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Table 1  Similarity criteria and guidelines

No Similarity criteria Simplified conditions 51H1.11a1"1ty Physical explanation
criteria
bt ‘ . L I o .
1 0‘ 0 : The model materials are unchanged 7; The ratio of the lasgr 1r1'rad1(1‘[1'on t'1me to the
00C, L5 VA square of the geometric dimension is unchanged
9 folo fl The body force is rr.luhipl.icd by the geometric
dimension
E.u . u The def ion field is divi h i
3 o0lo The model materials are unchanged Uy e deformation fie d 1s dl\flded by the geometric
ly ly dimension
4 E,0, The model materials are unchanged 0, Strain fields are unchanged
5 Eya,T, The model materials are unchanged T, Temperature fields are unchanged
6 2X0Qolo The temperature fields and model Qul The laser power density is multiplied by
ko Ty materials are unchanged o0 geometric size
A( pioly )( G tto )”/1 The temperature fields, gas velocity
air0 O = “"l) T “‘ s .“ . . . “‘
7 o Ao and model materials are unchanged oo T'he density of gas is multiplied by geometric size
kq
P, The strain fields and model materials . .
Th E f gas is ha
8 E.0, are unchanged 00 e density of gas is unchanged
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Table 2 Scaling law of structural response under combined

action of laser and airflow (when the dimension is

scaled by a)

Parameter Scaling
Laser beam diameter d, a
Laser load Laser power density Q, 1/a
Irradiation time ¢, o
Temperature T, 1
Thermo-mechanical .
Deformation u, a
responses
Strain field 4, 1
Mach number Ma 1
Static temperature T, 1
Parameters of high-speed Static pressure P, Va
airflow Density o 1/a

Thermal conductivity A, 1

Viscosity u 1
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Table 3 Thermophysical parameters of aluminum alloy

Temperature /K Thermal conductivity /  Specific heat /  Coefficient of thermal ~ Young’s modulus /  Poisson’s  Density /
P (Wem '“K™") (J-kg '"*K™")  expansion /(10" °-K™") GPa ratio (grem ™)
293 155 900 214 68 0.31 2.85
373 159 921 23.1 64 0.31 2.85
473 163 1047 25.2 54 0.31 2.85
573 163 1130 26.8 42 0.31 2.85
673 159 1172 28.4 29 0.31 2.85

800 10
@ 750 O experimental data in Ref.[1] o (b}
00t — numerical simulation data o
650 p
o S
§ 600 3
£ 550 5
; ¢
;;i 500 £
S 450 E
400
350
300
250 =

0 02 04 06 08 1.0 1.2 14 1.6 1.8 2.0
Irradiation time /s

0 02 04 06 08 1.0 1.2 1.4 1.6 1.8 2.0
Irradiation time /s

1 255 500 ik SR R o (a) SO 0y 505 92 50 25 A9 7T AR X 1L 5 (b) 3 22

Fig. 1 Experimental validation of the multifield coupling analysis method. (a) Comparison for time evolution of temperature between

simulated and experimental results; (b) error
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Table 4 Simulation conditions

Condition Mach Static Densiryg/ Ijaser power ) Irr‘adiation Scaling
No. number pressure /Pa (kg'm %) density /(W-cm *) time /s
1 Ma 0.8 74130 1.01 188 10 1(real model)
2 Ma 0.8 148260 2.02 376 2.5 1/2
3 Ma 0.8 74130 1.01 376 2.5 1/2
4 Ma 3.0 74130 1.01 188 10 1(real model)
5 Ma 3.0 148260 2.02 376 2.5 1/2
6 Ma 3.0 74130 1.01 376 2.5 1/2
7 Ma 3.0 296520 4.04 752 0.625 1/4
8 Ma 3.0 74130 1.01 752 0.625 1/4
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Fig. 2 Temperature history curves of the laser spot center under different scaling factors. (a) 1/2 scaling; (b) 1/4 scaling
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Fig. 3 Equivalent strain passing through the direction of the airflow under different scaling factors. (a) 1/2 scaling; (b) 1/4 scaling
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Fig. 4 Comparison of temperature and strain field diagrams of metal plate under different scaling factors (half model). (a) Temperature
field; (b) strain field
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Fig. 5 Temperature history curves of the laser spot center

under different Mach numbers
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airflow under different Mach numbers

