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Unsupervised learning-based model for predicting interfaces in
variable specific heat ratio gas flows
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(ChinaAcademy of Aerospace Aerodynamics, 100074, Beijing, China)
Abstract: Compressible multi‘material dnd multi-species flows involving shock waves and chemical reactions are central to
explosion mechanics and{sheck, dynamics. Machine learning approaches for solving multi-material Riemann problems and
capturing interface coupling effects’have emerged as an active research area. However, existing neural network-based approaches
generally assume ealeriCally perfect gases with constant specific heat ratios, and are therefore incapable of handling variations in
the specific hedt-fatiosarising from compositional changes or from the excitation of molecular vibrational energy modes under
high-temperature conditions. Such variations are frequently encountered in realistic detonation and reactive flow problems. To
address this limitation, an unsupervised physics-constrained neural network model, termed PCNN-RS- }/, was proposed, which
extended the previously developed Physics-Constrained Neural Network framework for multi-material Riemann Solvers (PCNN-
RS) from calorically perfect gases to thermally perfect gases with variable specific heat ratios. Parameters characterizing the

specific heat ratios on both sides of the material interface were incorporated into the input layer, enabling the model to effectively

SR B _2026-05-18 . BEBH: 2026-08-05 ;

HEWMB: HEERREIES(12572338); Ko L% BI5 H (800009000199B0042353)
B—AEE: XTE (1998— O, B, WEeFR4A, TREIM. E-mail: 1zy210@buaa.edu.cn;
BEMEE: U = (1982— O, B, i, W5 5. E-mail: xul@buaa.edu.cn.




mOE 5 &
Explosion and Shock Waves

account for variations induced by chemical reactions or by high-temperature vibrational excitation. The Rankine-Hugoniot jump
conditions and the thermally perfect gas equation of state were embedded in the loss function, thereby establishing an
unsupervised learning framework requiring no labeled training data. The trained model was further integrated into the modified
ghost fluid method (MGFM), enabling effective coupling with computational fluid dynamics solvers for multi-species reactive
flow simulations. Comprehensive numerical experiments demonstrate that the proposed model exhibits strong generalization
capability, high fidelity, and high computational efficiency. In terms of generalization, the model establishes a unified framework
applicable to various gaseous material with specific heat ratios ranging from 1.2 to 1.7, accurately capturing variable specific
heat ratio effects while remaining fully applicable to conventional two-gas flows with constant specific heat ratios. In terms of
fidelity, the predictions of the model agree closely with those of standard implicit iterative methods, and the model faithfully
resolves complex flow structures such as detonation waves and shock-bubble interactions involving chemical reactions. In terms
of efficiency, the model eliminates the need for iterative interface prediction, and its computatienal cosf is, significantly lower
than that of traditional implicit iterative approaches. These results indicate that the proposed medehprovides a reliable and
efficient numerical tool for multi-species reactive flow simulations with variable specific heat ratig effects in explosion mechanics
and shock dynamics.

Keywords: Compressible multi-material flow; Multi-species problem; Multi-materialyRiemann problem; Unsupervised neural

network model; Ghost fluid method

0 5l5

PR B S AT R 48 2 N Bim s, B3 A s O I . X RN
FAETRIEIRS) . ARHR RS TAESEPRrh,  HOAT FHb R ZAK 27 SO () 5 8] e 22 AH L, W) BRI
R AR IRNFRAR ML R, OCBEAE TR T % 5 i A% Bk A L S i ST AR BARE A . AR,
XIEAE RS : H—, ERBIEE, 75 Wi . el A W 5 2 51k R A5 595 5 B
Gt KT, EWEEER, RSB S S5 Cntbgs) frefl, P RE
(RN AR PR AR, DRI 06 ST e 1 I PR AR T N AR A . R R e e il o ki i vy
REHUERITE, CROAEROCHLSR N AENLE I E 2Rt .

SRARZ A PR s I B R 2 —, BT WREMT . RS RS B R g s 5 AR, Y
i A AR TR KRB APIESy — R RN R — @ R G X8, 10775 F Mg R
W IR VR A I AR 32 il FESUN R B A vk, B S AL B N T B R B S L el i, AR AL 5
TTEASIEMWT, (H 75 SEMPEER T A7 B15-0),  FHEAE S 10 &b P A A2 Tt kS i 1R a2 5 2% A . R MR
M B SR 7 v, R EEEH TR . AR 55 v R4z, EF| Liu &
B T — RSB R UMK 77 (Modified Ghost Fluid Method, MGFEM) , i 7E 7 b #4gid 75K
fift—4E 2 /1 07 Riemann [ @, A8 FRE05 A ROAbBE 500 S v n] TR AR 2540, A9 Je 171071
&G

TEXETA KM 2 A7 Riemann [0, A& 405 &8 H A TR AERIERE, SEOMERA RS,
TCHAEE e h BRI, IR, LA ) BRI RS R4 3R G 1t 0] SR g e 70 7E 15 22 4
AR 7z AU, i AN RS e ) R ARG BT R X 2 (AT A e AR
RUIZEHTHE 5]\ Riemann [0 KR, N FMEAL SEUEITVER e gt 1 Higft. Magiera 13 X
$EHH Riemann fEH4E /2%, {80 FH A BE 20 40 2K oR B0 B M A B AR )2 1 77 A Fotn) 225 SR B R 7
Ruggeri S5 411 A8 B 28 X 26 T BUSE VAR 5 = BE ME 25 1) Riemann fi, UESEI S Buler Jy 245 &
REA T ali B X s 2 P 28 458 ;. Wang 5 Hickey!'SUR J& 7 3 T 42 Riemann SRf#EZS, 7EEEIR
FRMB LI T RS B R P Xu SF0oE— B4 T L A2 N 4 22 45t Riemann [7] @K



mOE 5 &
Explosion and Shock Waves

fii 4% (Physics-Constrained Neural Network as multi-material Riemann Solver, PCNN-RS) , it ol &
>IN 22/ Bt Riemann [ @ 57 1 2 ) S RORME,  $RTT 1 PP I 25080 i B 592 AL RE

