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In order to solve the difficulties with the observation of the ablation zone 
and the many factors that affect the dynamic evolution process of the 
ablation zone, the structural morphology and dynamic evolution process 
of the ablation zone in the process of water-jet assisted laser machining 
Korean pine (Pinus koraiensis) were studied. Based on the DFLUX 
subprogram, a compound heat source model was established. Under the 
comprehensive consideration of heat conduction, heat convection, heat 
radiation, and thermal physical properties varying with temperature, the 
three-dimensional (3D) finite element model of the Korean pine was 
numerically simulated by water-jet assisted laser machining. Through 
numerical simulation analysis, the cross-sectional morphology of Korean 
pine kerf was found to be screw-shaped, and the experimental results 
were in good agreement with the simulation results. The dynamic evolution 
law of water-jet assisted laser machining of Korean pine was obtained. In 
addition, as the laser power increased and the cutting speed decreased, 
the morphology of the Korean pine kerf remained unchanged, but the 
structure size of the Korean pine kerf showed an increasing change. 
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INTRODUCTION 
 

As a natural, green, and renewable material, wood is widely used in construction, 
packaging, furniture, and flooring industries, among others (Fleming et al. 2003; Seo et al. 
2011; Fukuta et al. 2016). The increasing demand for wood has led to excessive 
consumption of wood resources. Therefore, improving the utilization rate of wood 
resources has become the focus of scholars around the world. 

Laser processing technology has been applied to the field of wood processing to 
improve the yield of wood and reduce the processing allowance (Leone et al. 2009; 
Martínez-Conde et al. 2017). In particular, laser machining can overcome the limitations 
of traditional tool geometry when machining irregular curved wood products. Because 
wood has a low ignition point, gasification of wood occurs in an instant when impinged by 
the radiation of high-temperature laser. However, lower laser energy density causes the 
wood to burn, leading to a large heat-affected zone and carbon residue of the wood surface, 
which seriously affects the surface quality of the wood products (Panzner et al. 1998; Li et 
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al. 2018). Therefore, the realization of fine processing of wood products by laser has 
become a major challenge faced by the development of China’s wood products processing 
industry, and a new processing technology is urgently needed (Eltawahni et al. 2011). 

Hernández-Castañeda et al. (2010) studied the influence of dry and wet wood on 
the surface quality of laser-cut wood and concluded that the surface quality of laser-cut wet 
wood is better. With the in-depth study, the compressed gas auxiliary system was 
introduced to assist the laser cutting of wood, and the wood surface quality under different 
cutting parameters was studied. It was concluded that laser power and cutting speed are the 
main factors that affect the width of the wood kerf (Hernández-Castañeda et al. 2011). 
Yang et al. (2018) proposed the water-jet assisted YAG laser processing of Korean pine, 
and the water-jet pushed away the residues on the cutting surface to improve the surface 
quality of the processing area. Subsequently, the mechanism of wood processing assisted 
by YAG laser with water-jet was studied and good processing results were achieved (Yang 
et al. 2019). However, other studies have found that wood has a better absorption rate of 
carbon dioxide (CO2) laser wave, and the CO2 laser is advantageous because of its low 
price (Jiang et al. 2020; Jiang et al. 2021). Although there are many kinds of wood, Korean 
pine stands out as a coniferous wood with a uniform texture, light and soft feeling, delicate 
structure, beautiful shape and color, resistance to deformation, and strong resistance to 
degradation (Yusoff et al. 2008; Beck et al. 2009; Kačík and Kubovský 2011; Kubovský 
and Kacík 2014; Kubovský et al. 2016). Korean pine is widely used in finished wood 
products. Therefore, water-jet assisted CO2 laser cutting of Korean pine is the focus of this 
study. 

