—LBMe,=02 —— MVF ¢,=0.3
0.45
0.45
0.40
0.40
S S
0.35
0.35
0.30
0.30
0.25
4 5 6 7 8 9 10 1 4 5 6 7 8 9 10 11
Distance x/L Distance x/L
© @
0.60 0.65
—=—LBM =04 —=—LBM¢,=0.5]
0.60
0.55
0.50
=3
0.45
0.40
0.35
0.30
4 5 6 7 8 9 10 1 4 5 6 7 8 9 10 11
Distance x/L Distance x/L
() ®

Fig. 10. Comparison of the temperature evolution for different defect sizes for ¢, = 0.3.
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Therefore, we can confirm that our code functions correctly, allowing us to proceed with modifications for addressing
subsequent problems.

Tovr — T
Error (%):4( - TR (34)
MVF

5. Study of the Influence of Defect Parameters

5.1. Influence of the dimensionless size of the defect

Using a variety of defect geometries with different dimensions, a thorough parametric analysis was carried out to examine the
effects of defect size, position, and depth on the material's surface temperature distribution. Defects with a constant depth of ¢, =
0.3 were embedded within the inner wall of the material, with defect sizes ranging from ¢, = 0.05 to ¢, = 0.5.

The analysis was performed by calculating the temperature profiles using the Lattice Boltzmann Method (LBM), which
effectively models microscopic interactions to predict thermal behavior on a macroscopic scale. Figs. 10(a) to 10(f) illustrate the
normalized temperature distribution (x/L) along the surface for various defect sizes (). Each figure corresponds to a specific defect
size within the defined range, illustrating how variations in defect dimensions influence the resulting surface temperature
distribution. The temperature profiles reveal significant variations influenced by the defect size, emphasizing its critical role in
determining the thermal behavior of the material. These findings highlight the effectiveness of the LBM in analyzing the thermal
effects of structural irregularities with high precision, providing valuable insights for materials design and optimization in
applications sensitive to thermal distributions.

Across in all graphs of Figs. 10(a) to 10(f), a distinct peak is observed in the distribution temperature, matching the location of
the flaw in the material. The peak’s sharpness and height reflect the level of thermal contrast produced by the defect. As the defect
size increases (from e, = 0.05 to ¢, = 0.5), the peak height also increases, suggesting a more pronounced thermal contrast associated
with larger defects. For small defects (¢, = 0.05), the temperature distribution is narrower, indicating that the thermal effect is more
localized. In contrast, as the defect size increases, the distribution widens, indicating that the defect influences a larger area of the
material. This widening confirms that larger defects exert a greater influence on the global thermal field.

The temperature profiles are symmetrical around the defect location, confirming that heat flow is equally influenced on both
sides along the X-axis. This symmetry also suggests a uniform distribution of the defect within the material and the absence of
external disturbances. The temperature peaks are critical indicators, as their height and width provide information about the size
and severity of the defect. Larger defects cause more pronounced peaks, making them easier to detect. As the defect size increases,
the thermal contrast becomes more significant. These results highlight how internal defects affect heat transfer and underscore
the importance of such analysis for developing non-destructive testing methods based on thermal signatures.

The MVF and LBM methods seem to provide similar results across most of the domain, suggesting good agreement in general
(see Fig. 11). However, the spike in percentage error at the peak indicates that there are regions where these two methods differ
significantly, possibly due to differences in how they handle sharp gradients or nonlinearities.

The results presented in Fig. 12, illustrate how the temperature difference varies with defect size, considering a range of defect
depths (¢,) spanning from 0 to 1. For each defect depth, a distinct minimum in the temperature difference is observed. When the
defect is located near the heated surface, the minimum is well-defined and sharply localized, allowing for a more accurate
determination of defect depth. In contrast, as the defect moves further away from the surface where the heat flux is applied, the
corresponding minimum becomes less distinct, leading to a decrease in the precision of defect localization.

The graphs in Figs. 13(a) to 13(d) illustrate the variation of the maximum average temperature difference Ad,,,,, as a function of
the relative defect size for various defect depths ¢,. Each graph compares the results obtained from two numerical methods (LBM
and FVM) and also includes the percentage error between these two approaches.
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ig. 11. Comparison of the maximum relative error between the two methods.
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moy x

As the relative size (¢,) of the defect increases (i.e., as the upper part of the defect moves away from the lower edge of the plate),
the maximum thermal contrast Af,,,, decreases steadily, which is consistent across all the graphs presented. This decrease in
Ad,,,, indicates that defects located farther from the heated edge are more difficult to detect due to the reduced thermal contrast.
Moreover, as the depth of the defect ¢, increases, A6,,,, decreases even more rapidly with e, suggesting that deeper defects exhibit
even lower thermal contrasts, making their detection even more complex.

