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radiation. This results in a temperature gradient
inside the bulk of irradiated material depending
on the material thermo-physical properties as well
as the laser beam working parameters [3].
Pulsed laser beams in specific are
characterized by its temporal and spatial control
facility [4]. In laser material processing
applications, the possibility of temperature
distribution control can be attained through
manipulating the temporal and spatial parameters
of a laser such as peak power, pulse duration,
pulse repetition rate, scanning speed, pulse shape
and spot size [5, 6]. In the re-cent years, much
research on laser heating modeling were carried
out. Z. Shen et al. [7] applied numerical and
analytical models for a heat transfer process due
to irradiating a substrate by a moving laser beam.
The numerical simulation reveals good results in
terms of temperature profiles and time history at
the special points. A. Kaplan et al. [8] developed
a mathematical model for calculating the
temperature dependent absorptivity during pulsed
laser heating and melting for a copper substrate
coated and galvanized with Ni and Au. R.
Gospavic [9] presented an analytical study for
analyzing the temporal and spatial temperature
distribution inside a cylindrical geometry of a
material due to laser irradiation its upper surface.
D. Sowdari et al. [10] developed a numerical
model for analyzing the heating rate and
temperature distribution in metals during laser
heating and melting processes. A limited case
analytical model was utilized for validating the
computational results. B.S. Yilbas [11] introduced
a numerical model for predicting the temperature
field and phase change in a cemented car-bide
tool during laser heating. The experimental part
showed a high temperature gradient along the
laser beam axis. Qing Peng [12] used the integral
trans-form method to obtain a general solution for
the transient temperature field in a finite slap
heated by a moving heat source. An experimental
part and a FEA were applied for the analytical
solution verifications.
This numerical study was devoted to
investigate the thermal field that produced due to
a pulsed laser heating process. The objective is to

Abstract
One of the unique properties of laser heating
applications is its powerful ability for precise
pouring of energy on the needed regions in heat
treatment applications. The rapid rise in
temperature at the irradiated region produces a
high temperature gradient, which contributes in
phase metallurgical changes, inside the volume of
the irradiated material. This article presents a
comprehensive numerical work for a model based
on experimentally laser heated AISI 1110 steel
samples. The numerical investigation is based on
the finite element method (FEM) taking in
consideration the temperature dependent material
properties to predict the temperature distribution
within the irradiated material volume. The finite
element analysis (FEA) was carried out using the
APDL scripting language (ANSYS Parametric
Design Language) that is provided by the
commercial code ANSYS. Infrared (IR)
thermography technique was used to explore the
workpiece surface and to validate the obtained
results. The work takes into account the effect of
different speeds of the laser beam and pulses
overlap on the temperature pattern of the material
surface and depth.

Keywords: Laser heating, Pulsed laser, FEA,
Infrared thermography.

1.

Introduction

Surface hardening, annealing, bending and
forming are the most important applications of
laser heating in laser materials processing. When
a laser beam strikes a metal surface, light
absorption occurs within its first few atomic
layers and the energy is divided among the
reflected, refracted and absorbed parts [1]. The
absorbed part of the laser energy is transformed
into thermal energy during an interaction time on
a time scale less than the pulse duration [2]. For
millisecond long pulses, if the intensity of the
incident beam is less than 105 W/cm2, the
absorbed energy will lead to heating up the solid
below its melting temperature. The absorbed
energy is lost by conduction, convection, and
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in a single pass with a 1.064 μm wavelength
pulsed 90J/10 ms maximum pulse energy and 8
kW maximum peak power. The laser head is
automated’ with a robotic arm (Motoman, Japan)
equipped with a visual camera for track
monitoring. During laser irradiation, the
interaction zone was covered with a tent of argon
gas to prevent contaminations and to minimize the
oxidation effect. The thermal field on the
specimen upper surface was monitored with
infrared thermography technique. A thermal IR
camera type FLIR T-335 was placed over the top
surface of the specimen to observe the interaction
zone during the process

predict the temperature values and thermal
distribution for AISI 1110 carbon steel sheets
with the aid of ANSYS Multiphysics package
release 15.0 as an integral part of the work and
validate the output by the IR thermography
technique results.