SR FIRITEAE R — UL SR RV, AL E B B2 A S R a
FERE P RIRE . B U R AR SEBR i f A7 S N 25 51 AR A Jot 4 B Jo B 53 B S A4
HE 5 B0R S A B LE A LLBE 2 B4 . 7EAH DG Riemann [l 8 #H 22 W9 26 ARBRASS BURIF 0, A4l o
FHEE S ERTE 2 [ B A GE 4S04k (Calorically Perfect Gas, CPG) R FERAIA. —HHEAAKEN )
RN, 7T RSN RER R, HIA RS R AL RS S sE AN R 0 TR
5, MRS T 800K I, XM ARG -4y EENT, TR E S AGE AR (Thermally  Perfect
Gas, TPG) ARZTTFE N R MR

R, AR TG T S RN 2 A 2 ARSI TG B B A SRR RESE . BT HGE RS
PORSTTRE, B RA 1 AR LU AL R ) B 24 A 22 R 2% 18571 PCNIN-RS- 1 o AR AE BB AT
AR F A 2 S L 5| AR A 3 AR A B 2 A8 A SN SE R A I S8, PR R iemtann 1) A, R4
KRN & IR 55 52 2 22 M IR NE R Bl D v DR AR o A5 7 [ B ) 3 MO o EE AR B TR, sz
DA ] o — RGN R R A S 2 N B sh 5 .

1 =571

B N AL (AT 4 sl ] & A SN — 4k Buler rfen] LIRS AT R

ou
EJrV-[FI,FZ]:S

(1)

F, =[puY“...,puYN,pu2 +p,puv,(E+p)u]T

T
’ ’

:Et[:’j: U= [pyla"'vaNapuapvaE]

T T
F,=| pvY,---, pvY, 4+ p(E+ =lo,a ., .
=g oo e p B o] DS 000001 gk

>y -1
E\EﬁﬁmyﬁﬁiﬁﬁﬁoK%ﬁ%iﬁﬁ%%ﬁ%%ﬁﬂﬁﬂH o E FIORBAATRAA

E:pe+%p(u2 +v2)

s Re, Rk oy . e NIRRURERARIA A, @ R | R R,

51T RPN . LA L MR SR AL, © ISR
a')l_ _ VVli(V;;{ _ ,-;)(kalﬁ[[)(j]v;k _Krk]‘ﬁ[[Xj]v/”kJ (2)

b W mehy kR, Ve, kR Rk gy it s, Bl sera

%@%WEQ&%NQﬁﬁﬁiﬁﬁk%Eﬁ\ﬁﬁ&@ﬁ$eﬁ%§ﬁwmﬁwmwﬁﬁm%%°
MR G O ) @, 7 FE A PRI S A E W & .
Euler HREA M AL TFEA RS TG L, BEAMWREFTENFRIEX N
p=(—-Dpe (3)
A

y=t=—2t @
cV




mOE 5 &
Explosion and Shock Waves

N
R=)YYR ~
JRE S g, BRI

AR PONEEILL, N, =
S92y i AR R =8 314 J(mol K) AT AR B, 3T A4 T 45 %A I il Bk,
WA T SE U N 5 R 1, DR S RN RS2 Sk (CPG) RS /TE. (7 miR %
T, BN A 4 TIRENRS, MR 2R S 3R Rt e 2R H. SR T . 9%

RIS RT 20, BB AN TR TR, LT B TR . B, fE
TR FI 2B B, FEIAEE AN E . 5 B — RN ) 58 4 SRS 7 REAR M B 58 4 <A

(TPG) RE T,

2 24T R Riemann [o] F438 2] SR 25 W 4%
2.1 N EZ2E45 Riemann [0)31
“ZNTT RIBHABIRZ RN KRS RS, AW ek SR . “2 A0
HAT 2R Gk L) SRS S 5IRE sS4k .
#fE Rierhann 1) @A) DL Rk Ny

WIFRIX LA FiA B Al R 2 Py, JLE

AW FAE ] MGFM AEEANBIR 2 RS A S AR ROA ELAR A, 75 ZEHP SR RA A 7 TR R A — 4

241 A Riemann [A] /8 UAE S HIZRAF . X T 2024080, dL
§Q+§£:o,L¢$={U“X<% (5)
U, 7% > x;

ot oOx
1
Kb U=[pY,, ',pYN,pu,E]T, F=|:pqu,-~,puYN,pu2+p,(E+p)u:'T, E=pe+5pu20 U, fiU,

& FHH X, 22 A SRR IR AE
SR AF Riemann [ FU0T - IE il 10 18] W2~ A2 R B R L B i T ANE B AR AN SR T 7K /),

BRI 22 SR T A S 22 A FUE BB, 0 [0 [p]= 0 - ARG MO R: b s s s
— AT TR S DI K, AP 1 . BB L TL. TR 4M5HE G T A 0
A0 T A4 0 O AL 43 KRR 43 5T DL R (Lt PO R 0 2 22 2

t ¥ Interface 4 .
. . - \ I . , | Shock
Left nonlinear wave )\ 1| Ye Right nonlinear wave !
(shock or rarefaction) ; ' ,’ : (shock or rarefaction) ,’
] s —
Y‘\'I al ,' Y Ny R 4
[ Yo | P 'J P I Yr ] -
. ] o >
3 U I u : -
! arefacti
T L P L Prr Yy x ! Rarefaction
1
P, ,’ Pr "
U, ,' Uy l.'
L AL ' | Pr |
04
X
K1 2N F% 4% Riemann [n) 8 i 1) 25 #4018
Fig. 1 Solution structure of the multi-material multi-species Riemann problem
BN RV, oy Do DYy o Yy JRURESE T ORI L y BTy 0 RAEZ