B 725 0T TR B i BT <6 s 1 Al JBE K B AR o
A X B AT LA JRORE Y K 457 HEASE 2R 368 i Y
il JBE A5 IR IO AR PR R /N 5 03 A ML SR — B, 4
A AR R B R A, AT B — 2 B R TR Y U
bk

Temperature /K

I

530 450 420 400 350 320 275 265 260 255

1/2 scaled model

real model

Ma 0.8

Strain

I

0.0039 0.0035 0.0030 0.0026 0.0022 0.0017 0.0013 0.0009 0.0004 5x10-°

real model 1/2 scaled model

Ma 0.8

Temperature /K

I
572 550 520 500 470 450 430 407 355 315

1/2 scaled model

real model

@ Ma 3.0

Strain

I

0.0118 0.0115 0.0112 0.0105 0.0095 0.0065 0.0043 0.0034 0.0021 0.0002

real model 1/2 scaled model

) Ma 3.0

B 7 O[] BT < ISP BRI BE R N A8 23 A1 X L 2 T RS ) ( (a) R BE 375 5 (b) A2 37
Fig. 7 Comparison of temperature and strain field diagrams of metal plate under different Mach numbers (half model). (a) Temperature

field; (b) strain field

5 &% 1w

SEH TV T i I ) AR TR O B IR 6 R
B AR 7 e AR O R O BE ST, WA 17 3L - A - [T 22 37 4
B ARNET A B P A T R B R Ol e R (e
3 RO A7 RO REAT T B R B IE , A G BE 5 45 2R
T S e R AU T SO A R0 4 Le U S M
FEPRPLIER S . A SUR B 1 B LR .

1) 3l 3o v U AR T A R 2800 A AR A
AT AR R SL T AR A )Y SR AS P ) O A, B
MM T B EMESN TEMN T 298 E 51T
A7 W 137 AR RL R U

2) MR ZAR LN, Bl 51 B 45 0 PR3 5
AT 155 F B R RO R AR 0T I, Tk (R I L
5 I8 B AT 3R OGRS VR AT A3 5 A 12 5 5 Y 34
AV o 7 N e e I K (203 E I e SRSV R AP N

1202103-7



MRILX

S A B RS e R L, 2w B T B AR AR
P SE TR B R

3) i i gy U T 56 O B IR AR S AR B O A
I 22 17 H - B 5 0 % i A S RO R AT DA o 4
FMW] AR B 455 R S SR AR T 4 HE AR 5
H Y 22 [ B AR - e O 1% 22 /N T 100, iR 1 R
AT SRR o RN B A e SR Rl R X O, Bl
e PRI 6 TR R AR B0 AR D Y 4 HE A A
5 TR R 22 () 9 - o 7 22 Sk W

4) AR JEHBA — € 19185 AV 0E T #0oe &
ARSI, 0 T i A U gl A B s AR il R R AR
B fifp PR R A 22 M A R W B S RO Y OO, AR RO
AP 5 38 TP AR st I A, X T AR AR VR
Hay Y 28 A IO A AR 28 3 CRRRE R A R AN P
T FH T 4 e 2 A S A A Tl 4 A T e L T < e 4
Ha) SR M i R AR ROBE A P35

5 Tl 55 [ By 450, e D R BOE B0 R IR AR &2 &
B m AR A R I RS o e RO T BOE R e m
AR S 0 48 Rl IR () R e O A TR Bl B 4R
MR 4 J s e Bl T eh e AR 2 RO e —
S - AT -1 22 I M 5 TR, H ETAT 98 N B3 %
BRI OC 2R M AN TE R o i 22 S R i — 2D i
Ao B EBCE AR Y 12 56 56 U 55 T 1% X i 1) T B
FE B RE 12 ) LG T 4 IR AR T A R i ) Y
RIS

& £ X #

[1]  Boley C D, Cutter K P, Fochs S N, et al. Interaction of a high-
power laser beam with metal sheets[J]. Journal of Applied Physics,
2010, 107(4): 043106.

