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KfE— 4 Euler F1EMF - =FEEKX?

R HEF
(BeXZETITRA¥R, LR 100084)
RE BEEERBHM 4N - SFERNME I T 419, B3 T 24 Euler FRHME -
ZpEAR, FAUANRBRERFT TRE S, G2FH: SAMT4EN - STEERRY
THETERAA, BAEE, BAER MRESEEAFRENS R
KRR 4 Euler 774, & - piHE, SFELSHOMET, FEHE, BESHER
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it

- =< ESTHIE LT % (M#R CE/SE J5#) £ S.C. Chang ZE3CGHR (1] FHRH M —F &%
MEETE. EHEERMAES LERMMET E ERSEENBETEEHRAR. ¥4, B
ENESZEEEE—-EREASFNE, FATERRSBTELK, BRI FETMET,
ke X RAM 2 B ER =A% RIE R Y B R L B RSP IER. WK HE 57 B R4 X 34 ik
BROBEREE, B—BAREN A8 7 54 T RAL T, SRR TR M A (AT AR _E £ W ) 55
FEE-HYETERE KK, EHRIERGRE R S R RS HARAE A 5 48 8 F i 1T
Kg, XHRBRTHOEAIRE, ANEMABRXAENBERTHROEETATIER; B
Sh, EBRFATHEMEFREFARN, TREMHEHBEEBLER, ORFEARBESER
REAEFRTHEESHEAR, BRETEBEER, BRAEE. BR, JiEFRE L RE
B (LER=4) HeBBIREEL. A, EEXHIET T, s 7TERR ST %,
HEBEIRF R X AE TETERNR A, AR XENRE, BRAMER LEESEIL
HHEEEEBRER, RHEREHER. WWMBE R RBER A, A0 [2~4] &
BEM— g - =FEEXETBT Z8EE, B8 T 24 Buler HRIN - SFEHAR, X
BB THHAROTETHBTRUS T ERAANNRR. BE, A SRR ERH#TT
REIFE, ZREWUT AT EFOTS R

1 Z Euler MK - =7EHR
TR ZREEE Euler FEBANTRATLXTE R
Ot [0t + O fr [0z + Bgm /Oy = 0 (m=1,2,3,4) (1)

{71 =1, T3 =y, 3 = t fi& Euclidean %[ By F= 4%, FIH Gauss B 2 8w &1,
BaHE (D) TERN TRABFEETEER

7{ B ds=0  (m=1,2,3,4) )
S(V)
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Hp S(V) B B FE—RBV BAR, hm = Fmrm,tm), m = 1,2,3,4 5B R0 6] - 258
MRE. cMy FABBREEORTENR. HEAEENE, ﬁiﬂﬁﬁﬁ@%&ﬂﬁmﬂ
SHREFE—REKASERTEIN.

TEKBE LS HFETHBTORSFE, LHEEWMARFIET (CE) MBI (SE) £
CE/SE FBEM*E 2 —, RRMIUSFEHSBRAROHERR. FFETETRAN - 2K
H— AR, EEPERBSHE (2) RIL. AU AT R KR IERE — 2 B R R4 A T
ERESMFET, FERBSHE 2 EREBABE, I -RETEFRSFEQ &
REEERYBIME TRTURES—RAKEN-- MRS, EXTBReR 58S g
DUAE MR ORI, ZEE M4 CE/SE Fikmk, §— M LERETETA RS M T TR K
AHARS, DEBIAMNAROEE T BEER B LTE, &Y, ECABENTE—MASE
B EADFET, UEAABSHH SRS B ER Y RBEA M R, X —kE
TR EEE R, BRNESEESN, FRRRRANE MM, ACEE BRI Y B
HEAT T B3, WFEEA RS UR —APET, BHERAD A EENERSE, TRARSS
B BT SURT M]3 B i 56 B A 3t S B R B SR SR A TR A R R E L
MRRR, BRE—REAWEEEHE, ETFNAH, ANFETHEIREL, BASE—5
BFZAEE. TEENERBEROTETNBTRSFE, D NS,

11 F—MTFETHBTIS THERM - SEKRS

XESGH MR RNYFETMBITR S FERANG R - SFEER. BE -y
FHEMMAHERNE 1(a) Fion, HoP a0 B AR X A5 RED AR E 2R R
R, EFIRMEZHERN. A 2 RE E RFRMEKA (6,5,n) B4, B n=0+1/2+2/2, -
ME—An Wi,j=n£1/2,n£3/2,---. V(i,j,n) € 2, WH—ETT SE(®, j,n) M—AFET
CE(i,j,n) SZX M (LE 1(b), K5t SE(, j,n) REFAE&E E'F'G'H' H'G'F'E" BN
LA EFE ABCD, TS T CE(, j,n) ME A AT ABCDD'C'B'A'.