Korean pine products with complex geometric shapes and good surface qualities 
are difficult to make by traditional processes, but they can be crafted using water-jet 
assisted laser processing technology in wood crafts and other finishing fields. However, in 
the process of water-jet assisted laser processing, wood begins to decompose under the 
action of the energy generated by the laser beam, and the decomposition ends as the laser 
beam moves far away. This process is very complex and easily involves a series of highly 
nonlinear problems such as materials, geometry, and boundary conditions. Using the 
traditional theoretical calculation method and empirical method needs a long cycle and 
consumes human and material resources, so it can be difficult to obtain accurate research 
results. Currently, the finite element analysis method is an effective research method for 
water-jet assisted laser processing. Although there have been many published numerical 
simulation studies on hybrid laser-waterjet machining silicon and ceramic (Chen et al. 2014; 
Tangwarodomnukun et al. 2014; Zhao and Shrotriya 2017; Feng et al. 2018), there has 
been a lack of numerical simulation studies on water-jet-assisted laser processing of wood. 
Therefore, based on the finite element simulation theory, this paper analyzed the water-jet 
assisted laser processing process, established a three-dimensional (3D) finite element 
analysis model of Korean pine, conducted a temperature field simulation analysis, and 
studied the temperature field distribution and change rule of water-jet assisted laser 
processing Korean pine. The process parameter effects on the ablation zone, temperature 
distribution, and variation of the water-jet assisted laser processing of Korean pine were 
investigated. This research provides a strong theoretical support for the water-jet assisted 
laser machining of wood. 
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EXPERIMENTAL 
 
Water-jet Assisted Laser Processing 

The test process of water-jet assisted CO2 laser cutting of Korean pine was carried 
out using a water-jet assisted CO2 laser device (Fig. 1a), as outlined by Jiang et al. (2020). 
The machining direction of water-jet and laser can be seen in Fig. 1b. The wavelength of 
the CO2 laser was 10.6 µm, the rated power of the laser was 80 W, and the focal length of 
the lens was 63.5 mm. The laser cutting machine was obtained from Shenzhen Baomei 
Technology Co. (Jinan, China). The diameter of the adjustable angle nozzle was 0.5 mm, 
and the water pressure at the nozzle was up to 2 MPa. Korean pine wood (Haicheng 
Machining Factory, Harbin, China) was used as the cutting material in the experiment. The 
air-dry density of the wood was 0.435 g/cm3, and the moisture content was 12.62%. Korean 
pine is widely used in furniture and wood products because of its uniform texture, good 
structure, corrosion resistance, and moisture resistance. Korean pine needs to be treated 
before water-jet assisted laser cutting. The Korean pine was processed by traditional 
sawing to obtain profiles with the same size and uniform thickness. The wood was cut to 
dimensions of 100 mm × 60 mm × 2 mm (length × width × thickness). Before the Korean 
pine cutting test, 240 mesh sandpaper was used to polish the sample to improve its flatness.  

 

 
Fig. 1. The ablation process of water-jet assisted CO2 laser machining Korean pine. The a) water-
jet assisted CO2 laser device, b) machining direction of water-jet and laser beam c) Korean pine 
specimen and its cutting method, d) schematic diagram of the heat transfer process, and e) 
schematic diagram of the laser ablation area 
 

Figure 1c shows the Korean pine specimen and its cutting methods. During water-
jet assisted CO2 laser machining, when the laser energy acts on wood to be processed, the 
basic particles in the wood collide with laser photons. During this process, the laser energy 
is converted into heat and is absorbed by the wood. The heat absorbed by the wood can be 
divided into two parts. Some of the heat is transferred to the surrounding environment in 
the form of heat radiation and air heat convection, while the remainder of the heat is 
transferred to the interior of the wood to be processed in the form of heat conduction. The 
heat transfer process is shown in Fig. 1d. In the water-jet assisted laser processing of wood, 



PEER-REVIEWED ARTICLE  bioresources.com 

 

 

Wang et al. (2022). “Water-jet machining Korean pine,” BioResources 17(3), 4673-4688.  4676 

as the laser radiation time increases, the laser ablation of wood to be processed can be 
roughly divided into four stages. Figure 1e illustrates the ablation process, which is 
endothermic.  Part of the absorbed energy diffuses to the surrounding environment due to 
the convection and radiation of the wood to be processed. The remainder of the energy is 
transferred to the interior of the wood by the heat transfer of the wood, which constitutes 
the energy that the wood absorbs. During the water evaporation process, the processed 
wood absorbs energy from the laser radiation. This increases the temperature of the wood, 
increases the thermal movement of free water molecules in the wood, and the water in the 
wood begins to evaporate. However, the chemical composition of the wood hardly changes 
during this process. In the process of wood decomposition, as the absorption of energy of 
wood increases, the temperature of wood increases, the free water of wood evaporates 
completely and loses bound water, and the wood begins to thermally decompose. The 
chemical composition of wood also begins to change. In the process of wood carbonization, 
as the energy absorbed by wood increases and the temperature continues to rise, wood 
decomposes and carbonizes. Previous research has found that the wood laser ablation area 
is relatively complex (Yue et al. 2013; Yu et al. 2015). 
 