[2] Xing X D, Ma T, Wang R X, et al. Dynamic rupture of metal
sheet subjected to laser irradiation and tangential subsonic airflow
[J]. Theoretical and Applied Mechanics Letters, 2018, 8(4): 272-
276.

(3] TRy, EVLWE, =R, A BTl R AL OL I v s R P S

% 1Y B AS IR AT O B 52 I0. R I Ok 2023, 50(16):
1602201.
Ma T, Wang J T, Yuan W, et al. High temperature in-situ
observation of high-power laser induced instantaneous damage
behavior in high-speed wind tunnel[J]. Chinese Journal of Lasers,
2023, 50(16): 1602201.

(4] BENEAS, Moakom, REME, % 3161 /N85 UL X% 1k BB
PEREFFE(T]. b B0, 2023, 50(16): 1602305,

Fan SJ, Yang Y Q, Song C H, et al. Properties of 316L stainless
steel formed by dual-laser selective melting[J]. Chinese Journal of
Lasers, 2023, 50(16): 1602305.

[5]  SedREE, MIWF, FHTEE, 4 W8 F A2 T w dOROL e 3 4
AR R SR B[] O, 2023, 50(8): 0802205.

Chai R X, Tian Y, Zhou X J, et al. Numerical simulation and
experimental study of high-speed laser cladding under circular
scanning path[J]. Chinese Journal of Lasers, 2023, 50(8): 0802205.

(6] E—T%, BT, ZRHIK, 5. AIRPHOG IR & G ROUTTE B Y 2L

EAD A BELT]. o O, 2022, 49(8): 0802008.
Wang Y F, Yu Z, Li KM, et al. Numerical simulation of micro-
pit morphology of titanium alloy ablated by nanosecond laser[J].
Chinese Journal of Lasers, 2022, 49(8): 0802008.

(7] # &I, SR ROE, BRAIEE DR ot A R 5 R ] ot

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

1202103-8

£ 51% F 12 H1/2024 £ 6 B/ EH*;

Herhh, 2021, 51(6): 695-704.

Yang J B, Zong S G, Chen L F. Progress and enlightenment of
high power laser weapons[J]. Laser &. Infrared, 2021, 51(6): 695-
704.

Young R L, Shanklin III R V. Thermal similarity study of a typical
space vehicle element[J]. Journal of Spacecraft and Rockets, 1966,
3(12): 1796-1798.

WA B . R R 25 A0 K 45 4 A0 AR USSR B O Ik PR [D ] K
KB TR, 2021.

Chen R. Research on design method of scale similarity model for
large aerospace structures|D]. Dalian: Dalian University of
Technology, 2021.

B, RIETT, 8 RO6 . MUAT R MK 8K 1 22 518 5 300 5 41
PHELT]. T2, 2021, 53(7): 1930-1939.

Yue J Z, Wu X Q, Huang C G. Multi-field coupling effect and
similarity law of floating ice break by vehicle launched underwater
[J]. Chinese Journal of Theoretical and Applied Mechanics, 2021,
53(7): 1930-1939.

BRA R, AR A . 45k 0 i L K 2 i ROBE HELT). [T 4k g 27 2%
2, 1997, 18(1): 25-37.

Chen F L, Yu T X. Scaling laws for structural thermal-dynamic
response and failure[J]. Acta Mechanica Solida Sinica, 1997, 18
(1): 25-37.

VR . PO R RN (M. b5t [ B Tolk i jidd:, 2002.

Sun C W. Laser irradiation effects[M]. Beijing: National Defense
Industry Press, 2002.

RO, BREE, BT . OB IRT ST (5 R L T 0 A R A )
FRT]. 5RO R TR, 2004, 16(8): 962-966.

Huang C G, Chen S Y, Duan Z P. Similarity criterion about
deformation and failure of pressurized cylinder subjected to laser
irradiation[J]. High Power Laser & Particle Beams, 2004, 16(8):
962-966.

Ma T, Xing X D, Song H W, et al. On similarity criteria of thin-
walled cylinder subjected to complex thermomechanical loads[J].
Thin-Walled Structures, 2018, 132: 549-557.

R AE, X0 SR VO R R A B R S AR A T 0N 1 AR B AR
B #otZeak, 2008, 29(5): 62-63.