2.

Materials and Setup

A steel sheet grade AISI 1110 of 20 × 16 mm
dimension and 1 mm thickness was used in this
investigation. As shown in Figure 1, the specimen
is clamped and placed on an insulator sheet to
avoid thermal quenching during the heating and
cooling cycles. The metal sheets were irradiated
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Figure 1: Experimental setup schematic diagram (not in scale).

3.

Nd:YAG laser type Han's Laser (China) of the
following specifications: 0.1–50 ms range pulse
duration, 200 Hz maximum pulse repetition rate,
along the depth of a solid. It can be assumed as a
Gaussian volumetric source of given radius and
height with homogenous power distribution
inside:

Mathematical Formulation
3.1 Laser Heat Source

In laser heating of solids, the laser beam is
assumed as a Gaussian distribution heat source
whose intensity and shape vary with the
penetration depth and beam radius:
𝑞𝑞(𝑟𝑟) =

𝑓𝑓(1 − 𝑅𝑅)𝑃𝑃
𝑥𝑥 𝑛𝑛1
𝑦𝑦 𝑛𝑛2
exp �−𝑓𝑓 � �
− 𝑓𝑓 � � � …… (1)
𝜋𝜋𝑟𝑟𝑜𝑜2
𝑟𝑟𝑜𝑜 .
𝑟𝑟𝑜𝑜 .

𝑞𝑞𝑣𝑣 (𝑟𝑟. 𝑧𝑧) =

where x and y are the spatial coordinates on the
surface (μm), R is the surface reflectivity, P is the
laser beam power (W), ro is the initial radius (m),
f is the coefficient that characterizes the beam
distribution (usually equal to 3) and n1=n2=2 for
Gaussian distribution.
In modeling the laser beam for heating
applications, it is difficult to predict with high
accuracy the size and shape of the heat source

𝑟𝑟 2
𝑓𝑓(1 − 𝑅𝑅)𝑃𝑃
exp �− 2 � 𝑢𝑢(𝑧𝑧) …… (2)
𝑟𝑟𝑜𝑜
𝜋𝜋𝑟𝑟𝑜𝑜2 𝑑𝑑

where d is the material thickness (mm), z is the
current depth along d, r is the radius for the
current depth = �𝑥𝑥 2 + 𝑦𝑦 2 (m) and u(z) =1 for 0 <
z < d and u(z) = 0 for other positions.
In fact, the beam power and energy decreases
along the penetration depth in a linear manner.
Often, it is assumed a linear decrease of energy
may take an overturned cone shape inside the
solid bulk [13, 14]:
…… (3)
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+𝜀𝜀𝜀𝜀𝜀𝜀(0)𝑒𝑒^(−𝛽𝛽𝛽𝛽)

𝑧𝑧1
𝑟𝑟 2
𝑓𝑓𝑓𝑓
exp ��1 − 2 � �1 − 2 ��
𝑟𝑟𝑜𝑜
𝑑𝑑𝑜𝑜
𝜋𝜋𝑟𝑟𝑜𝑜2 𝑑𝑑

To achieve clean scanning of the laser spot
over the surface by blowing the produced
contamination and prevent surface oxidation, the
laser heating process may involves applying
assisting gas. In addition to the convection
mechanism, to achieve accurate analysis the
radiation mechanism was involved too [18]:

Some losses occurs to the incident laser beam
power due to the surface reflectivity, therefore the
laser beam intensity can be expressed as [15]:
𝐼𝐼 =

4(1 − 𝑅𝑅)𝑃𝑃
𝜋𝜋𝑟𝑟 2

…… (4)

where I is the laser beam intensity on the material
surface.

