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Fig. 1 Principle of laser perforation. (a) Early stage of perforation; (b) middle stage of perforation; (c¢) time of

perforation; (d)schematic diagram of phase-interface-based heat source model
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Fig. 2 Laser perforation model. (a) Laser perforation geometric model; (b) symmetrical section of

laser perforation geometric model; (c) grid model
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Fig. 3 Diagram of interface between iron and gas phases
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Table 1 Physical parameters of solid iron and molten iron

Physical parameters of solid iron

Physical parameters of molten iron

Solid density /(kgem *) 78 Liquid density /(kgem *) 7800
Specific heat of solid phase /[J*(kgeK) "] 480 Specific heat of liquid phase /[J* (kg*K) '] 480
Thermal conductivity of solid phase / [We(m+*K) '] 81 Liquid thermal conductivity/ [We(m+K) '] 81
Latent heat of melting /(J+kg™") 275000 Liquid viscosity /[kgs(me+s)~"] 0.001
Surface tension coefficient /(Nem™ ") 2.07 Liquidus temperature /K 1820
Solidus temperature /K 1800 Vaporization temperature /K 3023
%2 WA ENYIESE pr—

Table 2 Physical parameters of auxiliary gas

Physical parameters Value
Density /(kgem *) 1.225
Specific heat /[J*(kg+K) '] 1006. 43
Thermal conductivity / [We+(m+K) "] 0.0242
Viscosity /[kgs(mes) "] 1.789X10°°
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Table 3 Operation and environmental parameters

Physical parameters Value
Operating pressure /Pa 101325
Acceleration of gravity /(mes *) 9. 81
Auxiliary gas pressure /MPa 0.5
Thickness of steel sheet /mm 3
Heat source power /(Wem *) 3X 10"
Nozzle diameter /mm 1.5
Operating temperature /K 299.18

TEHOE TR AR B 55 B Bl A A8 289 3t 57 58 1
PEAT AR B ST TR 84380 2 AL 07 FLEUE AL
R SRR R Al Bl M R R i 8 4 o 5 AR R O
o BT I [E) 2 4 A5 G A R o S N R
ANLTRBE L SEBUXTHOL o FLR 07 5. 35 U an 1]
4 FR .

[boundaiy initialization]

>{ time step update

[user defined adjustment]

17

[ capture of heat source ]

phase interface and adding
auxiliary gas load

[user defined adjustment

mass continuity equation,
update speed

17

solving the energy equation]

solve u, v, w momentum, solve]

judge
convergence

K4 Hot fLEBE TR

Fig. 4 Flow chart of numerical calculation of

laser perforation
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Fig. 5 Cloud diagram of iron phase and gas phase at different time. (a) t=0.022 s; (b) t=0.044 s;
(¢) t=0.088 s; (d) r=0.1102 s
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Fig. 6 Temperature field distribution nephogram at different time when x=0.005 m. (a) t=0.044 s;
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Fig. 8 Cloud chart of the integral number of the melt. (a) t=0.044 s; (b) t=0.066 s; (¢) t=0.088 s; (d) t=0.11 s
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Table 4 Hole center temperature on different

horizontal lines

Level Hole center temperature

y=0m 1502. 41
y=0.0005 m 784.41
y=0.001 m 463. 14
y=0.0015 m 426. 81
y=0.002 m 406. 02
y=0.0025 m 349. 39
y=0.003 m 300. 04
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Fig. 12 Pressure distribution nephogram at different time. (a) t=0.044 s; (b) t=0.066 s; (c) t=0.088 s; (d) t=0.11 s
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Fig. 19 Cross section morphology of laser perforation with different hole depths. (a) H=1594 pm; (b) H=1963 pm;
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Abstract