7

Jit Riemann [ ) 5 R 25 75 2R g 7 FE 2 1)



mOE 5 &
Explosion and Shock Waves

{”L —uy = fL (YL PLsPLs PisPr)
Uy —uy = fo (YrsPr>Prs D1 Pr)
R RN R ARG 2 R, X THGEESARTTTE,

11 .
@—m{—_—J if p, 2 p,

-1
72Q—(\/7Qplp]Q _\/7/QPQ,0Q) if p, < pq
Yq

X Q#BCL Bl R. FEWARMELL A ELBEIR I . SAARLL 4 AR L1 Riemann [ AR b T 5 EL A LE
() Riemann i@ Y& 2%, FERMEF RGP IERE I IRE TR EZ IR, 1
AL AT 2% SCHR[18]

2.2 Tl EEIB L) RAMEZ 4%

95 ik PCNN-RS 7EALFRAR ALY o] U 1 J=) B, A1 48t L 2 BCNN-RS- o G4
Y ARG —ANE T AR LA LB T I 52 A 1 R A7 . PONINSRS: [ 45 - an B 2 Bl
ABE TR R A P At A 420 PO 265 0 4 ) B 240 SR 23 3[R 4R

Rl 2 Mg 2 AN R BEIRE . Ml BN, Eh iR s MgmAR, 4 7

(6)

fQ(j/Q’ananpIJpIQ) =

AN, SRAREAATMEE P Pr, s E AN | Pr, FE A P 5 2 Au LK

SRR AR 2 4143 1R R 94 o0 ) T8 2 A O P L R 3 7 AR R P B 0 HE R e 26 X 44 5

JZ o FESCHR[20]H X B2 R BN A 2757 s e s LORE 78, 45 5 S e %6 T~ 3K fi# Riemann 7] 3 5T
RSEAE I 2 NEGRUZ, BEFRGRZ A 50 AL, RIVATTi 2 R o 1B P A EHE R s e 4 I 4% i

JZ, HthEE RO REE ) P XA S AR, R R Ao, ProrT i

BOAREE. R Lo 1R AN
(7/Q + l)pl + (7Q - l)pQ

if p, >
oD+ +hp 1T
Qe 1 ©)
ﬁb{éﬁ] if pi<pq
G Y R A
1 1
ulzz(fR_fL)"’E(uL‘i'”R) )



mOE 5 &
Explosion and Shock Waves

2 8 ey

Basic model

e Physics-constraingd funetion

B2 M) PCNN-RS- p #iRRE B
Fig.2 Sketch of the PCNN-RS- » without labeledhdata
B L B HER R AR 4y, XA 2 WX 2 ) SRk i, A sl B AL ) — 36
g, DRI F e 2RI 4 . D3R 240 S ) ) ] 4, 5 i N B (BT T B (R ZRAE R R . I ER A R

JEUH A4 SR fif Riemann i BT 75 5 R £ B B BB R BRACHL BiaR(6) I 76 B3 i s s tha(8)

AR P, IR 2 R BE R IR A 4 8 S TG R R A Pk,

¢EfL(pl)+fR(pl)+Au:0 (10)

B LR RN B R BT S 5014, SRR EMEHL TRZE (MSE) ik BR%.
FEARSSICHR[13 144 15, 164 20, 211, LLikELgfENEE S S5 M4, 32| E 28 1
TR RN R B A TR A8 LIV T S 5RO R, BRI B e
) 285 A5 704 T 3 FH 1 AN ) bl R B 2O B 0 R, 3317 AT 3 FH 125 R A 2 I R 22 20 70 7% B A L ) R
2.3 EMERME, IIGRER

AW T 2 5 S SRR S SR IR, SR ALy BIBRE N

n+2

(11)
n

X n NS TINEHE. EAFEEREZRET, » WHMER B HE 0 BTN R
R m R E B a0 Tk 7, EARE T T RES 3 M PshamE, y BERK
{2 1.667. XL 0 FiE, BTN T 2 40 R BRI EME, »=5, » BUEN 1.4, BlinE
ZH AR RALRA S TR, ERERA R IUE DY 140 X FEME RS T8, £%
HE& 6 MM, Btk p #ie FRUEE/NA 1330 SEPRE oL miR ey [EREAR, Bt +k
AR BIHLIIR e AR EL I L, fE TRETH SR W UEDY 1.25122), 2R 12508, v B e o 4 A
RIS, SRR LE Ry BORFE VG B E N[1.2,1.7].