Finite Element Simulation of Water-jet Assisted Laser Machining 
Analysis of heat transfer characteristics 

During the water-jet assisted laser machining, the laser heat source acts on the 
surface of wood continuously with the change of time, and the wood surface is considered 
to be an infinite plane relative to the laser heat source. Therefore, during the numerical 
simulation analysis of water-jet assisted laser machining, the thermal conductivity 
differential equation in the rectangular coordinate system can be obtained by the first law 
of thermodynamics, as seen in Eq. 1: 

𝑐𝑐𝑐𝑐 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
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)] + 𝑞𝑞𝑣𝑣     (1)  
By converting the rectangular coordinate system to a cylindrical coordinate system, Eqs. 
2, 3, and 4 can be obtained, 

𝑥𝑥 = 𝑟𝑟 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃       (2) 

𝑦𝑦 = 𝑟𝑟 𝑐𝑐𝑠𝑠𝑠𝑠 𝜃𝜃       (3) 

𝑧𝑧 = 𝑧𝑧        (4) 

Based on Eqs. 1, 2, 3, and 4, the thermal conductivity differential equation in 
cylindrical coordinate system can be obtained using Eq. 5, 
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𝜕𝜕𝜕𝜕

)                                      (5) 

Due to the constant change of time in the process of water-jet assisted laser 
machining, the laser heat source continuously acts on the ablation area of wood surface. 
The wood surface is much larger than the laser beam radius, so the wood surface can be 
regarded as an infinitely large plane. Therefore, Eq. 5 can be used to form Eq. 6, 
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𝜕𝜕2𝜕𝜕
𝜕𝜕𝜕𝜕2

+ 𝜕𝜕2𝜕𝜕
𝜕𝜕𝜕𝜕2

� + 𝑄𝑄
•

𝜆𝜆
                                 (6) 

where α is the thermal diffusivity of wood (m2/s), namely, 𝛼𝛼 = 𝜆𝜆/(𝑐𝑐 ⋅ 𝑐𝑐), T is the ablation 
temperature (K), t is the action time (s), r, φ, and z are the parameters of the cylindrical 
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coordinate system (m), and Q is the heat generated in the wood per unit time and volume 
(J). 

It is assumed that when the surface heat source model is adopted, the heat generated 
in the wood is Q equal to 0, and the thermal action in the wood is relatively uniform. The 
heat source on the wood surface is in the form of a Gaussian distribution, and the 
temperatures at different positions along the heat source radius are different. The 
temperatures at points equidistant from the heat source center are the same, and no heat 
transfer occurs between the points. Because 𝜕𝜕𝜕𝜕/𝜕𝜕𝜃𝜃 = 0, Eq. 7 can be simplified as, 

𝜕𝜕𝜕𝜕(𝑟𝑟,𝜕𝜕,𝜕𝜕)
𝜕𝜕𝜕𝜕

= 𝜆𝜆
𝑐𝑐𝑐𝑐
�𝜕𝜕

2𝜕𝜕(𝑟𝑟,𝜕𝜕,𝜕𝜕)
𝜕𝜕𝑟𝑟2

+ 1
𝑟𝑟
𝜕𝜕𝜕𝜕(𝑟𝑟,𝜕𝜕,𝜕𝜕)

𝜕𝜕𝑟𝑟
+ 𝜕𝜕2𝜕𝜕(𝑟𝑟,𝜕𝜕,𝜕𝜕)

𝜕𝜕𝜕𝜕2
�                             (7) 

In the simulation analysis of the temperature field of water-jet assisted laser 
machining, according to the superposition principle, the superposition morphology can be 
obtained when the different time and position of the wood surface ablation area are 
superposed. 

 
Heat Source Model and Scanning Path 

In the actual process of water-jet assisted laser cutting wood, the width-depth ratio 
of the wood kerf are large, and a screw-shaped kerf section morphology is obtained. 
However, when the Gaussian surface heat source model or Gaussian rotating heat source 
model is used to simulate the water-jet assisted laser cutting wood, the section morphology 
is not consistent with the experimental results. Therefore, through analyzing the 
characteristics of different models, a compound heat source model consisting of Gaussian 
surface heat source model and Gaussian rotating body heat source model is constructed to 
simulate and analyze the temperature field of water-jet-assisted laser cutting wood. The 
schematic diagram of the compound heat source model is shown in Fig. 2(a), and the laser 
beam trajectory is shown in Fig. 2(b). 