−𝐾𝐾

where n is the normal outward vector to the
surface of specimen, σ is the Stefan Boltzmann
constant, ε is the emissivity, Ts is the surface
temperature, Ta is the ambient temperature and hc
is surface heat transfer coefficient due to the
forced convection of cooling gas.
The initial conditions for transient analysis is
the temperature (T) of the body is equal to
ambient temperature:

3.2 Temperature Field
Applying a moving heat source in a certain
path on a solid body would yield thermal contours
propagates in changeable profiles with time
through the material. This can be mathematically
modeled with the three-dimensional heat
conduction equation [16]:
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕
𝜕𝜕𝜕𝜕
𝜌𝜌𝜌𝜌 � − 𝑣𝑣 � =
�𝐾𝐾 � +
�𝐾𝐾 � +
�𝐾𝐾 �
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

𝑇𝑇(𝑥𝑥. 𝑦𝑦. 𝑧𝑧. 0) = 𝑇𝑇𝑜𝑜 (𝑥𝑥. 𝑦𝑦. 𝑧𝑧) …… (11)

+𝑄𝑄(𝑥𝑥. 𝑦𝑦. 𝑧𝑧. 𝑡𝑡) …… (5)

where To is the ambient temperature (K).

where T is the absolute temperature, t is the time,
x, y and z are the Cartesian coordinates, K is the
thermal conductivity, ρ is the density, C is the
specific heat, v is the scanning speed and Q is the
rate at which heat is supplied to the solid per unit
time and volume.
The left term represents the quantity of
deposited energy within the material, which
represents the change in enthalpy. In laser heating
applications, for heat treatment applications as an
example, it is assumed a point heat source moves
on a thick plate and involves three-dimensional
heat flow. The heat source Q as a function of z
can be expressed by [17]:
𝑄𝑄 = −

4. Temperature Field
The finite element ANSYS package Release
15.0 along with many subroutines are used to
simulate the FEM thermal process of laser
heating. The main steps and important procedures
of the simulation process are presented in a
flowchart shown in Figure 2.

4.1 Creating
Generation

the

Model

and

Mesh

A flat plate was created through top down
mode geometry codes with model dimensions to
simulate the workpiece in real sizes. FEA is
highly related with the mesh density, where
coarse elements affects the simulation in term of
accuracy on contrary extreme dens mesh increase
the processing time with no noticeable accuracy
enhancement. To find the optimum mesh that
gives a trusted solution, many trials were carried
out by irradiating a sample and calculate the
maximum temperature for a specified node at
different mesh densities. The optimum density is
selected when temperature starts to settle down at
a constant value as illustrated in Figure 3. The
built models are meshed using SOLID 70
elements type which has eight nodes and single
degree of freedom.

𝐼𝐼(𝑧𝑧)
…… (6)
𝜕𝜕𝜕𝜕

where I(z) is the intensity of the incident laser
beam as a function of depth z.
For metals, I(z) can be determined according
to Beer Lambert’s Law:
𝐼𝐼 = 𝜀𝜀𝜀𝜀(0)𝑒𝑒 −𝛽𝛽𝛽𝛽 …… (7)

where ε is the metal surface emissivity, β the
absorption coefficient.
From previous equations, the heat source Q
can be rewritten like following:
𝑄𝑄 = 𝜀𝜀𝜀𝜀𝜀𝜀(0)𝑒𝑒 −𝛽𝛽𝛽𝛽

𝑑𝑑𝑑𝑑
= 𝜎𝜎𝜎𝜎(𝑇𝑇𝑠𝑠4 − 𝑇𝑇𝑎𝑎4 ) + ℎ𝑐𝑐 (𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑎𝑎 ) …… (10)
𝑑𝑑𝑑𝑑

4.2 Material Properties

…… (8)

The simulation was fed with the necessary
information of the thermo-physical material
properties that define the processed metal. Figure
4 illustrates the thermal conductivity, specific
heat, thermal diffusivity and mass density

According to above, Equation 5 can be written
in the following form:
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕
𝜕𝜕𝜕𝜕
𝜌𝜌𝜌𝜌 � − 𝑣𝑣 � =
�𝐾𝐾 � +
�𝐾𝐾 � +
�𝐾𝐾 �
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
…… (9)
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temperature dependent properties that used as
inputs for accurate thermal modeling investigation
[19-21]. The carbon steel shows a good
reflectivity of about 0.6 to the Nd:YAG 1064 nm
wavelength [22]. This value dose not suffer a
noticeable change when the temperature varies
within the range between 500 K to 1500 K [1].