XTI R T B DL RO RE S, SR AT SCRR[20152 H R A SRz AL 5807 i, R L AL

NERNE: UFE 2P =Put PR Gasp s P =Pt Proysrrr, 4P=P/1

P=plpy AT=BuINPPy | sy oo 5 E e KO, DA, SRR



mOE 5 &
Explosion and Shock Waves

FEEL[0.001, 0.999], R 7 25 ML Sy ZFAEEL 1000 5 LN A T R AEE Z8-10, 10], %%

ﬂ%%%&(Vmﬁ%%3mnm)ﬁ@i%ﬁﬁ%%mmomgmmmm,ﬂ%%%%ﬁmmﬁﬁ

Tt e ARYESCHR[20]9H e 3, AR AT 5 vl R PR RO 22 R — R E R 7, Mo & s A R AE ik A
TR ANNE FE PSR B TR SE 7 RFESRAF AR A, BT 3&E A 8 W5 00 sEbr i i, T e B
P28 [0 255 AT A FORE AR, IR TR A AR AR IEAEL,  TE 77 SR AR R AR A bR B4

£ Pytorch HEZE T NGl IR A6 7Y, 36 1 Adam IRAL2%, ST RBE N 0.001. A 0
LM EBECRTE, REE 2 MNEEE, BAREUZEE 50 AMMZETT . —3E1I1Zk 20000 4
epoch DALRAIE5E AU 8K

P25 ) 28 A RSO 22 20 T B R AR B 1 3 B o i B AC 3156 7 2T Level Set-MGFM (1)
CFD R FHEIAT R 46 2 A i 2 A - s i — o 72 . MRS NG Te s, AEY ol B Hz v T2
F Level Set-MGFM [#] CFD F2J7 1 & AAhr kB IE AR I 2R R 2 A 5 Riemana #4301 H v —
AT F TSRS . AEANRS M LR T RE I SE RS _,  WT DL 8 X CEDGER RN T ol o1 28 X 4 A 70
AT E AT E A M1E 2.

Simulation process of compressible
multi-material multi-species flow

Input caleulation parameters
and initialize flow fields
1
Update time size and
boundary conditions

Update interface shape and

position based on Level Set I‘
method ' Process of unsupervised learning

\ i
Update » based on . ! Generate initial states as

composition and temperature 1 i sample data
of the material i

Solve multi-material Riemann ‘Replace | Construct neural networks

problem via an implicit RS ' 1 1

- e Train neural networks
Update interfaeé conditions

bhascd,on the VIGFM | ; 1
1 ! Construct neural network
surrogate model

P Catlgulate flow fields | :

|

Output results of flow fields

Fh\3 PCNN-RS- y i TJET Level Set-MGFM [fJ CFD &7 i 2 1%
Fig. 3 Flow chattéfthesPCNN-RS- » applied to Level Set-GFM-based algorithms for multi-material multi-species dynamic

simulations

3 HESL

AT 3.1-3.2 H5 40 By 25 0 2 A0 R P KRR e SR 2 3.3-3.5 45 AL A
], CFD FF AT Level  Set ViR A M AT E, 1 MGFM 773 SUR T4 A, 40 i b
YR 33 P 7 TR R 28 I 2 TR SR AR L TEIR A5 o ) 5 W WENO B Qb7 2 [l B i, (8 3 B
Runge-Kutta # 2 gE47 I [A] B HL .

3.1 MREIRE

AT H MR 07 2o PONN-RS- y #ERFEAT IR I RE AR [V RE SRR 430 T ST 7 SR

HERG PR LA SR P RT3 9 01.2,1.7), B8 BE AR T SR S L8 9[0.1,0.9], HURE (SRR



mOE 5 &
Explosion and Shock Waves

SN ZREE ) 8 FE 22 RFEA I AN E], R AR B 23 R AE, SRFEVEEEIYA[-3.0,3.0]. FEAE K
12500 MIHAFEA, B HAZ I REE AR 70 R ERE 45 1 (RR) AR L A 1 4544
(RS) VLR WU &5 (SS) L= 73T, FEAE 25009 4400, 3319, 4781. W =ZAHPEADEAT
Boostrap B RHFE, 3B 1000 K, FFRMFEARSE P EAMAE 2000 MEA, TR IFGETHRE M 45 T
R SRR 2 AP 4a %% % (Mean  Absolute  Error, MAE) . “FIJAHXI %% (Mean Relative
Error, MRE) K H 95%BE EIXIA], tHE 4R WKL 1 F15E 2.
1 MRS MAE & 95%EE[XI8)
Table 1 MAE and 95% confidence Intervals on the Test set

Pix 10'4) Ug(x 10'4) PIL(X 10'4) PIR(X 10‘4)
RR 6.361(6.049-6.672) 8.824(8.291-9.357) 7.054(6.646-7.461) 6.745(6.379-7.111)
RS 15.792(15.466-16.118) 8.831(8.321-9.340) 13.760(13.014-14.506)  137145(12.440-13.850)
SS 49.298(46.565-52.031) 8.271(7.804-8.737) 16.077(15.306-16.847) ) 15429(14:687-16.170)

2 MiXgE MRE K 95%E5X 8]
Table 2 MRE and 95% confidence Intervals on the Testisct

¥4 up P PIR
RR 0.558%(0.530%-0.589%)  0.349%(0.200%-0.662%)  0.388%(0.369%-0"412%)  0.388%(0.369%-0.408%)
RS 0.359%(0.345%-0.373%)  0.294%(0.179%-0.469%)  0.24296(0232%-0.252%)  0.243%/(0.234%-0.253%)
SS 0.276%(0.267%-0.285%)  0.328%(0.226%-0.503%)  0.155%(0,149%-0.160%)  0.151%(0.145%-0.156%)

FASHE W T AN AR ERZE, RS NAH T 95%EEXH CRR - BFR) .
oA BUTH 77 py B TOIME BB A0 28 P 28 A RS B 20, PR S TH % i, pim BA ST 0y PR T
MAE A (8) KOFHI. MRS R WIS RIS R, FI4ant | o iR = #7e R —
NEH L, REBN BN, RCIEEE T BRI 4R ZE A SR RO, HiR ZEWAE 103 1
R L, NEERA S AR,

3.2 HEMERITLE

T A G IEACSKR AR Riemand W8 1 77 2006 A% GiBa 2% Riemann SRA#ESS . Harten-Lax-van
Leer-Contact (HLLC) & Riemann >R fiff 25 54 B 2 oR A 28 X 25455 0 (RS20, 1) & 77
2% B $514E {0.001,0.10,0.20/0:3050:40.0.50,0.60,0.70,0.80,0.90,0.999  H A1, - 48 33 &£ 453 7F {-5.0,-4.0,-
3.0,-2.0,-1.0,0.0,1.0,2.0,3)0,4.0,5:0} FHHU(E, P EL A EEIYTE {1.2,1.3,1.4,1.5,1.6} FHUE. SeitBF
ER SRS IL RS R EE 5 R, BUFIE. Sk R R 2 Bos.