 

 
Fig. 2. The compound heat source model and laser beam path. (a) compound heat source model 
(b) laser beam trajectory 
 

The thermal action of laser energy on wood surface is described by the Gaussian 
surface heat source model. The heat flux function can be seen in Eq. 8, 

𝑞𝑞(𝑥𝑥, 𝑦𝑦, 𝑡𝑡) = 𝛼𝛼𝛼𝛼𝑓𝑓1𝑄𝑄
𝜋𝜋𝜔𝜔2 𝑒𝑒𝑥𝑥𝑒𝑒( − 2 (𝜕𝜕−𝜕𝜕0)2+(𝜕𝜕−𝜕𝜕0−𝑣𝑣0𝜕𝜕)2

𝜔𝜔2 )              (8) 

where q(x, y, t) is the surface heat flux density (W/m2); η is the absorption rate of wood; α 
is energy concentration coefficient; Q is the laser power (W); ω is spot radius (m); v0 is the 
laser moving speed (m/s); and (x0, y0) is the starting point of the laser. 

The thermal action of laser energy in wood is described by the Gaussian rotating 
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body heat source model, as shown in Eq. 9, 

𝑞𝑞(𝑥𝑥, 𝑦𝑦, 𝑡𝑡) = 6𝑄𝑄𝛼𝛼𝑓𝑓2(𝐻𝐻−𝛽𝛽ℎ)
𝜋𝜋𝑅𝑅2(2−𝛽𝛽)

𝑒𝑒𝑥𝑥𝑒𝑒 �−3�(𝜕𝜕−𝜕𝜕0)2+(𝜕𝜕−𝑣𝑣0𝜕𝜕)2�
𝑅𝑅2

�           (9) 

where, q(x, y, t) is the volume heat flux density (W/m3); Q is the laser power (W); η is the 
absorption rate of wood; v0 is the heat source cutting speed (m/s); t  is the heat source action 
time (s); β is the attenuation coefficient; R is the effective action radius of body heat source 
(m); h is the arbitrary section height of heat source (m); and H is the effective action depth 
of body heat source (m). 

The f1 and f2 variables in Eqs. 8 and 9 are the proportional coefficients of the total 
energy of the Gaussian surface heat source model and the Gaussian rotating body heat 
source model, that is, f1 + f2 =1. The shape parameters 𝜔𝜔, R, H, f1, and f2 of the compound 
heat source model can be obtained according to the test results and experimental 
experience. 

 
Finite Element Model and Boundary Conditions 
Finite element model 

In the process of water-jet assisted laser machining, wood absorbs different energy 
in the X, Y, and Z directions due to the action of the laser heat source. The ablation region 
cannot be described by a two-dimensional model. Therefore, it is necessary to establish a 
3D finite element geometric model and simplify it according to the actual process of water-
jet assisted laser processing. The processed model can ensure the calculation accuracy and 
improve the calculation efficiency. Due to the small spot diameter of laser beam in the 
process of water-jet assisted laser machining, finite element model meshing is a very 
difficult problem in the process of temperature field simulation analysis, and the large 
number of meshing will reduce the calculation efficiency. Based on the above 
comprehensive consideration of accuracy and efficiency, the wood model is simplified in 
this paper. The size of the model is 3.0 mm × 1.2 mm × 0.5 mm, as shown in Fig. 3a. To 
ensure the normal simulation analysis of temperature field, several assumptions were made 
for the analysis model. Since the difference of thermal conductivity of wood along grain 
cutting and transverse grain cutting has little influence on the simulation results, wood can 
be regarded as isotropic and a continuous uniform medium, so heat transfer in all directions 
is the same. In the process of water-jet assisted laser machining, the radiation and 
convection coefficients between the wood surface and its surrounding medium are regarded 
as fixed values, which do not change with the change of temperature. The water-jet pressure 
is small with a minimal effect on wood cutting, so the impact of the water-jet in water-jet 
assisted laser machining can be ignored. The vaporization of wood ablation area in water-
jet assisted laser machining is not considered. 