Thermal conductivity K

C (J/kg. K)

K (W/m. K)

Specific heat C

Temperature (K)

ρ (kg/m3)

Density ρ

Temperature (K)

Figure 4: Thermo-physical properties of
carbon steel AISI 1110 [19-21].

4.3 Simulation Assumption
When the simulation is developed, the
following assumptions were taken into account:
- The laser beam has a Gaussian distribution
TEM00 mode (Figure 5).
- The process includes heating without phase
physical change (but metallurgical change is
possible).
- The irradiated material is homogenous and
isotropic.
- There is no heat transfer from the workpiece
to the clamps and base.
- All the heating, cooling and boundary
conditions are symmetrical across the laser spot
propagation line on the workpiece.
- The thermal properties are temperature
dependent.
- The following information are assumed in
simulation: the workpiece initial temperature is 30
o
C, the convection coefficient is 25 W/m2 oC and
steel emissivity value for is 0.25.

Figure 2: Laser heating simulation
flowchart..

Figure 3: Obtaining the optimum mesh is
crucial in FEA simulation accuracy.
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z = 0 plane along the linear heating path when the
laser spot at the middle position (x=10 mm) from
the start point. The used pulsed Nd:YAG laser
(1064 nm wavelength) working parameters are 2
ms pulse duration, 15 Hz pulse repetition rate, 2
kW peak power, 60 W average power and 4 m/s
scanning speed. The result shows an acceptable
agreement of temperature values and profiles for
both readings. The calculated error between the
actual values of experimental part and the
estimated simulation results is about5.5 % which
allows for considering the obtained results from
the FEM reliable. By examining the IR image in
the figure, it can be seen that the maximum
intensity is in the center of the spot of irradiated
laser and reduced radially out of spot and this
reflects the Gaussian distribution of the laser
power.
Under the same working parameters, Figure 7
shows a comparison between the experimental
and estimated values along the heating path x-axis
at the middle of the metal sheet.
Figure 8 shows a three-dimensional
temperature distribution in the cross section of the
metal sheet, through x-axis, at the middle path
under the same working parameters of Figure 5.
As seen the laser spot is focused at the upper
surface (z=0) and propagates along the heating
path (x-axis) to plot the temperature contours. The
red zone reveals the highest temperature region
where the laser and the metal interacts, later the
heat diffuses out in the direction of the
temperature gradient. The interaction zone takes
an elliptical shape and can be represented as the
volumetric Gaussian heat source for the metal
bulk. Due to laser spot moving, the interaction
zone moves and the temperature gradient
translates, as a result another elliptical contours
extend due to the motion of the heat source, the
new heated regions in the previous load steps and
the cooling stroke.
For laser heat treatment applications the
working parameters should be set to avoid metal
melting, evaporation, or may be increase the
surface roughness. One of most effective and
controllable parameters is the scanning speed
[23]:

Laser beam

Workpiece

Figure 5: Gaussian distribution laser
beam of TEM00 mode.