3 AHEAEN

Table 3 Comparison of computational cost

Implicit-RS HLLC-RS PCNN-RS
U /s 147.984 3.844 44. 438
IS 147.969 3.844 43.672
=S 149.109 3.969 50.187
PN G 147.891 3.828 43.859
PR/ G 147.422 3.922 43.844
S35 I /s 148.075 3.881 45.200

R BRI, = INE B UORME R TR K R 08: HLLC Jrikit, 279 PCNN-RS ]



mOE 5 &
Explosion and Shock Waves

1/10; PCNN-RS Rz, ZyAKRRIERTTIER) 1/3. E—85 5 = 2RI AN MIER: i FF: HLLC & T
FIEAHIIL AL Riemann SKf#ds, TR EN, EHEDCREHBEEMTHEEE, At nEEis

2K SRERE L N B B AR BRAS: PCNN-RS BL—CHT ) HE W7 2 AR B AR, AR DR AR 1
Riemann fi# BELEEIET B [T, R HSEREIT BRAR 1720 2/3,  HLRMAS LA T BodAd v 55 AN ik .

TEfR IS, HMEh R EE RIS TR, W IJWL (Jones-Wilkins-Lee) R THERS, Faxi%k
AR R A G H a2 B8N, HLLC 7RISR TH I R 2 & 4 4023); Tiiipg )
28 A A HERT T R B SRS TR BARTE NEAR TR, I T Mg AL . Kk, BEERESTT
FEE AR FERHETE, PCNN-RS 7ER0E S5 H5 FELR G R R Lkt — 2 23l
3.3 —#EE LI EE S 4K Riemann 8] 30

G, s Al

RGPS it
T 73 730 — 4
(SSWES AWIRES (N
— YRR T E AR R A

FH IR FE AR Ao 22 PR 25 A QB AR R
AW TR P AR TR, XA IR, RS IE T 2 M AR BGREh HE. R

Riemann [0 B F1— 4555 -Z K2 /1 Jfi Riemann 7] BV makidy 7+ 1 SiniE

R=E_IR/=

i DU Vel S

&R 2R, AR R B A

FERfREINT L. 7E 0 < x < THITHEIE P FE 8143 1000 4N 5 9k

(1.4,1.0, —1.0, 1.0) forx<0.5
(v.p>u, p) = (12)
(14,14, 1.0, 1.0) forx>0.5
TR RWE 4 iR,
I.H"\ "P) r
3 Y Exact 13 | Exact
| HLLC-RS 5 L HLLC-RS
3 implicit-RS { r implicit-RS
08+ b . B 045 N
% PCNN-RS-y f L PCNN-RS-y
| 3 g
g % ' &
z | E { <y
£os :, 3
£

0.4

\ j

0.2

(b) Velocity

14K ]
Exact f
w P HLLC-RS PA
implicit-RS 8§
g
PCNN-RS-y ;“
'

=

02 0.2 04 0.6 0.8
X

(c) Density
B4 252556 (=0.15) FBIAR R 25 R AT

Fig. 4 Comparison of numerical results of several models in air-air problem(t=0.15)

— YRR BRI AR RN



mOE 5 &
Explosion and Shock Waves

( ) 14, 1.0, —-1.0, 1.0) forx<0.4 (13)
05U, =

PP PI=Y (1 667, 1.0, 1.0, 10.0) forx > 0.4
THHEERWAE 5 Fros.

10 F

Exact Exact
| HLLC-RS 05 HLLC-RS
sk > implicit-RS implicit-RS

PCNN-RS-y PCNN-RS-y

2 (L 2
3 3
20 Sost
- o
= >
ar B (-———k‘
2k é] 15 8
lmj
L L L 1 1 1 1 ) 1 1 1 1
0 0.2 0.4 0.6 08 1 0 0.2 0.4 0.6 038 1
X X
(a) Pressure () Velocity
2
ﬁ
18 F $ Exaet
HLLC-RS
LoF implicit=RS
g PCNN-RS-y
14F
3‘ ‘
212 |
|53 a|
c dj
14
08|
06
04 1 1 ] 1
0 0.2 04 0.6 0.8 1

(c) Density
K5 IR A (£20.08) B R AE i 25 SRt L
Fig. 5 Comparison ofinumerieal results of several models in air-Helium problem(t=0.08)