Due to the large structure of the finite element geometric model selected in the 
simulation analysis of the temperature field of water-jet assisted laser machining, the local 
refinement method of the mesh is usually used in the mesh division of the finite element 
geometric model. This improves the solving efficiency without affecting the accuracy of 
the result. Therefore, the eight-node linear hexahedron element should be selected in this 
paper to mesh the geometric model of wood. The mesh of the action area of laser heat 
source was 0.05 mm, while the mesh of other areas was larger than 0.05 mm. The finite 
element mesh model of wood after segmentation is shown in Fig. 3b. 
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Fig. 3. The a) 3D finite element geometric model of wood and b) finite element mesh model of 
wood 
 
Material properties of model 

In the process of temperature field simulation analysis, the instantaneous high 
temperature generated by the laser will decompose and even burn the wood. The wood 
thermal property parameters will have highly nonlinear changes, so the specific heat 
capacity and thermal conductivity of wood are extremely important. In this paper, Korean 
pine was selected as the material for the temperature field simulation analysis. The specific 
heat capacity and thermal conductivity of Korean pine can be measured according to the 
national standard thermal physical parameters experiment. Table 1 shows the parameters 
such as specific heat capacity and thermal conductivity that change at different 
temperatures. 

 
Table 1. The Thermal Properties of Korean Pine 

Temperature (°C) 20 60 100 140 180 
Coefficient of Thermal Conductivity (W/m·°C) 0.192 0.202 0.212 0.215 0.219 

Specific Heat (J/kg·°C) 1,624 1,767 1,936 2,056 3,368 
Density (kg/m3) 435 435 435 435 435 

 
As shown in Table 1, the thermal conductivity and specific heat capacity of Korean 

pine change nonlinearly with temperature, so the temperature field in the water-jet assisted 
laser processing of Korean pine is transient. In the temperature field simulation, the 
decomposition temperature of the Korean pine was 324.3 °C, the absorption rate of CO2 
laser beam was 0.95, the absorption rate of water was 0.865, and the laser spot diameter 
was 0.5 mm. The above data could be set through the property module and subprogram of 
Abaqus software (Dassault Systems, Vélizy-Villacoublay, France). 

 
Initial and boundary conditions 

In the temperature field simulation analysis of water-jet assisted laser machining 
wood, the ambient temperature of the wood at the beginning was taken as the initial 
condition of the model analysis. Therefore, when t is equal to 0, the wood is at room 
temperature, which yields Eq. 10, 

𝜕𝜕|𝜕𝜕=0 = 𝜕𝜕0                                      (10) 
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The boundary conditions of the simulation analysis model were the interaction 
conditions between the wood surface and the surrounding medium. The boundary 
conditions of the simulation analysis model can be roughly divided into three categories, 
and its boundary load action is shown in Fig. 4. 

 

 
 
Fig. 4. The boundary load diagram of the temperature field simulation analysis 
 

Given the temperature distribution function T(x, y, z, T) of the wood boundary and 
the wood boundary area, the boundary condition Ⅰ analyzed by the model can be seen in 
Eq. 11, 

𝜕𝜕|𝛤𝛤 = 𝜕𝜕(𝑥𝑥,𝑦𝑦, 𝑧𝑧, 𝑡𝑡)                                   (11) 

The temperature of the surface of the finite element model is the same as that of the 
medium around it, so the temperature function is usually constant (T0=20 °C). The laser 
heat flux function q(x, y, z, t) on the wood surface is known, which can be derived from the 
Fourier law. The boundary condition Ⅱ derived by the Fourier law is described below in 
Eq. 12: 

−𝜆𝜆(𝑡𝑡) 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

|𝛤𝛤 = 𝑞𝑞(𝑥𝑥, 𝑦𝑦, 𝑧𝑧, 𝑡𝑡)                           (12) 

The heat in the ablation area of the wood surface is usually the energy released by 
the laser beam emitted by the laser, which is loaded into the ablation area of wood surface 
in the form of heat flow density.  

Radiation and convection will occur in the interaction between the wood surface 
and surrounding media, so boundary condition Ⅲ can be described in Eq. 13, 

-k𝑒𝑒
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
�
𝜕𝜕=0

+ ℎ(𝜕𝜕𝑠𝑠 − 𝜕𝜕𝐸𝐸) + 𝜎𝜎𝜎𝜎(𝜕𝜕4 − 𝜕𝜕𝐸𝐸4) = 𝑞𝑞                  (13) 

where Ts is the wood surface temperature (℃), TE is the environment temperature (℃), h 
is the convective heat transfer coefficient (W/(m2·℃)), ε is the coefficient of thermal 
radiation, and σ is the Stefan-Botzmann constant (approximately 5.67× 10−8𝑊𝑊/(𝑚𝑚2 ⋅
𝐾𝐾4)). 