Wang Y H, Liu F. Numerical simulation on similarity of thermal-
mechanical effects of cylindrical shells subjected to inner pressure
and irradiated by intense laser( [ )[J]. Laser Journal, 2008, 29(5):
62-63.

e, H Al BRI, A BROCER IR 7075 1A 4 R N 5 A
BORBERSE R APTET] WOL S L2058, 2020, 50(7): 789-794.

Li C L, Tang W, Shao J F, et al. Thermal response of 7075
aluminum alloy with different scaling laws under high power laser
[7]. Laser & Infrared, 2020, 50(7): 789-794.

X, BRPCEE, VB L S TEAHUTIL = BR A 4 b R EOE B0
FEVEAR LSS AT T[T, % f R8T T AR | 2022, 19(12): 66-72.

Liu K, Zhang Q X, Sun S W, et al. Scale experimental study on
laser damage characteristics of aviation aluminum alloy materials
for UAV[J]. Equipment Environmental Engineering, 2022, 19
(12): 66-72.

WA, R, BOURDE .  HACHE T BRI R IR R R R
ERIT]. B0 SR F 3, 2013, 25(9): 2229-2234.

Huang Y H, Song H W, Huang C G. Numerical simulation of
failure of target irradiated by high-power laser subjected to
supersonic airflow[J]. High Power Laser and Particle Beams,
2013, 25(9): 2229-2234.

KIS, B, B, AF L YD) O B RO 5 i A F
FEHE R HOL St T2 R, 2016, 53(4): 041403,

Zhang W J, Meng W, Li Y X, et al. Research progress of
tangential airflow impacting on laser irradiation[J]. Laser &.
Optoelectronics Progress, 2016, 53(4): 041403.

XN, B AR, FRERT, AF . QAT AR A 4 A5 R 00 AR AL v DU )
WF5E (7] SCe AR g1 2%, 2015, 29(3): 25-29.

LiuL, GuiY W, DuY X, et al. Study on the similarity criteria of
aircraft thermal protection structures[J]. Journal of Experiments in



£ 51% F 12 H1/2024 £ 6 B/ EHN:

Fluid Mechanics, 2015, 29(3): 25-29. Ding S, Wang J G, Wang Y H, et al. Similarity of thermo-
[21] A1 Q, Wang W Z, Gong Y, et al. Study on similarity criteria for mechanical effect induced by high energy laser beam[J]. High
aerodynamic/thermal  coupling analysis of the aircraft[J]. Power Laser &. Particle Beams, 2005, 17(9): 1331-1334.
International Communications in Heat and Mass Transfer, 2021, [23] Wang R X, Wang Z W, Zheng H W, et al. Comparison of
129: 105705. strategies for coupled flow-thermal analysis of thermal protection
[22]  TTb, EaE, EEME, & BOGHEBRHEA RE A T system at hypersonic flight condition[J]. International Journal of
BRI SR, 2005, 17(9): 1331-1334. Aeronautical and Space Sciences, 2020, 21(2): 347-362.

Scaling Law for Thermo-Mechanical Responses of Metal Plate Subjected to
Laser Irradiation Under High-Speed Airflow Condition

Cui Yue'’, Wang Ruixing"”, Ma Te"’, Yuan Wu'*’, Song Hongwei*’, Huang Chenguang’
'Key Laboratory for Mechanics in Fluid Solid Coupling Systems, Institute of Mechanics, Chinese Academy of
Sciences, Beijing 100190, China;

*Key Laboratory of High Temperature Gas Dynamics, Institute of Mechanics, Chinese Academy of Sciences,
Beijing 100190, China;

’School of Engineering Science, University of Chinese Academy of Sciences, Beijing 100049, China

Abstract

Objective Laser technology is extensively used in various fields, including additive manufacturing, removal processing, and laser
weaponry. This technology has the potential to revolutionize battlefield dynamics through defensive and offensive applications.
Research on laser irradiation under high-speed airflow provides a theoretical basis for efficient damage strategies and the protection of
aircraft, this is crucial for deploying military laser systems. However, conducting real-scale model tests for large-scale engineering
structures 1s challenging due to equipment limitations and testing environments. Additionally, wind tunnel tests with real-scale
models are prohibitively expensive and time-consuming, preventing extensive testing. Consequently, scaled-model tests are often
relied upon for regularity studies. Therefore, establishing a similarity relationship in the thermomechanical responses between real and
scaled models under laser irradiation and high-speed airflow is a practical approach. Significant efforts have been made to understand
the similarity theory of laser-induced thermomechanical behavior under static air conditions. Nonetheless, due to the complex fluid-
thermal-structural interactions in high-speed airflow, the similarity criteria for thermomechanical responses in an airflow environment
significantly differ from those in static air. In this study, we propose new similarity criteria and scaling laws suitable for the

thermomechanical responses of a metal plate subjected to high-speed airflow and laser irradiation.