IR VAL PIAS — YESBIEE Ros, D2 BIE L T BRI A, - UE B T
BB AR o X T RS-, HLLC JHEER G R BoE v, Heas RS s R07
%\ PCNN-RS B4 5l M (EMEE SRR, ZEGUOME R £ 3 R, SCHER[19]H Y D i
REpE AL T oA PIRMATR] TR X R IS BOT R R, A AR RS B S B R . X —
PGIET  HLLC,HSAX I A7 Bis# ff 71 SL. SR J#id Rankine-Hugoniot ¢ & & xUffie, #Msiik 3 %
ARG AR s M S0, BISR AR S5 ROHBOE A T I U O B . 0 T2 -3 AU
HLLC 75 VE RS540 S RE B MR — B0, (HAEM B B R M Bl 7 AT IR %, X il T HoR A b
32 2 ey T A0 Oy BT TR T T 7 A O BB AE R AHEEZ R, PCNN-RS X _ESR PIANSEL B ELAS 1 547
AERRIETNE LT 58 & — BT RS B, ORI AN S oAt T 55 NI, AEAELT oL
SR ERAERR BRI T 3 ) R ) _EaR AR PR R R AL, X TIPS AN R B 2 A 1 ) L, AR SO
[F] — AN 28 X 2 S TR R AT BB AR, T E SCHR[20] 7 75 2270 79l o T 1 28 i L 0] 7 P A 228 o) 2 A 2
HIBE AT L, AR SCHE H AR 48 X 2 A5 Y T A BEAN[R] A 4L R 22 /1 J5t Riemann il 8, R ARRS B 53
EVEAHI T R Y, A AR 1R i Y
3.4 —HEITLEIALE S fF Riemann 8]

10



mOE 5 &
Explosion and Shock Waves

4 ) R R U W T A IR AR A BRI, PCNIN-RS BB SRy BR 4 BL K2 PCNN-RS-
BRI SRR . 5 E—TRIEBIX HIE T 780 % 18 T IGE 2 TUMOIRETT RE T LU L 32 IR FE R o

BLADL R [FFE A — 4E S-SR R R, 7R IR T EEIAEE 7300 1.4 71 1.667. N B B il
JEYE, A AR R . 78OS X ST A 38140 1000 ANTHELRIKS, BOUF AR IIRI4G
A5 A

(1.225 kg/m’, 0.0 m/s, 800 kPa) forx < 0.4

(psu, p) = (14)
(0.138 kg/m’, 0.0 m/s, 100 kPa) for x> 0.4

R I AN R A RN, AH R DR AR 2 (i U B R AR T AR . 5 2R T35
S MRS T R RO 8 PR P SRR A PR, P AR A L B2 TRLE R i ) LA L AR A 1 D, L BT 6.0 SRR 8] 0y
2.73X108s,

171 2500
1.65F 1
- 22000
Lo .
1.55 F |
- . 1500%
15F =4
= - o
¥ .CEL
145 F |
————— Temperature 7] lDODﬁ
14
135 F 1 1 - 500
| —
[1.302 1
13—
C 1_2|()2 L L 1 I L L 1 L h L 1 1 0
0 0.2 0.4 0.6 0.8 1
e

Ko HLA LS LR R o 3 ]
Fig. 6 Dependence of the specific heat ratio on temperature
BRI BN, PORAEBGR IAG R M8, A% 2000K DL s . 8 el 32
ARSI AL TR RGZ AL B 1.4 FRER] 1.292-1.302 Z[a]. AMFAARS, R

T, AREAE T RSl R A 7 52 AL 7 SRR 2R B ARG 0, TR EL AL A7y

TRFFEE T H 4. Bl 740208 T PCNN-RS. PCNN-RS- y\ Ar#EFa A 77 2 USRS i 2 Ta) (R 7
UYL R RTEE Y 5) 2

900 800
T .
B Exact
E Y implicit-RS
T00F \\ tmpiel 600 -
PCNN-RS
b )
— 600 ) PCNN-RS-y —_
< w
) A = g
=500 ) =
5 S0 ;
2 a00 A 3
w r N & 4
g aor N k| j‘
=} :
=300 b %“«m g 7 Exact
t | 200 7 T—
g implicit-RS
200 7 . .
7 PCNN-RS
100 [C— v PCNN-RS-y
0 — am—
0 | 1 1 i 1 | 1 1 i 1
0 02 0.4 0.6 0.8 1 0 02 0.4 0.6 08 1
X X
(a) Pressure (b) Velocity

11



mOE 5 &
Explosion and Shock Waves

o
osaf
1k
PO B ooob 0
k o.s2f
08 -
w5

:::::

Density ( kg/m’ )
F

04+
implicit-RS

PCNN-RS )
PCNN-RS-y l................,..

(c) Density
K7 AR 45 o L
Fig. 7 Comparison of numerical results of several models

B PSR T LLE Y, PCNN-RS- p (THRER ShrdER S UE URGHIE R+, HEAR
FTBOR B AR AR tH R R, S RE AR 8] 10 Bl o RREL LY D BOR % # PCNIN-
RS HTHEEE R AER HAE W B HREIRZE, N T S ge i, MR 2 SR R, I
EAFEE AL AR BB G ARSLBIE R 1 AR SR (4 2 [ 28 MR AR A 35 vl 2 1 (1 S48 2
e RIS ARG o
3.5 FUBRENFERMSBIE

AFH N RIS T R, BUERRA T AR EON2.83 B R N AT A R A
AR S AT . AR B AR SR S TR BRI R AR R, DL AR e 5
RIS, FFUEIHR H B 2 0 28 BOELPENINCRS- - RENEIE F T R AR A0 27 I ST 5 354 4% &

AR IR . TRE SRR E LI H, 20,  Xe =211 :3.67 o FEMBENI AL & 19 4

that e v, 2 (2) FETFE RN S E L CER[24]. 7E Level Set-MGFM HEZE T 43 i 4 Fi b i i 20k
RITIEANPER L) AR 2 WX 8 AR AR . WA TRIATER] 8 g Y, AR R E N 1301 X501, Fl
AR TC RN IGE 26N

(3:273, 722.755, 0.0, 929.865) for (x, ) € Q(I)

(1.157,0.0, 0.0, 101.325) for (x, y) € Q(I) (15)
(3.258,0.0, 0.0, 101.325) for (x, y) € Q(II)