In the process of water-jet assisted laser machining wood, the water-jet assisted 
laser processing equipment is open. Since the water droplets splashed by the water-jet will 
affect the laser processing, the water-jet does not directly spray to the wood surface. The 
wood is only in a water environment, so the wood and the water-jet have forced convection. 
Therefore, 0.8 is set as the effective radiation coefficient of wood, and 10,000 W/(m2·℃) 
is the strong convection heat transfer coefficient between the wood and the water-jet. 
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Laser Heat Source Model Selection and Experimental Verification 
Analysis of different heat source models 

The heat decomposition temperature of Korean pine is 324.3 °C. Namely, the 
ablation temperature of laser cutting is equivalent to 324.3 °C. Therefore, the area with the 
higher surface temperature of Korean pine is the material ablation part, and the material in 
this part is decomposed and burned to form kerfs due to laser action. The area with the 
lower temperature is the non-ablation part, which is still solid after it is processed. The 
shape and size of the kerf can be obtained through the temperature field distribution of 
Korean pine in the simulation process of water-jet assisted laser machining. The structure 
morphology of the kerf is shown in Fig. 5. Part 5a of the figure shows that the depth to 
width ratio of the Korean pine kerf simulated by the Gaussian surface heat source model is 
relatively small, and the sectional morphology of the kerf formed by the Gaussian surface 
heat source model is flying-saucer shape. As shown in Fig. 5b, the depth-to-width ratio of 
the Korean pine kerf simulated by Gaussian rotating body heat source model is relatively 
large, and the sectional morphology is a deep hole. This paper adopted a compound heat 
source model to simulate the Korean pine kerf, which has a larger depth-to-width ratio and 
a screwed sectional morphology, as shown in Fig. 5c. The actual kerf morphology of the 
water-jet assisted laser machining Korean pine (along grain cutting) was observed using 
an FEI Quanta200 scanning electron microscope (Hillsboro, OR, USA), as shown in Fig. 
5d. Therefore, compared with a single heat source, the compound heat source is closer to 
the actual status of water-jet assisted laser cutting Korean pine. 
 

 
 
Fig. 5. The Korean pine kerf structure figures of water-jet assisted laser machining a) Gaussian 
surface heat source model, b) Gaussian rotational body heat source model, c) compound heat 
source model, and d) actual kerf morphology 
 
Verification of heat source model test 

Using the compound heat source model of water-jet assisted laser cutting Korean 
pine, a finite element simulation analysis according to water-jet assisted laser cutting 
Korean pine test results and experience is obtained. The test algorithm to obtain the size of 
the compound heat source model parameters, 𝜔𝜔, R, H, as well as f1 and f2 (the proportion 
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coefficients Gaussian surface heat source and Gaussian rotating body heat source 
accounted for total power), and the related data are shown in Table 2. 

 
Table 2. Process Parameters and Related Parameters of the Compound Heat 
Source Model 

Sample Number P (W) V (mm/s) 𝜔𝜔 (mm) R (mm) H (mm) f1 and f2 
1 10 30 0.25 0.17 0.38 0.65/0.35 
2 12 30 0.25 0.18 0.4 0.6/0.4 
3 14 30 0.26 0.19 0.4 0.6/0.4 
4 16 30 0.28 0.18 0.41 0.65/0.35 

 
When a defocusing amount of 2 mm, a flow pressure of 0.2 MPa, and a flow angle 

of 20º, the comparison results of the kerf morphology of the simulation analysis and 
experiment under different laser powers are shown in Fig. 6. As seen in Fig. 6, the kerf 
section morphology obtained by the simulation analysis is consistent with the cutting test, 
especially the transition region between the kerf and the surface. 

