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Abstract

During aircraft takeoff and landing phases, friction at the tire-runway interface generates rubber
residues, forming a micron-level contamination layer. Over time, this layer significantly reduces the
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runway surface friction coefficient, leading to decreased braking efficiency and posing a serious
threat to aircraft safety during taxiing. Consequently, regular removal of rubber contaminants has
become a critical task in aviation ground maintenance. Traditional high-pressure water jet cleaning
methods risk structural damage, such as water erosion of runway pores and subsurface microcrack
propagation. In contrast, laser cleaning technology enables non-contact, precision removal through
photothermal and mechanical coupling effects: high-energy laser irradiation induces photothermal
ablation of surface contaminants, which detach under stress, restoring the runway’s functional
properties without damaging the asphalt or concrete substrate. This study focuses on airport runway
rubber residue cleaning and proposes a nanosecond pulsed laser cleaning solution using a 1064 nm
wavelength laser to achieve thermal stress detachment of the rubber layer. By developing a multi-
physics coupled finite element model, the study systematically simulates the instantaneous temper-
ature effects of laser power density and identifies a substrate damage threshold at a nanosecond
laser power density of 0.35 m]/cmz.
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Figure 1. Schematic diagram of laser ablation model
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Figure 2. Schematic diagram of laser ablation model
B 2. &HAJLER
W71 Fr MAE 2 (85 7] Fep 371 Fo 2 ANESE, BAR A nTF
1 1.,
Fp=-nRo| ——— [sin" 9 (11)
h n
F, =2nRosin psin($+9) (12)
e T 7107
. . R(1 1 .,
F =F, +F =2nR3 smgosm(9+(p)+3 ———sin" 9 (13)
h n

Ko SRMIARIEK A, W EMA, 7 A r IR T A TR B 2 fos.
FEWOCIETE T2, YEMEE I8 % A J9is Gkt i 2 S LS, 0B 40 70 5 W00 /o B Ee A

DOI: 10.12677/jsta.2025.133025 259 e IR A 5 8 FH


https://doi.org/10.12677/jsta.2025.133025

BRK A

SIWAN KB R . BLAh, WOLHR I A IR 2 B 3% FRAR A I A BE iR 5, A5 BUAR ARG B 41 P 2t
— . R, FERYE TS DR BRI, SR S I AT B AN T B D S IR AT TR AL AR
4. BARRRTTIERR

BT REA —ENEE, BOtHEAREEENILIE, £ B THBOtRE &gl FR
HRI BT S . BRI

GT(x,t) 82T(x,t)

PC o —k P =(1-R)al,exp(-ax) (14)
oz:i (15)
pc
o~ o KA ER MR 2 R LU R IL 3 R 2L
dr
_K—| = 1
x|, 0 (16)
dr
—K— = 1
x|, 0 (17)

oy, :4L, ORI, R (14) TR
a

T(x.1)= ii—(é)cos(gj{l ~q, [?) t}—i—cot (18)
n=1l Y

ET A SRR BOCE A RIR G R AR, Ot 51 R AR E GRS N A AR, 1 O
WS, o APYHLE, L C, A

C = (I_R)IO

! pcl

C, = (=R)y ! R [l—exp(—al)cos(nn)} (20)

pcl (nrc)
I+ —
la

A RLRE SO SR TR A O R T R, RIS AR Ot BE B AR BE RSO 3 15 SOt BE &4
TR R TR BRI I 51 . AESRIBBE T, Bl Sy FE S Fad 5 2 1 T A ML 2

[1—exp(—al)] (19)

2
pcdllet) T @)

Ot Ox

dr
—KEFO =(1-R)1, (22)
dr
_KEH =0 (23)
I IE T TR

T(x.1)= 2(1—kR)10 \/;I,-erfc[zjafltj (24)