(p/msp, )=

2

50 N, (1) N, (1IT)

Gas Bubble (1IT)
R=20

—

50 |

>

K8 Bk I LT 37 18
Fig. 8 Geometry used for a shock-bubble interaction

K 9 ORI N B NI SR A5 RS b o NSO B35 G a7 A3 S B A S S e o RIS

12



mOE 5 &
Explosion and Shock Waves

Kelvin-Helmholtz AR E M J& . Wi LA HE 78 i = Ae 48, 0GR — K, [RIsF i) 1
Kelvin-Helmholtz AFe e YL K ARIZ I A, X5 Diegelmann ZE[25|FIEUE R 702400, A0 LLAT
5, X RERAAGNERTETERE T T REMIERIN .. BT RE2SEIRE TR
PCNN-RS- y #Effit 57X —1d 88, Sl kRO EM R A W RARZE . ZEHNEY] 7 A SO g
(R4 22 I 28 AL A0 T T A0 5 S O RR IR 1T R 4 2 AR B AL, ELE SR S E R & ER T
ATh PR3 v O B B RO AR 1 o

implicit-RS implicit-RS

PCNN-RS-y 40ps || PCNN-RS-y 55us

implicit-RS impli¢its RS

~

=

N
g (¥l {7
J & K\ SEV-S

’
~
PCNN-RS-y 75us || PCNN-RS-y 125us

K9 ANIRII 2% BE QU 45 R
Fig. 9 Density schlieren at different instants
K10 e ARG 0-60 1 s I ZIFRIIR BE R S5 SR, 1 b (0 SR C SR B AE N UL T AE X 3. FEIME
AWM AR AR T A IR BRI BE R 35 U T R AR A, TR A U B R R
M AAEF AR IR IR, i AR K e 78, 125 Haehn 55 N HISEIR S5 R
ROENYI 45 . PCNN-RS- - B RERF Sk tHIX — LR, #E— B UE] 7 B A (R

13



mOE 5 &
Explosion and Shock Waves

implicit-RS implicit-RS

implicit-RS

%
g

14



mOE 5 &
Explosion and Shock Waves

- e PCNN-RS-y
1.7 g Hachn et al.

09 F

0.8 . L L e o N N L

11 58 L R I 18] A Free W] B

Fig. 11 Comparison of the temporal evolution-of bubble width

4 25 g

ARSCHET T M B B L) AP 22 P 25 B8 PONNERS 7 #2 1 — FhfedE 4528 PCNN-RS- 7, RS IS
RIASF AR 5 R T5RE . EEIAGNE

(1) ST 2N FUGE— 2 B ED RN BEE A VAN S BRGNP %%, Tofik 1 1%
SRR R IR T8 — AR ), A A — R R g d T 2 AU sl , BT RGRIZ
EETT.

(2) B&RmBEENE RN BIRZ TN EE S B 5] N EAGEEUARRN,  RENSHER %] m
FLSAUARAE il i e R IR AR T oy, PN A R Shn R SOE AR RS, REasrs
fEMT ISR AR T A R R L S S B A

(3) BFERTT 7 HUEWERIRCR: d TR 74807 % b A A & 1 B 2SR AL AR
AR ORFF v DR ICRE ORI, KR ST 1V SO B, D9 S S UM 1 TR 1) AR 3 1 v 2
AR EUE T H

HRTRAE T RGeS TTRE, Ja SR TUR BUN TRZHEZS Y e 2 5 — KPR ST e X
(0 Mie-Griineisen 7 #£55) , LAt — DRI MR/ M T . SR AR BRI ) 22 26 T & I

S 3k

(11 #og, ki, Tk SMHEBEREERBESEBIET AR BIESME, 2021, 41(12): 65-96. DOL:
10.11883/bzycj-2021-0398.
HAN W H, ZHANG B, WANG C. Progress in studying mechanisms of initiation and propagation for gaseous
detonations [J]. Explosion and Shock Waves, 2021, 41(12): 65-96. DOI: 10.11883/bzycj-2021-0398.

[2] XUL, LIU T G. Ghost-fluid-based sharp interface methods for multi-material dynamics: A review[J]. Communications

15



mOE 5 &
Explosion and Shock Waves

(3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

(1]

[12]

[13]

(14]

[15]

in Computational Physics, 2023, 34(3): 563-612. DOI: 10.4208/cicp.RE-2022-0189.

JENNY P, MULLER B, THOMANN H. Correction of conservative Euler solvers for gas mixtures[J]. Journal of

Computational Physics, 1997, 132(1): 91-107. DOI: 10.1006/jcph.1996.5625.

COCCHI J, SAUREL R. A Riemann problem based method for the resolution of compressible multi-material flows[J].
Journal of Computational Physics, 1997, 137(2): 265-298. DOI: 10.1006/jcph.1997.5768.

KAWAKAMIK, KITAY, YAMAMOTO Y. Front-tracking simulation of the wetting behavior of an impinging droplet
using a relaxed impermeability condition and a generalized Navier boundary condition[J]. Computers and Fluids, 2023,

251:105739. DOI: 10.1016/j.compfluid.2022.105739.

OSHER S, SETHIAN J A. Fronts propagating with curvature dependent speed: algorithms-based on Hamilton-Jacobi

formulations[J]. Journal of Computational Physics, 1988, 79(1): 12-49. DOI: 10.4016/0021-9991(88)90002-2.

FEDKIW R P, ASLAM T, MERRIMAN B, et al. A non-oscillatory Eulerian apptoach/to interfaces in multi-material
flows(the ghost fluid method)[J]. Journal of Computational Physicsy, 1999, 152(2): 457-492. DOL:
10.1006/jcph.1999.6236.

