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High order pseudo arc-length method for strong
discontinuity of detonation wave

MA Tianbao, WANG Chentao, ZHAO Jinqging, NING Jianguo
(State Key Laboratory of Explosion Science and technology, Beijing Institute of Technology, Beijing 100081, China)

Abstract: In this paper, in order to improve the resolution of capturing discontinuities, we introduce the pseudo arc-length
parameter to make the mesh move to the discontinuities adaptively. By combining the high-precision WENO scheme with the
pseudo arc-length algorithm, the advantages of both schemes can be shown, on the one hand, the solution has a higher
convergence rate, on the other hand, it has a higher resolution for the region solution with larger physical variation . Because
the traditional high-order scheme is based on Cartesian grid, and the grid in the pseudo arc-length numerical calculation is
deformed. In view of the non-uniform grid and non-orthogonal deformation grid caused by the grid moving, the original
deformed physical space is mapped to the uniform orthogonal arc-length calculation space by introducing coordinate
transformation, and then the classical higher order scheme is used to solve the governing equations in the computational
coordinate system. Through the comparison of some numerical examples and the analysis of numerical errors, it can be found
that the pseudo arc-length algorithm is better than the finite volume method with fixed mesh. The high-order pseudo arc-length
algorithm has a very high resolution to capture discontinuities, and the density of the grid near the discontinuities is very high.
The adaptive grid movement weakens the singularity of the governing equation near the discontinuity, so the whole solution is
smooth and the numerical oscillation is not obvious. This shows that the pseudo arc-length algorithm can overcome the
shortcomings of high-order schemes which easily cause numerical oscillations. Finally, the chemical reaction flow problem is
calculated. The results show that the high-order pseudo arc-length numerical algorithm with less mesh number has faster

convergence rate and higher discontinuous resolution. Therefore, the high-order pseudo arc-length algorithm has obvious
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advantages in dealing with the strong discontinuity problem of explosion and shock.

Keywords: pseudo arc-length algorithm; high resolution; coordinate transformation; shock wave; strong discontinuity
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[ %€ PIA% FG-5 (Fixed-Grid-5), —Frfhilt PALM-2, T i1 PALM-5 295 R (35 22 S8y .

x1 BREFESHIMKEEETRMEE THIREMBE
Table 1 Numerical errors and precision of FVM and PALM changing with grid numbers (example 3)

L, Order
A% %5
FG-2 PALM-2 FG-5 PALM-5 FG-2 PALM-2 FG-5 PALM-5
40 3.197x107? 3.185x10°° 4.050x107° 6.079x107°
80 9.173x1073 9.181x10°° 1.021x10°° 1.047x10°° 1.801 1.794 5.310 4.892
160 2.502x1073 2.500x107 3.042x10°* 3.265x10°* 1.874 1.877 5.068 5.003
320 6.804x107* 6.712x107* 1.365x107 1.675%107° 1.879 1.897 4.478 4.285

3.2 CTHERBEWIIE
SR 4 W25 A2 s g 3 A It DA SR B3k P M B0 22 AN . X R X (1) ARG Rk =0 an T
w = (p,pu,pv, E.pa,pB)"
F(w) = (pu,pu’ + p, puv, (E + p)u, pau,pBu)’
Gw) = (pv,pv* + p,puv,(E + p)v, pav, pv)"
Sw) = (0,0,0,0,w,, w)

da E,
W, = it ,,pexp(—ﬁ) 27
0(a>0)
_dp _
Y { —kﬁpz[ﬁzexp(—g—;)—(l —,B)Zexp(—Ei:TQ)}(QSO)
E= L+/—)(u2+v2)+p,BQ
y—1 2

K p BWERE, p HIETT, y BRI, w. v A, o BN, Q NIBEHAS, RO BAR I
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W 0o 0 I E RSB R, &, o ki LR, E, . Eg TG RE
R IBOR 3 — R i AT RS o AR A PR EARE AN AT B I . P Al 09 AR
nE
p(x,1)=1+02sin(x+y—1)
u(x,t) =v(x, 1) =0.5
px,n)=1 (28)
a(x,1) = 0.5+0.2sin(x+y—1)
B(x,t) =0.5+0.2sin(x+y—1)