Methods To clarify the similarity relation of thermomechanical responses for metal plates under coupling conditions, the effects of
the tangential airflow were equivalently converted to the structural force and thermal load boundary conditions using the approximate
equivalence method, and the dimensionless governing equations of the coupling problem were established. Thus, combined with the
analysis of dominant factors, the similarity criteria and scaling laws suitable for the thermomechanical responses of the metal plate
under the combined action of a high-speed airflow and laser were determined. According to the similarity criteria, there is a
contradiction in the similarity relationship between the thermal boundary condition and force boundary condition under the fluid-
thermal-structural coupling effects, which cannot be satisfied simultaneously. Considering that the thermal stress induced by the
temperature gradient is much greater than the mechanical stress due to the aerodynamic force under the combined action of high-speed
airflow and laser irradiation, this study focused on the similarity of aerodynamic heat transfer, ignored that of the aerodynamic force,
and established the corresponding scaling law. Then, a fluid-thermal-structural coupling numerical example of a metal plate irradiated

by a high-power laser under tangential flow was conducted to verify the scaling law under different scale ratios and Mach numbers.

Results and Discussions The similarity criteria and scaling laws for the fluid-thermal-structural coupling analysis of the metal
plate subjected to laser irradiation and high-speed airflow are presented in Tables 1 and 2, respectively. A numerical example of the
fluid-thermal-structural coupling of a metal plate irradiated by a high-power laser under a tangential flow is conducted to verify the
scaling law. The results show that under different scale ratios and Mach numbers, the predicted response errors between the scaled
and original models are within 1% , which proves the reliability and accuracy of the scaling law. Simultaneously, with the increase in
scale ratios or Mach numbers, the aerodynamic heat transfer effect is enhanced, making the thermal-mechanical response difference

between the scaled model and real model more obvious when the aerodynamic similarity criteria are not considered.

Conclusions In this study, similarity criteria and scaling laws suitable for the thermomechanical responses of a metal plate under
the combined action of a high-speed airflow and laser are determined. Several numerical examples are conducted and compared to
verify the proposed similarity criteria and scaling laws. The main conclusions are as follows: (1) Using the approximate equivalence
method and analysis of dominant factors, the effects of the tangential airflow are equivalently converted to structural force and thermal

1202103-9



£ 51% F 12 H1/2024 £ 6 B/ EH*;

load boundary conditions, and the similarity criteria and scaling laws are determined. Considering that the thermal stress induced by
the temperature gradient is significantly greater than the mechanical stress caused by the aerodynamic force, this study focusses on the
similarity of the aerodynamic heat transfer and ignores the similarity of the aerodynamic force. (2) A fluid-thermal-structural coupling
numerical example of a metal plate irradiated by a high-power laser under tangential flow was conducted to verify the scaling laws
under different scale ratios and Mach numbers. The results show that the predicted response errors between the scaled and original
models are within 1%, which proves the reliability and accuracy of the scaling laws. (3) However, the scope of application of the
proposed similarity criteria should be emphasized in the following aspects: the similarity criteria are applicable for calorically perfect
gases. For hypersonic flows, complex chemical reactions occur at high temperatures, and the similarity criteria are no longer
applicable. The similarity criteria are applicable for the plate flow condition. However, for the non-plate flow, such as the flow
around a blunt-nosed bodies, the similarity criteria are no longer applicable. The similarity criteria are applicable to the thermal-

mechanical responses of the metal structure before melting. When melting is involved, similarity criteria are no longer applicable.

Key words laser technique; scaling law; equation analysis; metal plate; multifield coupling; thermo-mechanical responses
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