DOI: 10.12677/jsta.2025.133025 260 e IR A 5 8 FH


https://doi.org/10.12677/jsta.2025.133025

BRK A

erf(x):iqSexp(—f)ds (25)

e

MULE R 22 3 0RT DU H % 3 O TRLE S5 B0 e s BRI [ R &R, Dy — Dy Al oh S
BRI E LTS, IR HEBE ) F,

AL

By %oy XZ(I—R)IOW\/;Iie;fc[z\;Ca_ﬁJ
2 2

T kt

by = (26)

H1 22 30(26) AT FIEROLIK 58 S5 A RHRFE I 2 IO RIS R, WU R B NSO RE R o B LR % ¥
Ve R AFAEPI DN IR S RERIL T AR S AR TR E I FE ik A AT R B UKL TS S P 7 1)
AT TR A PRI AR, W S]R AR O RO (R AR ORI
REEIL I 73 3 5 € AEOLTE Ve A R E S RE, —FHRFABR T ZS s d.

5. fhERHL
5.1. RE{TREEN

EFXTBOGIEYE 2 ZHO G RN P BN T2V AR, A5 HE T COMSOL Multiphysics #4%E [ ikt
WOt - MBI A A BRI, 8 S50k AR S L T Ok BE R N A R . W E 3 pR,
K B B2 R B 5 5£(0.32/0.34/0.36 J/em?) KOG 1064 nm, K 5E 10 ns)f R 3 Ji 4 1 2 AT 1k
BPME FHUERDL, BT BRI R E % L 5 IR A AR X R . BB ) B4 R A%
#e )5 5 N\ Origin AT HUR G AL, 12 FHAELRIE RN i g TR B 238, N L 2S8Rt 7%
VAEZZIE/TR

1400

\

1300

1200

1100

AN

BE K

\

1000

800 PR R TR RO S R R T R
0.20 0.22 0.24 0.26 0.28 0.30 0.32 0.34 0.36 0.38

HotERE (n])
Figure 3. Evolution of different energy densities over time
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Figure 4. Highest temperature of different energy densities
E 4. TEgEEERSRE

WOGTE Ve 477 [0 B FAE A 5 S A A R R R A AN ] 30 A A BRI R R I S e B R, ik
TR Bk B R BRI A5 B X 18] (1100~1200 K), CKFllfs PR N 4 vh, AT sRESRAGAR R AR
FHUBR R T B TR0 BE B 2% B RME . AR T2 T BROCEUE R i, DAYOABAE Iy SRS B 3= 5
ML, XL S 3 1R B - BRI R BES R E S T S H R, B IRICARIBOsRE R % E T
BT R AR IR B, @S RE R - ISR A AR, T =2429.57 +335.2 AR IR B
AT HH O GREA R &% 2 9 0.32 mI/em?.

6. &g

AAF BT VELN BT T AR kO TR R T AR LR, G I R ST AR ik O 2 BRI
R AR IR e i AN B, ) 25 PR Bt L R TGRS e, A3 3 1 IR FE B[R] (R A Ak i 5y, a4 Bt
AT H ONRD SO T D TR - SR TR 5 e M s e B RE = 25 0.35 mI/em?,  FR15 3 T GvBbIOLTE
DelIpL R ZNRN T S ARG R ROGE AR B A EEE N, NEOGHRBE AR S Em
5.

SE

[1] Liu, Y., Cai, J. and Jin, G. (2021). Simulation Study on Rubber Removal by Continuous Nanosecond Combined Laser.

DOI: 10.12677/jsta.2025.133025 262 e IR A 5 8 FH


https://doi.org/10.12677/jsta.2025.133025

BRK A

AOPC 2021: Advanced Laser Technology and Applications, Changchun, 30 April 2025, 120601V.
https://doi.org/10.1117/12.2607122

[2] Yuan, B., Wang, D., Dong, Y., Zhang, W. and Jin, G. (2018) Experimental Study of the Morphological Evolution of the
Millisecond-Nanosecond Combined-Pulse Laser Ablation of Aluminum Alloy. Applied Optics, 57, 5743-5748.
Hittps://doi.org/10.1364/a0.57.005743

[3] Li, X.G., Huang, T.T., Chong, A., et al. (2017) Laser Cleaning of Steel Structure Surface for Paint Removal and Repaint
Adhesion. Opto-Electronic Engineering, 44, 340-344.

