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Table 1

Similarity criteria and guidelines

N L L L .. Similarit . .
© Similarity criteria Simplified conditions tmianty Physical explanation
criteria
1 o‘ 0 2 The model materials are unchanged % The ratio of the lasgr 1rr-ad1a11-on lilme to the
00C, L5 s square of the geometric dimension is unchanged
9 fil filo The body force is njnultipl.ied by the geometric
dimension
Eou . u The def ion field is divi h tri
3 olUo The model materials are unchanged Uy e deformation fie d is dlYlded by the geometric
ly Ly dimension
4 E.0, The model materials are unchanged 0, Strain fields are unchanged
5 Eq.a,T, The model materials are unchanged T, Temperature fields are unchanged
6 XoQoly The temperature fields and model Qul The laser power density is multiplied by
ko T, materials are unchanged 0% geometric size
A(M)m(%)nx The temperature fields, gas velocity
7 o Ao o and model materials a;c unchanged 00l The density of gas is multiplied by geometric size
k()
P, The strain fields and model materials aie . .
8 ?190 ¢ stram llere ;r??hail;ede matenals ©0 The 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 ¢, a
Temperature T, 1
Thermo-mechanical .
Deformation u, a
responses

Strain field 6, 1

Mach number Ma 1

Static temperature T, 1
Parameters of high-speed Static pressure P, 1/a
airflow Density o 1/a

Thermal conductivity A, 1

Viscosity u 1

3 RUEHAT Rk

AR ST 3 e A AR R SO R AR A A R
B g 7 B A OGS BT A ST R BE A Y R R AT 5
. AL RN SR 40 cm X 40 em X 2 em, 06
¥R R 25 kW, BB 6 B B A2 4 13 om I 5 & W 4
Aii o WAL Bt L AR A B PE S B R 3 R,
T, #E ST T AR I - [ 22 S R A B B AR AR A
2% S8 R A R DAL HE - 1) RSl OR 4 ) e Bt
FEEAF Bt R O i BR 51 R A% 2 1T IR 23 5 0 I B
DR RN X i e s AL A 1 5 2) 5 R AR T B i) 3 3 B4 3
SRR, Rk, T s & T B s T /I R AR
b, BT 52 i 45 # B - Frm 7 o iE— 25 BT AR A
PEACTR MG 3 T g B S B TR A R R A i O
{ERAR  R B E 22 SR B BO(E 4 BT ) 9k 1 AT
X730y #k 25 kW B0 & 100 m/s U1 1] i Bk &
TER T 48 A 4 AR HE AT SO L, K 455 40 25
53540 307 - M) 3 55 R B 5K 5L = Y S 00 BOHE Y o AT
Foo B 1(a) B T 30 ffs B B ag X b, ol AR
W B LA B0 A b 7 B AL B IR T il 26 S5 S5 4
P LA A8 o A, W E 1(b) B, 1 H 45 R 55
B 48 L 22 ) i B KR 25 8 5.31 % R UE T A (E 20 T
2R eGP B O T I A 1 I E B A N R R
A A FEE

#3 WESHRDIESE

Table 3 Thermophysical parameters of aluminum alloy

Temperature /K Thermal Cogduc}ilvily / Spcciﬁ: hc:ill/ Cocffi@cnl of 1lj§rmfl} Young’s‘modulus / Poissgn’s Densil}jg/
(W:m "*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

B Z8M a0 M7k e Rk o (a) BUELD 305 SC U0 45 R 19 IR TH 7 B X He 5 () 1R 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 Densit}jg/ Ijaser power B 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

P4 R[4 HE AR TR 5 s S MR BE S A8 o3 A1 X L 2 T CR AL ) ()il BE 5 5 (b) B AR 7
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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Fig. 6 Equivalent strain passing through the direction of the

airflow under different Mach numbers
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Fig. 7 Comparison of temperature and strain field diagrams of metal plate under different Mach numbers (half model). (a) Temperature
field; (b) strain field
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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 is 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
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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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