N T ARIETT SR S8 B, IS AR R] =27, THE N [0, 2] x [0, 2x), SR R P B 2 1 DRI
ﬁ%ﬂ%‘ﬁﬂ‘j(ahaz) =44,

2o T AR TR, W LUR Y, BEE TR AR BN, TR2ETEZ W), T H S FA
ARG o @ 4 AT LA, R B BR A RSV X 25 285 1] ) 4 R A AR Ay BRAACFRCSE A 4, i
HR DI SR 2 S5, RS 1A S 7 B P 5 R A IX S A T A 3 IS8 ) gt A 2 2t AR T 1

R2 ARBFESHIKEEETRMEH THIREMBE
Table 2 Numerical errors and precision of FVM and PALM changing with grid numbers (Example 4)

L, Order
Mesh
FG-2 PALM-2 FG-5 PALM-5 FG-2 PALM-2 FG-5 PALM-5
20%20 1.756 1.626 6.889%10°* 7.224x10°2
40%x40 0.597 0.558 2.116x10°° 2.009%10°° 1.558 1.541 5.025 5.169
8080 0.157 0.140 7.577%107° 7.564x107° 1.924 1.997 4.803 4.731
160x160 0.042 0.033 2.365%10°° 2.672x10° 1.890 2.079 5.002 4.823

p P
0.82 0.82
0.88 0.88
0.94 0.94

- 1.00 - 1.00
1.06 1.06
1.12 1.12
1.18 1.18

X
(a) Second order finite volume method

P P
0.82 0.82
0.88 0.88
0.94 0.94

- 1.00 - 1.00
1.06 1.06
1.12 1.12
1.18 1.18

X x
(c) Fifth order finite volume method (d) Fifth order pseudo arc-length method

Kl 4 BHEERE(T =2r, M 40x40 )
Fig. 4 Density contours (7 = 2z, grid 40x40)
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4 BEUFRNENITE

41 —HUERNR
— YA vh [ R, PR O RO U
w= (P»P“’Evpa’)T

F(w) = (ou, pu* + p,(E + p)u, pau)"
S(w) =(0,0,0,w,)

e ( E) (29)
W, = d[ = P EXP T
__P P
E_y—1+2u +paQ
5 x<0.6, (p,u,p,a)=(1,0,80,0)
s 30
”FBTE%#F {x>0.6, (p’u’p’a):(l,(),loig,l) ( )

DI i R BN (a1, @0) = (0.5,5), AT R RO, 2RISR 7=0.1, THRESR M 5 R .

12

10+ F 10} {7
—— Reference M ¢ —— Reference
gL - MUSCL | " 5 - MUSCL
- WENO-5 . - WENO-5
6l - PALM-=2 -1 8t 1~ - PALM=2
< - PALM-5 ] < I - PALM-5
4
- 6 i
2t J :
0r 41 .
0 0.5 1.0 1.5 2.0 1.1 1.2 1.3 1.4 1.5
X X
(a) Density diagram of different algorithms (b) Partial enlarged detail of densities
5 —HEARE N R B
Fig. 5 Density of one dimensional chemical reaction flow
a0f — 13 | e ——
¢ | 35 I
- | —— Reference —— Reference -
301 - - MUSCL 30 - MUSCL
WENO-5 25k WENO-5
.. - PALM-2 - PALM-2
] 201 PALM-5 20 ¢ PALM-5
15+
10 1ok
of o
. . . . . o . . . . . . Ml
0 0.5 1.0 1.5 2.0 05 06 07 08 09 1.0 1.1 1.2 13
X X
(a) Pressure diagram of different algorithms (b) Partial enlarged detail of pressure