4.4 Working Parameters
Laser heating is a multi-input/output process,
where the input parameters play an important role
in plotting the temperature field profile. Many
APDL subroutines are used to study the effect of
varying the scanning speed parameter on the
heating process. As mentioned earlier, the
objective of the current work is to explore the
thermal field on the surface and predict it within
bulk of the workpiece. Accordingly, four sets of
different scanning speeds were considered as
presented in Table 1.
Table 1: Experiment variables and constant
parameters.
Pulse duration (ms)
Peak power (kW)
Scanning speed (m/s)
Pulse repetition rate (Hz)
Spot size (μm)
gas pressure (bar)

3
2
1 to 4
15
500
1

5. Results and discussion
Laser heating via a moving laser beam on the
steel surface is considered and the gradual change
in temperature without physical phase change is
modeled. Here, the influence of changing the
scanning speed on the temperature field was
examined.
It is difficult to employ a transducer to
measure the temperature inside the bulk of the
metal, on the other hand the IR thermal
measurement can cover the outer metal surfaces.
Therefore, the IR thermal images may be useful to
grant validation and authenticity for the obtained
simulation results inside the material bulk as well
as the surface. Figure 6 shows how does it done, a
comparison between the experimental images that
obtained by the IR thermal camera and that
obtained from the simulation work. The
comparison was done at the upper surface, x-y at

𝐸𝐸𝑎𝑎 =

𝐼𝐼 ∙ 𝜏𝜏 ∙ 𝑃𝑃𝑃𝑃𝑃𝑃
𝑣𝑣 ∙ 𝑟𝑟

…… (12)

where, Ea is the average supplied energy per load
step (J/m2), τ is the pulse duration (ms), PRR is
the pulse repetition rate, v is the scanning speed
(m/s) and r is the spot size (μm).
According to Equation 12, the rate of heat
transfer between the laser and the metal at the
interaction zone will be high for low speeds and
vice versa. Furthermore, the size of interaction
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y
x

Laser
spot
Position

Figure 6: FEA simulation validation based on comparison with the thermal camera results
at the upper surface x-y plane when the spot at the middle of the heating path (x=10).

Temperature (K)

Estimated (FEM)
Experimental (IR camera)

Distance (mm) ⸺→ x-axis
Figure 7: A comparison between the actual and estimated values along the
heating path x-axis at the middle of the metal sheet.

Figure 9 shows the temperature profile along
x-axis for the four used speeds values. It is
obvious at lower speeds the heating effect is
higher and this is true for the other axes. That
means that the interaction zone volume is related
with the scanning speed which controls the
heating process, as well as other working
parameters. The workpiece length starts at the
beginning of x=0 mm and ends when x=20 mm. It
can be seen that the maximum temperature value
is at a position slightly behind the laser spot. In
addition, the temperature drops more sharply in
the front of the laser spot zone than the behind

zone as a volumetric heat source for the bulk will
be less. Actually, the above factor is highly
correlated with repetitive pulse overlap
percentage (PO) which defines the number of
laser shots per one load cycle (N) [23]:
𝑁𝑁 = 1 −

1
(1 − 𝑃𝑃𝑃𝑃)

…… (13)

where,

𝑃𝑃𝑃𝑃 = 1 −

𝑣𝑣
…… (14)
𝑃𝑃𝑃𝑃𝑃𝑃(𝑟𝑟 + 𝑣𝑣 ∙ 𝜏𝜏)
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laser spot zone where the decay occurs gradually.
This is related to the quenching effect of cold part
of the unprocessed region in front of the spot. It is
obvious from the graph the processed region
behind the spot is approximately at constant
temperature for a period.

Figure 10 shows the temperature distribution
temperature decays in a sharp manner for a wider
temperature gradient. It can be noticed that the
temperature profiles for all speeds share the same
pattern although the temperature values are
significantly different and this is true for other
axes.

Figure 8: The temperature distribution within the metal sheet bulk.