 

 
 
Fig. 6. The comparison between the experimental results and the simulation analysis results of 
water-jet assisted laser cutting Korean pine. a) P=10 W, b) P=12 W, c) P=14 W, and d) P=16 W 
 
 
RESULTS AND DISCUSSION 
 
Dynamic Evolution Law of Water-Jet Assisted Laser Cutting of Korean Pine 

Figure 7 shows the temperature field changes in the ablation area of the Korean 
pine surface under different cutting times in the simulation process of water-jet-assisted 
laser machining when laser power is 12 W and cutting speed is 30 m/s. When the cutting 
time is 0 ms, the laser energy does not heat the ablation area of Korean pine surface, and 
the temperature of the ablation area of the Korean pine surface is equal to 20 °C at room 
temperature. When the cutting time is 0.04 ms, the laser energy heats the ablation area of 
Korean pine surface, and the temperature of ablation area increases over time. When the 
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cutting time is 0.2 ms, the temperature of the ablation area of the Korean pine rises as the 
laser energy action time increases. The heat diffuses to the surrounding area through heat 
transfer, convection, and radiation, among other ways. When the cutting time is 1 ms, the 
temperature of the ablation area of the Korean pine rises as the laser energy action time 
increases. The kerf boundary extends outward rapidly, and the kerf width and depth 
increase rapidly. When the cutting time is 5 ms, the temperature of the ablation area of the 
Korean pine rises as the laser energy action time increases. The kerf boundary continued 
to extend outward, albeit at a slower pace, and the kerf width and depth slowly increase. 
When the cutting time is 6 ms, the temperature of the ablation zone on the Korean pine 
surface rises as the laser energy action time increases, and the kerf boundary continues to 
extend outward at a very slow pace. The width and depth of the kerf are almost unchanged. 
At this time, the ablation temperature of the Korean pine surface almost reaches the 
maximum temperature, and the size of the Korean pine kerf reaches its maximum. In 
summary, the simulation process of water-jet assisted laser cutting of Korean pine is 
basically consistent with the actual cutting situation. 

 

 
 
Fig. 7. Temperature field change cloud in the ablation area of water-jet assisted laser cutting of the 
Korean pine surface. a) t=0 ms, b) t=0.04 ms, c) t=0.2 ms, d) t=1 ms, e) t=5 ms, and f) t=6 ms 
 
Influence of Laser Power on Temperature Field of Korean Pine Surface 
Ablation by Water-Jet Assisted Laser Machining 

Figure 8 shows the kerf morphology and temperature field change curve of the 
Korean pine surface under different laser powers (10, 12, 14, 16, and 18W) when the 
cutting speed is 30 m/s. The model parameters in Fig. 9 were 𝜔𝜔 equal to 0.25 mm, R equal 
to 0.18 mm, H equal to 0.4 mm, f1 equal to 0.6, and f2 equal to 0.4. According to Figs. 8(a) 
to (e) the red dividing line is the decomposition line of Korean pine, and the internal 
temperature of the red dividing line exceeded the decomposition temperature of Korean 
pine. This formed the Korean pine kerf, namely the gray area. The structure size of the 
Korean pine kerf increases as the laser power increases, but the morphology of the Korean 
pine kerf does not change obviously. When the laser power increases from 10 to 12 W, the 
kerf depth and kerf width of the Korean pine increase little. When the laser power increases 
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from 12 to 16 W, there is a prominent increase in the kerf depth and kerf width of the 
Korean pine. When the laser power increases from 16 to 18 W, there is a small increase in 
the kerf depth and kerf width of the Korean pine. This is because when the laser power is 
small, Korean pine does not decompose quickly. As the laser power increases, the energy 
in the ablation area increases, the thermal decomposition of Korean pine speed is fast, and 
the Korean pine kerf structure size increases. However, when the laser power continues to 
increase, the thermal decomposition of Korean pine is slow, and the structure size of 
Korean pine kerf is reduced because the cooling effect of water flow and the coefficient of 
thermal conductivity of Korean pine are small. The effect of different laser powers on the 
temperature field distribution of the ablation region of Korean pine surface is basically the 
same. The laser power is closer to the kerf edge of Korean pine, the isotherm is denser, and 
the temperature shows uneven gradient diffusion from the kerf edge to the outside. Figure 
8(f) shows the temperature field change curve in the whole analysis process. When the 
laser beam acts on the ablation area of the Korean pine surface, its temperature rises to the 
highest temperature quickly. When the laser beam is away from the ablation area of Korean 
pine surface, the temperature begins to decrease slowly. When the laser power increases 
from 10 to 18 W, the temperature change of the center of the Korean pine kerf is obvious 
and shows isometric change, where temperature value is approximately 207 °C. 