Figures 14 illustrates the temperature profiles computed for various defect sizes (¢, = 0.05 to 0.5), showing that each defect
depth exhibits a specific position associated with a minimum in the average temperature difference (Ad,,,, ), This behavior indicates
a threshold of detectability linked to the geometric characteristics of the defect. The comparison between LBM and FVM results
reveals a generally low percentage error, confirming good agreement between the two numerical methods. However, this error
tends to increase with defect depth, suggesting a decline in detection accuracy for deeper defects.
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5.2. Effect of the position

We maintain the same structure used and consider three defects of the same nature, size, and depth. Their positions relative
to the lower face vary (see Fig. 15). The defects are located at distances from the lower face of ¢ = 0, ¢ = 0.3 and ¢ = 0.5. The
temperature evolution along this axis suggests that defects located closer to the heated surface correspond to higher temperature
values, as opposed to the behavior observed in the average temperature difference A6,,,,, thereby enhancing the detection of
anomalies. This observation considers the relatively small dimensions of the defect compared to the overall structure. Furthermore,
the analysis of surface temperature variation along the vertical axis traversing the defect zone clearly reveals the presence of these
anomalies within the material.

The temperature contour plots shown in subfigures (a), (b), (c) illustrate the effect of defect position on the thermal field within
the structure. The solid and dashed curves represent the results obtained from the two numerical approaches considered, allowing
a direct comparison of their predictions. A very close overlap between the contours is observed, indicating a strong consistency
between the computed temperature fields. When the defect is located near the heated surface, the thermal disturbance is more
pronounced, leading to a noticeable deformation of the isotherms. As the defect moves farther away from the surface, this
perturbation gradually weakens, reflecting a reduction in thermal contrast. These observations are in full agreement with the
trends discussed previously and highlight the significant role played by defect position in shaping the overall thermal response of
the structure.

6. Effect of Depth

According to Fig .17, which represents the evolution of temperature at different defect depths, we observe that the amplitude
of the peak reflecting the presence of the defect is greater, which is consistent with the results from both methods. These findings
indicate that deeper defects lead to increased thermal contrast, thereby facilitating their detection.
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Fig. 17. Impact of defect depth on the temperature profile § fors, =3/4and e = 0.
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Fig. 18. Temperature contours with different defects effect of depth.
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The results from Figs. 18 and 19 show that the maximum thermal contrast Ad,,,, decreases as the relative position e of the
defect moves away from the lower edge of the plate, making defects located further away more difficult to detect. Additionally, for
larger defects ¢, the thermal contrast is also reduced, as these defects dissipate heat more efficiently. Finally, an increase in defect
depth ¢, leads to an overall decrease in thermal contrast, confirming that deeper defects are harder to detect due to greater thermal
diffusion through the surrounding material.
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Fig. 20. The plate with the three rust sizes.
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7. Influence of Three Defect Sizes

We use the same structure previously studied by incorporating three defects of the same nature to evaluate the influence of
their size. These defects, which have varying depths, are illustrated by a two-dimensional rectangular geometry (see Fig. 20) and
are located on the inner wall.

The results obtained from the thermal response of the structure, displayed in Figs. 21(a) to 21(d), confirm that defects of different
sizes can be identified by analyzing the temperature profile. Notably, the temperature variation along the OX axis exhibits
significant differences based on defect size. Higher temperature values are observed in regions corresponding to deeper defects,
while a moderate increase is also detected in zones with shallower defects. This results in a pronounced thermal gradient between
the defective regions and the surrounding intact material, thereby enhancing the visibility of anomalies through thermal imaging.

Figures 22 (a) to (d) shows the evolution of the dimensionless temperature profile 8 along the horizontal direction x/L for
different values of the parameter ¢, which represents the vertical size of the defect¢, = 0.05, 0.25, 0.50, and 0.75. The temperature
varies smoothly along the surface, with localized disturbances appearing above the defective regions. These disturbances are
reflected by temperature peaks, indicating a local modification of the heat flux caused by the presence of the defect.

As the value of ¢, increases, the influence of the defect on the thermal field becomes more pronounced. The temperature peaks
gradually become higher and the thermal gradients stronger, showing a greater accumulation of heat above the defect. This
behavior can be explained by the insulating nature of the defect, which locally reduces heat conduction. As a result, larger defects
produce stronger thermal contrasts, making them easier to detect during infrared thermographic inspections, whereas smaller
defects generate weaker temperature variations and are therefore more difficult to identify.

8. Conclusion

This work has presented a numerical investigation of heat transfer in a structure containing internal defects, using two
complementary computational approaches. The numerical framework was validated through the solution of the heat diffusion
equation combined with a mesh convergence analysis, which demonstrated the consistency and accuracy of the simulations. The
very close agreement between the results obtained with both approaches confirms the reliability of the numerical predictions and
highlights the relevance of the adopted modeling strategy for complex thermal problems. The parametric analysis carried out in
this study showed that defect geometry plays a key role in shaping the thermal response of the structure. In particular, defects with
larger dimensions and those located near the heated surface were found to generate stronger thermal contrasts, while defects
positioned deeper or farther from the heat source led to weaker surface temperature signatures. In addition, the symmetry of the
temperature profiles and the evolution of localized thermal peaks were shown to provide meaningful information for defect
identification and characterization. Overall, the results underline the effectiveness of the proposed numerical approach for
analyzing heat transfer in defective structures. The findings contribute to a better understanding of the thermal behavior induced
by internal defects and provide useful guidance for improving thermal-based non-destructive evaluation techniques in industrial
applications.
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