→

←

Temperature (K)

Laser spot edges

v = 1(mm/s)
v = 2(mm/s)
v = 3(mm/s)
v = 4(mm/s)

Distance (mm) ⸺→ y-axis
Figure 9: Temperature profiles along the heating path x-axis for four speeds
at working parameters of 2kW peak power, 3 ms pulse duration, 15 pulse
repetition rate.
Along the y-axis at the same position of the
laser spot (x=10) and the same working
parameters (as in Figure 8) for the used four
speeds. The temperature decays gradually out of
laser spot center (y=0) to a region adjacent to the
laser spot edge (y=1 mm). After this position the
Figure 11 shows temperature distribution
along the z-axis at the same position of the laser
spot (x=10) and the same working parameters (as

in Figures 8 and 9) for the four speeds. Here, the
pulse overlap PO plays a major in heating the
metal bulk in depth. It is evident that the
temperature contours extends into the metal depth
with similar profiles when the scanning speed
decreases. The Gaussian distribution of the laser
spot at the surface (z=0) build a temperature
gradient along the z-axis.
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← Laser spot edge

Temperature (K)

v = 1(mm/s)
v = 2(mm/s)
v = 3(mm/s)
v = 4(mm/s)

Distance (mm) ⸺→ y-axis
Figure 10: Temperature profiles for the half-space sheet along the y-axis for four speeds
at working parameters of 2kW peak power, 3 ms pulse duration, 15 pulse repetition rate.

v = 1(mm/s)
v = 2(mm/s)
v = 3(mm/s)
v = 4(mm/s)

Temperature (K)

PO = 96.67%

PO = 93.53%

PO = 90%
PO = 86.67%

Distance (mm) ⸺→ z-axis
Figure 11: Temperature profiles along the z-axis for four speeds at working
parameters of 2kW peak power, 3 ms pulse duration, 15 pulse repetition rate.
- Modeling laser material processing application
can be utilized for predicting the temperature field
especially for difficult detectable issues.
- Study the effect of one of the working
parameters (here the scanning speed) is essential
laser heat treatment applications optimization and
metallurgical phase changing understanding.
- In laser heat treatment the interaction zone
between laser and the metal represents
optical/thermal exchange region and the
volumetric heat source for the processed metal.
The temperature and shape of this zone outline
the temperature values and distribution manner
inside the bulk.

6. Conclusions
A numerical model based on finite element
method is developed to analyze the temperature
distributions within a steel sheet irradiated by a
moving laser beam. The study shows the
significance of the scanning speed on the heating
effect, which may be of value for heat treatment
applications. The experimental part represented
by IR thermal imaging results donates the
simulation results validation in an accuracy of
5.5%. This paper has clearly shows the following
remarks:
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- The surface temperature and thermal penetration
can be altered by adjusting the proper scanning
speed.
- In lateral heating along the (y-axis) the
temperature drops in a sharp manner. Therefore,
for wide surface treatment multi-passes is
required to scan the whole surface.
- Control the heating depth is correlated with the
pulse overlap percentage which is related to the
scanning speed.
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اﻟﺨﻼﺻﺔ