LIU T G, KHOO B C, YEO K S. Ghost fluid method for strong, shock-ifiipacting on material interface[J]. Journal of
Computational Physics, 2003, 190(2): 651-681. DOI: 10°Y016/50021-9991(03)00301-2.

MA W T, ZHAO X N, ISLAM S, et al. Efficient solution/ of*bimaterial Riemann problems for compressible multi-

material flow simulations[J]. Journal of Computationial Physics, 2023, 493: 112474. DOI: 10.1016/j.jcp.2023.112474.

BRUNTON S L, NOACK B R, KOUMOUTSAKOS P. Machine learning for fluid Mechanics[J]. Annual Review of
Fluid Mechanics, 2020, 52: 477-508. DOI: 10.1146/annurev-fluid-010719-060214.

RAISSI M, PERDIKARIS P,(KARNIADAKIS G E. Physics-informed neural networks: A deep learning framework
for solving forward and invérse problems involving nonlinear partial differential equations[J]. Journal of Computational

Physics, 2020, 378: 686-707./D©I310.1016/j.jcp.2018.10.045.

FZRH, WAL BRI, HE NP2 SRS T R A SR AR A el BB E R R R [D]. RN ey, 2023, 43(4):
102-112. DOI: 0. 118837bzycj-2022-0222.
LI Q C/YAO,C B,\CHENG S, et al. Application of the neural network equation of state in numerical simulation of

intense blast wave[J]. Explosion and Shock Waves, 2023, 43(4): 102-112. DOI: 10.11883/bzycj-2022-0222.

MAGIERA J, RAY D, HESTHAVEN J S, et al. Constraint-aware neural networks for Riemann problems[J]. Journal

of Computational Physics, 2020, 409: 109345. DOI: 10.1016/j.jcp.2020.109345.

RUGGERI M, ROY I, MUETERTHIES M J, et al., Neural-network-based Riemann solver for real fluids and high
explosives; application to computational fluid dynamics[J]. Physics of Fluids, 2022, 34: 116121. DOIL:
10.1063/5.0123466.

WANG J C, HICKEY J P. FluxNet: A physics-informed learning-based Riemann solver for transcritical flows with

non-ideal thermodynamics[J]. Computer Methods in Applied Mechanics and Engineering, 2023, 411: 116070. DOI:

16


https://www.sciencedirect.com/journal/computer-methods-in-applied-mechanics-and-engineering

mOE 5 &
Explosion and Shock Waves

[16]

[17]

(18]

[19]

(20]

[21]

(22]

(23]

[24]

(23]

[26]

10.1016/j.cma.2023.116070.

XU L, LIU Z Y, FENG Y W, et al. Unsupervised neural-network solvers for multi-material Riemann problems[J].
Computer Physics Communications, 2025, 308: 109470. DOI: 10.1016/j.cpc.2024.109470.

BECCANTINI A, STUDER E. The reactive Riemann problem for thermally perfect gases at all combustion regimes[J].

International Journal for Numerical Methods in Fluids, 2010, 64: 269 - 313. DOI: 10.1002/{1d.2149.

XUL, YANG W B, LIU T G. An interface treatment for two-material multi-species flows involving thermally perfect
gases with chemical reactions[J]. Journal of Computational Physics, 2022, 448: 110707. DOI:
10.1016/j.jcp.2021.110707.

TORO E F. Riemann solvers and numerical methods for fluid dynamics: a practical’/inttoduction[M]. 3rd ed. Berlin,

Heidelberg: Springer, 2009: 151-162. DOI: 10.1007/b79761.

XU L, LIU Z Y, FENG Y W, et al. Physics-constrained neural networks as“multi-material Riemann solvers for
compressible two-gas simulations[J]. Journal of Computational’y(Sciénce, 2024, 78: 102261. DOI:

10.1016/j.jocs.2024.102261.

XFE, Vs IRAYBELA W R4 2 A TR0 2T [T~ B8, 2023, 40(6): 761-769. DOL
10.19596/j.cnki.1001-246x.8670.
LIU Z 'Y, XU L. Neural network models of compressiblemulti-medium flows embedded with physical constraints[J].

Chinese Journal of Computational Physics, 2023, 40(6): 761-769. 10.19596/j.cnki.1001-246x.8670

IMI), B WM KT R B 17 SO R[] K HERE, 2022, 48(2): 56-65.
SUN D C, YANG J W. Nozzle simulation model of liquid rocket engine[J]. Journal of Rocket Propulsion, 2022, 48(2):

56-65.

HU XY, ADAMS N A, IACCARINO G»On the HLLC Riemann solver for interface interaction in compressible multi-
fluid flow[J]. Journal of.Computational Physics, 2009, 228: 6572-6589. DOI: 10.1016/j.jcp.2009.06.002.

CONAIRE M O, CURRANNT J, SIMMIE T M, et al., A comprehensive modeling study of hydrogen oxidation[J].
International Jeurnal of\Chemical Kinetics, 2004, 36(11): 603—622. DOI: 10.1002/kin.20036.

DIEGELMANNE, TRITSCHLER V, HICKEL S, et al. On the pressure dependence of ignition and mixing in two-
dimensiohal |reactive shock-bubble interaction[J]. Combustion and Flame, 2016, 163: 414-426. DOLI:

10.1016/j.combustflame.2015.10.016.

HAEHN N, RANJAN D, WEBER C, et al. Reacting shock bubble interaction[J]. Combustion and Flame, 2012, 159(3):

1339 - 1350. DOI: 10.1016/j.combustflame.2010.11.015.

17