 

 
 
Fig. 8. Surface kerf morphology and temperature field change curves of the Korean pine under 
different laser powers. a) P=10 W, b) P=12 W, c) P=14 W, d) P=16 W, e) P=18 W, and f) the 
temperature change curves 
 
 
Effect of Cutting Speed on Temperature Field of Korean Pine Surface 
Ablation by Water-Jet Assisted Laser 

Figure 9 shows the kerf morphology and temperature field change curve of the 
Korean pine when the laser power is 12 W and the model parameters of the compound heat 
source model are as listed (𝜔𝜔=0.25 mm, R=0.18 mm, H=0.4 mm, f1=0.6, and f2=0.4) at 
different cutting speeds (20, 25, 30, 35, and 40 mm/s). According to Figs. 9(a) to (e), 
although the structure size of the Korean pine kerf decreases as the cutting speed increases, 
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the morphology of the Korean pine kerf does not change obviously. When the cutting speed 
increases from 20 to 30 mm/s, the depth and width of the Korean pine kerf decreases 
obviously. When the cutting speed increases from 30 to 35 mm/s, the depth and width of 
the Korean pine kerf decrease slightly. When the cutting speed increases from 35 mm/s to 
40 mm/s, the depth and width of the Korean pine kerf decrease prominently. This is because 
when the cutting speed is small, the time of laser energy acting on the ablation area of the 
Korean pine surface increases. This causes the surface temperature of the Korean pine to 
reach the decomposition temperature quickly and promote the rapid decomposition of 
Korean pine, thereby increasing the structure size of the kerf. As the cutting speed 
increases, the time of laser heat source acting on the ablation area of Korean pine surface 
decreases, resulting in less heat absorption in the ablation area of the Korean pine surface, 
a slow thermal decomposition of Korean pine, and a reduced structure size of the Korean 
pine kerf. At different cutting speeds, the temperature field in the ablation area of the 
Korean pine surface is basically the same. The laser power is closer to the kerf edge of 
Korean pine, the isotherm is denser, and the temperature shows uneven gradient diffusion 
from the kerf edge to the outside. Figure 9(f) shows the temperature field change curve in 
the whole analysis process. When the laser beam acts on the Korean pine surface ablation 
area, its temperature rises to the highest temperature quickly. When the laser beam is away 
from the ablation area of the Korean pine surface, the temperature begins to decrease 
slowly. When the cutting speed increases from 20 to 40 mm/s, the temperature change of 
the center of the Korean pine kerf is obvious but it decreases gradually, where the 
maximum of the change in temperature is 277 °C and the minimum value is 121 °C. 

 

 
 
Fig. 9. The surface kerf morphology and temperature field change curves of the Korean pine at 
different cutting speeds. a) V=20 mm/s, b) V=25 mm/s, c) V=30 mm/s, d) V=35 mm/s, e) V=40 
mm/s, and f) the temperature change curves 
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CONCLUSIONS 
 
1. Based on the heat source model theory of finite element simulation analysis, a 

compound heat source model was established in line with the simulation analysis of 
water-jet-assisted laser cutting Korean pine. By programming the DFLUX subroutine 
file, the heat flux load and cutting trajectory control were realized. According to the 
actual processing situation of water-jet assisted laser machining, the model was 
analyzed and simplified, and the 3D finite element model of water-jet assisted laser 
cutting Korean pine was established and meshed, which could improve the accuracy of 
simulation results and the calculation efficiency. 

2. Through the simulation analysis of water-jet assisted laser cutting Korean pine, the 
sectional morphology of the kerf formed by the Gaussian rotating body heat source 
model was deep hole. The sectional morphology of the kerf formed by the Gaussian 
rotating body heat source model also was deep hole. The sectional morphology was 
screw using a compound heat source model. By comparison, the sectional morphology 
of the Korean pine kerf using a compound heat source model was more consistent with 
the actual situation of the water-jet assisted laser cutting Korean pine. 

3. The temperature field of the water-jet assisted laser cutting Korean pine was analyzed 
with the compound heat source model. The dynamic evolution law of water-jet assisted 
laser machining Korean pine was obtained. In addition, as the laser power increased 
and the cutting speed decreased, the morphology of the Korean pine kerf remained 
unchanged, but the structure size of the Korean pine kerf increased. 
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