واﺣدة ﻣن اﻟﺧﺻﺎﺋص اﻟﻔرﯾدة ﻟﺗطﺑﯾﻘﺎت اﻟﺗﺳﺧﯾن ﺑﺄﺳﺗﺧدام اﻟﻠﯾزر ھﻲ ﻗدرﺗﮫ اﻟﻘوﯾﺔ ﻋﻠﻰ اﻟﺻب اﻟدﻗﯾق ﻟﻠطﺎﻗﺔ ﻋﻠﻰ اﻟﻣﻧﺎطق اﻟﻣطﻠوب
ﻣﻌﺎﻟﺟﺗﮭﺎ ﻓﻲ ﺗطﺑﯾﻘﺎت اﻟﻣﻌﺎﻟﺟﺎت اﻟﺣرارﯾﺔ ﺑﺎﻟﻠﯾزر .ﯾؤدي ﺗﺳﻠﯾط اﻟﻠﯾزرﻋﻠﻰ اﻟﻣﻧطﻘﺔ اﻟﻣطﻠوب ﺗﺷﻌﯾﻌﮭﺎ إﻟﻰ ارﺗﻔﺎع ﺳرﯾﻊ ﻓﻲ درﺟﺔ اﻟﺣرارة
ﻣﻣﺎ ﯾﺳﺎھم ﻓﻲ ﺗﻐﯾر اﻟﺑﻧﯾﺔ اﻟﻣﯾﺗﺎﻟورﺟﯾﺔ ﻟﻠﻣﻌدن ﺿﻣن ﻣﻧطﻘﺔ اﻟﺗﺳﻠﯾط وﻧﺷوء ﻣﻧﺣدر ﺣراري ﻣﻊ اﻟﻣﻧﺎطق اﻟﻣﺟﺎورة .ﯾﻘدم اﻟﺑﺣث ﺗﺣﻠﯾل ﻋددي
ﺷﺎﻣل ﻟﻧﻣﺎذج ﻣن اﻟﻔوﻻذ اﻟﻛﺎرﺑوﻧﻲ  AISI 1110اﻟﺗﻲ ﺗم ﺗﺳﺧﯾﻧﮭﺎ ﻓﻲ اﻟﻣﺧﺗﺑر ﺑﺄﺳﺗﺧدام اﻟﻠﯾزر .وﯾﺳﺗﻧد اﻟﺗﺣﻘﯾق اﻟﻌددي ﻋﻠﻰ طرﯾﻘﺔ اﻟﺗﺣﻠﯾل
ﺑﺄﺳﺗﺧدام طرﯾﻘﺔ اﻟﻌﻧﺎﺻر اﻟﻣﺣددة اﻋﺗﻣﺎدا ﻋﻠﻰ اﻟﺧواص اﻟﻔﯾزﯾﺎﺋﯾﺔ واﻟﺑﺻرﯾﺔ اﻟﻣﻌﺗﻣدة ﻋﻠﻰ درﺟﺔ اﻟﺣرارة ﻟﻠﺗﻧﺑؤ ﻓﻲ ﺗوزﯾﻊ درﺟﺔ اﻟﺣرارة
داﺧل اﻟﻣﺎدة اﻟﻣﺷﻌﻌﺔ .ﺗم ﺗﻧﻔﯾذ اﻟﺗﺣﻠﯾل ﺑﺎﺳﺗﺧدام ﻟﻐﺔ اﻟﺑرﻣﺟﺔ  APDLاﻟﺗﻲ ﯾدﻋﻣﮭﺎ ﺑرﻧﺎﻣﺞ اﻟﻣﺣﺎﻛﺎة اﻟﮭﻧدﺳﻲ اﻷﻧﺳﯾس  .ANSYSﺗم اﺳﺗﺧدام
ﺗﻘﻧﯾﺔ اﻟﺗﺻوﯾر اﻟﺣراري ﺑﺎﻷﺷﻌﺔ ﺗﺣت اﻟﺣﻣراء  IRﻻﺳﺗﻛﺷﺎف ﺳطﺢ اﻟﻣﻌدن واﻟﺗﺣﻘق ﻣن ﺻﺣﺔ اﻟﻧﺗﺎﺋﺞ اﻟﺗﻲ ﺗم اﻟﺣﺻول ﻋﻠﯾﮭﺎ ﻣن اﻟﺗﺣﻠﯾل
اﻟﻌددي .ﯾﺄﺧذ اﻟﻌﻣل ﻓﻲ اﻻﻋﺗﺑﺎر ﺗﺄﺛﯾر ﺳرﻋﺎت اﻟﺗﺷﻐﯾل اﻟﻣﺧﺗﻠﻔﺔ ﻟﺷﻌﺎع اﻟﻠﯾزر وﺗﺄﺛﯾر اﻟﺗداﺧل ﺑﯾن اﻟﻧﺑﺿﺎت اﻟﻣﺗﻌﺎﻗﺑﺔ ﻋﻠﻰ ﻗﯾﻣﺔ و اﻧﻣﺎط
اﻟﺗوزﯾﻊ اﻟﺣراري ﻋﻠﻰ ﺳطﺢ اﻟﻣﻌدن وﻋﻣﻘﮭﺎ.
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