[4] Chen, G.X., Kwee, T.J., Tan, K.P., Choo, Y.S. and Hong, M.H. (2010) Laser Cleaning of Steel for Paint Removal.
Applied Physics A, 101, 249-253. https://doi.org/10.1007/s00339-010-5811-0

[S] Chongcharoen, K., Kittiboonanan, P. and Ratanavis, A. (2017) Feasibility Study of a Dual Wavelength Laser Cleaner.
Journal of Physics: Conference Series, 901, Article 012105. https://doi.org/10.1088/1742-6596/901/1/012105

[6] Brygo, F., Dutouquet, C., Le Guern, F., Oltra, R., Semerok, A. and Weulersse, J.M. (2006) Laser Fluence, Repetition
Rate and Pulse Duration Effects on Paint Ablation. Applied Surface Science, 252,2131-2138.
https://doi.org/10.1016/j.apsusc.2005.02.143

[7] Jasim, H.A., Demir, A.G., Previtali, B. and Taha, Z.A. (2017) Process Development and Monitoring in Stripping of a
Highly Transparent Polymeric Paint with Ns-Pulsed Fiber Laser. Optics & Laser Technology, 93, 60-66.
https://doi.org/10.1016/j.optlastec.2017.01.031

[8] Kim, J.H., Kim, J.S., Kim, Y.J., Bae, H.Y. and Kim, J.S. (2012) Effects of Simulation Parameters on Residual Stresses
of Inconel Alloy 600 in Finite Element Laser Shock Peening Analysis. https://doi.org/10.1115/pvp2012-78449

[91 Zhu, G., Xu, Z., Jin, Y., Chen, X., Yang, L., Xu, J., ef al. (2022) Mechanism and Application of Laser Cleaning: A
Review. Optics and Lasers in Engineering, 157, Article 107130. https://doi.org/10.1016/j.optlaseng.2022.107130

[10] Zhang, Y. and Huang, Y.P. (2020) Finite Element Simulation and Parameter Optimization of Laser Descaling Process
for Marine Steel Plates. Applied Laser, 40, 294-299.

[11] Shi, S.D. (2012) Theoretical Modeling, Numerical Calculation and Application Research of Pulsed Laser Paint Removal.
Nankai University.

[12] Shen, H., Feng, G.Y. and Wang, S.P. (2012) Theoretical Analysis and Related Experiments on Laser Light Transmission
through Paint Layers. Journal of Sichuan University (Natural Science), 49, 1036-1042.

DOI: 10.12677/jsta.2025.133025 263 IR AR S R


https://doi.org/10.12677/jsta.2025.133025
https://doi.org/10.1117/12.2607122
https://doi.org/10.1364/ao.57.005743
https://doi.org/10.1007/s00339-010-5811-0
https://doi.org/10.1088/1742-6596/901/1/012105
https://doi.org/10.1016/j.apsusc.2005.02.143
https://doi.org/10.1016/j.optlastec.2017.01.031
https://doi.org/10.1115/pvp2012-78449
https://doi.org/10.1016/j.optlaseng.2022.107130

	纳秒脉冲激光除胶过程仿真研究及阈值计算
	摘  要
	关键词
	Simulation Study of Nanosecond Pulsed Laser Debinding Process and Threshold Calculation
	Abstract
	Keywords
	1. 引言
	2. 脉冲激光除胶原理
	激光烧蚀模型建立

	3. 污染物的黏附形式
	3.1. 范德华力
	3.2. 毛细力和液桥力

	4. 激光清洗热方程求解
	5. 仿真模拟
	5.1. 温度仿真模拟
	5.2. 激光损伤阈值判断

	6. 结论
	参考文献