Objective In recent years, with the development of heavy industry, shipbuilding, and aerospace, the speed of
product renewal has been increasing, and meeting the demands of processing technology, such as microfine hole
processing and high-precision processing of composite materials, has been difficult for traditional processing
technology. Therefore, breaking through traditional processing and into nontraditional processing is becoming
increasingly important. Laser processing technology has been regarded as the standard technology in the mechanical
manufacturing industry and has been widely used in the workpiece cutting operation. As a type of nontraditional
machining, laser cutting is widely used because of its good flexibility, low noise, high efficiency, and strong
adaptability. In this paper, a new method is proposed for analyzing laser perforation, which is based on the coupling
of a heat source and gas flow field. The volume of fluid (VOF) method is used to study the thermal fluid structure
coupling effect in laser perforation. It can effectively reflect the dynamic changes in the flow and temperature fields
in the keyhole during laser perforation, providing technical support and a theoretical basis for laser perforation.

Methods Laser perforation is the irradiation of the surface of a material with a focused high-energy density laser
beam. Under the action of multiple reflections, the material absorbs the laser energy, causing it to melt, vaporize,
ablate or reach the ignition point quickly. Simultaneously, the molten material is blown away with high-pressure
auxiliary gas to realize a hot material drilling method. To reflect the interaction between the gas and iron phases, the
gas and iron phases are used as the first and second phases, respectively. The iron phase is incompatible with the gas
phase. The laser perforation is simulated using the thermal fluid-solid multiphase flow. In this paper, as the laser
heat source, a phase-interface-based heat source model is proposed, and the temperature and flow fields are coupled.
In melting and blowing out the iron phase in the keyhole, the effects of melting and solidification, phase
transformation, heat conduction, heat convection, and auxiliary gas on the shear force in the keyhole were analyzed.
The VOF method is used to track the gas-liquid/solid-liquid interface. The interface between the iron and gas phases
is captured in real time, and a follow-up heat source is added between the iron and gas phases. The enthalpy pore
medium method is used to solve the phase transformation of iron.

Results and Discussions Laser perforation is simulated in this study. In the temperature field, with the deepening
of the hole, the heat source is captured at the bottom of the keyhole. In the early stage of laser perforation, the
keyhole will vibrate slightly in the horizontal direction. As the keyhole gets deeper, the keyhole tends to be stable in
the vertical direction (Fig. 5). The temperature center is the heat input center. The temperature distribution is
symmetrical on both sides and decreases radially (Fig. 6). With the deepening of keyhole depth, heat accumulation
increases (Fig. 8). Regarding the flow field, the analysis of the flow field shows that the pressure distribution
changes with the phase distribution. In the early stage of laser perforation, the keyhole is shallow and the pressure
center is symmetrically distributed in the upper part. With the increase in keyhole depth, the pressure center moves
downward (Fig. 12, Fig. 13). With the increase in keyhole depth, the internal velocity of the keyhole decreases,
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and the blowing ability of auxiliary gas to melt decreases (Fig. 17). The results show that the recast layer increases
with an increase in the hole depth (Fig. 19).

Conclusions In this paper, we present a phase-interface-based heat source model and analyze the temperature and
flow fields of a 3 mm steel plate during laser perforation based on the thermal fluid-solid coupling effect. The model
truly reflects the dynamic process of temperature and flow fields, and the calculation results can effectively explain
the influence of laser heat source and auxiliary gas on laser perforation. The simulation results show that, in the
early stage of laser perforation, under the influence of auxiliary gas and heat source, the keyhole has a stronger
blowing ability, fewer deposits on both sides, and slightly vibrates in the horizontal direction. With the increase in
keyhole depth, the keyhole shape tends to be stable, the keyhole center is reduced under gas thermal convection,
and the auxiliary gas’ blowing ability is weakened, increasing the amount of molten matter at the bottom of the
keyhole. The confirmatory experiment results show that the amount of molten matter increases with an increase in
the hole depth, which is consistent with the simulation results. The phase interface-based heat source model can
simulate the interaction between the temperature and flow fields in laser perforation efficiently and can reflect heat
accumulation during laser perforation. It provides a theoretical basis for laser perforation.

Key words laser technology; heat source model; thermal fluid-solid coupling; numerical simulation
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