K6 —4efbss i)
Fig. 6 Pressure of one dimensional chemical reaction flow

— YA S T Y 2 BR A2 BE T 5000 A [ A RS 45 5 RRIE AR B HEAT TH SR AY, T i i SR Y
72 120 A%, TLRAR R FH A2 120 S IA% o AT LU M 8 [ WA T, o Fas XOxk ] I8 0 4l i 200 T
B =, W2 DA AR A 2 IS, B s A T LA A TR A P B R AT T o X Al R ) R A R
SR T I ORI A 2, B RS i 412 1 20 B dwe e, TR AT DU HE s B D I A 2 R L P 5
X IR UL T R B D R AR R B o FEATR G b, h TR AR AR A 8 T 10 R L,
THIRC I SR T B 28 1 249 Sy Ji 0 <y 1 A2 B, I A7 2R H Jm R R A2 488, DA TG - B8CTE 1) 0BT B 30 A7 E I/ N AR 5
KT OISk, IR A 58 2T bR s, (E2 2R B S A s 1 (B2 35 , 30 1 B O A B30 12 o T ok
55 7 PRI AT A B IR RCR . W BRI, o TN vk IR r iR B ) 45 S, R e B A =X
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S R, TR BT AR
L BIER (7) e = 1075, IR45 SR IEPEE LD,
XREA REMH A5 A8 5 7] LAZKSEIH5E . AN AT LR
2|, Wk B A9 P4 2] T ARG A IE Y, BT R
ofs B A5 A ) DX, 1 368 7 %
42 Z“HUFERNRBIAMEREE
THASR 0,31 %[0, 1], FERFIAIXICHN [1,3]x
[0,0.4], PAOK A BRERHR (a1, 00) = (2,0.2), V1A

SAFIR ZNDI (TR R, R ' x
K Q7 PIACE N A5 B T 224 P, BT b S 3 G A L

HABI T N SR . ZEAE W R AT Fig. 7 Mesh trajectory of one dimensional chemical reaction flow
Fto ZeAbmiE] 7=0.22. &l 6 AT iE L Y T=0.22 I ZIHPIRZS

/,M"’i-éi L
d -

(a) Reference density cloud

.

(c) Second-order finite volume density cloud (d) Second-order finite volume density contour

i
5
) |$

&

8
&
I

I

(e) Second-order pseudo arc-length density cloud  (f) Second-order pseudo arc-length density contour

‘-
|

(g) Fifth-order finite volume density cloud

(i) Fifth-order pseudo arc-length density cloud (j) Fifth-order pseudo arc-length density contour

(k) Partial enlarged detail of mesh

K8 —Hiftb2z R N E

Fig. 8 Results of two dimensional chemical reaction flow
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K 6 192 B JE R ] T 1200 x 400 RIS £ 45 45 T Fr WENO A BRARFRIEAT T3 420 . HoRit sy
75360 x 90 A% T HEAT AR o A % b AT A& B Db 9K B8 3k AR Ay v ) A 412 30 1 48 58 B B 20045, %
FENE ol e B TS B T B RSB BB, 10 EL T O IR T B B vk R 45 SRR 2 I i ) 44 2R 5 O 600, OF
HLAE SRy T4 A DX, i I 30 X 2404 (0 47l B B R A o X T 1 e I DA TR Bk W e B bR, PR kg T
DA e M Ak P AR K -5 v 56 i DT ) 7 AL

5 & i

AR SORE R RS B BB AL O TR SE AT 45, B TRAR B A 41 1 v I D R 5k DA S 380 1oz
ARG AR o BT v B PR IR B0 05 7 Ak B o 5 00 A A 48 =2 S 1 g B e R v A R, S S AT
A, 2o AR AR AR HORE TR I R e e B M A A AR AR N EAT A . A R Y AR, BRI T R B i
SR MR R JE

AR TR R I Dy AEE AR T R BRI AT LS Bl Ml B2 39 5 ] U5 T L s By £
IR S 12 X i 1) BRI 4 9 R R 0T T A% 9 w8 AT B B R — B DA oI B0 S R A AR 3, T LA LB D
F1% A i AR A B i A 20 B R

AT NI B S5 5 5 [ WENO A BRARBURS sCHEAT AR, A7 BRAAFRS 27 b 2 ) 2 i ol i
e P R AR B BB, T ELXT AR A2 Bl BRI A, R A DD AR Sk AR AR A B S AN BE RO
BEoh T m RO, AT AR BUA BR 2270 2E A7 1103, A7 FR2E 2345 45 Bl WA T A b W S5 T L2k # 1y 2L
A MGE AR, AT U Y 5 S AR . O TR T IRORG BE ARG R MR RO EER, T H OO T AR
5 0 AR R, AT LR e B D TR SR AT, T LA LA/ B I A% 5 H A5 BB il A 4 2R, A
T4 A RCR
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