V(z,y,t) € SE(i,j,n), RAR&EE uy,(2,9,414,5,1), frlz,y,t1,5,n) W gk (z,y,t;4,5,n) K
LR T B un(2,9,1), fm(z,y,t) T gm(z,y,t), AT LAIE B R B RS BE 1 # 2.

HRAUT W& 57 BT R#tTEIE

Um (2, Y, 64,4,1) = (um)ij + (Ume) 75 (@ — 1) + (umy)75 (Y = 95) + (wm)H5(E— ") (3)
fn(@y, 54, 5,m) = (fm) (fmm) i@ —zi) + (fmy)z](y Y5) + (Fme)ij(t — t7) (4)

R AT %

by (z,y, 4, 4,n) = (f?;,(w,y,t;i,j,n),g;*n(z,y,t;i,j,n),u;(x,y,t;i,j,n)) (6)

FTRGTE (2) @bl A TRKBE

7{ By -ds=0, V(i,jn)e 2 G
S(CE(4,4,n))
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(a) z-y FE EKZHEFE ST (b) 5t SE(i,j,n) MFET CE(4,j,n) MM
(a) Staggering mest.es in the z-y plan; (b) Definitions of SE(z,j,n) and CE(3, 4,n)
B 1
Fig.1

ﬁ%u’l% Um = u:n(myy,t;iajan); fm = f;*n(x,y,t,z,],n) %ﬂ Im = g,";l(m,y,t;i,j,n) ,fﬁ)\ﬁﬁ (1) m‘
%
(umt)Zj = _(fmz)?,j - (gmy)?,j (8)
B 8) RWENSFTARES, EEIME LBEAERBHMITE AT Un, Une T Uny.
B3 (3)~(5) FRAR (6) RE—FHAAR (1), &3 @ L EHFEILIBT
(um)i; ={Qm(-4z/2, Ay/z)}?——ll//zz,jﬂ/z +{Qm(-A4z/2, -Ay/2)}?:11//22,j—1/2+
{Qm(A2/2, Ay DY 1 o + QA /2, — Ay YIS s 9)
K
Qm(Az, Ay) = upm — Az - Umg — Ay - Umy)/8 — (At/16)(2f,, — Ay - fmy + At - fre/2)] Az—
(At/16)(2gm — AT - gme + At - gt /2)/ Ay

A THREFIZAMEAERRR, @ up, ERADHE AR B ELEMTHZES A,B,C
D iESE, ERIMTHNITRER

(umz)?,j = [(Umll)?,j + (uml2)?,j]/2 cos(8), (umy)?,j = [(Umll)?,j - (umlz);tj]/2 sin(6) (10)

Hep:

()75 = [, )iy + (e )551/20 Q)2 = (i) + (i) 7,172 (11)
(u'l:’*):lh):tj = i[(ulm)?ﬂ/z,jilm - (Um)?,j]/(v Az? + 492/2)
(u‘r:‘Tlez)Zj = i[(ulm)?ﬂp,j;l/z - (Um)?,j]/(\/ Az? + Ay2/2)

—-1/2
(Uin) a1 /2, 52172 = {tm + At umt/z}?:tl//z,jztlﬂ
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X cos(d) = Az/+/Ax? + Ay?; sin(9) = Ay//Ax? + Ay, LBR L i, K umi, TERRFEAN
HESE. T EERES RN E AT ER, TEARXFMAEYHATHESRE — W
AR, XBRBEAMERX QD) A vy, R um, BFEHE R PR TS H4YT
— 87 B B % B R 6 2% ), BB

()55 = W (w1 (Uhg) i o0)  (k=1,2) (12)

XE o R—1MSH, — BB a=18287;, WE-IPEERE, HEXWTF:

(i) W(0,0,a) = 0;

(il) W(z-,24,0) = [lo|%z- + -2 ] /Hzp | + [z *], H leg |+ |z_|* £0
X — SR AE BT LA st ) e B R sh (W5 TR & 5.

X (9) f1 (10) B2 &3/ EIMN T HE MR 4T Z4 Euler HER - pEHN. X
BE—1ME#K, ZRA CE/SE FENABELA, WEAEKFERSEELREEKEE - &
FE—KWE P EE BATFENERLETD, BTIRLESE RS 48—, w8
EHETE AR, FRERIERETE.

1.2 FTMpETMBITI S TR ZHEA - ZFEER

PR EHETHB TR S T BT UEE R, SRS TEHOR U R TLME, HES
HE RER S LB RN —MI7 . FTEBS B —FPE TR TR 45 5 AN k. %
ftoz-y FHEERRSHRNE 2(a) iR, KPS OEAMXEASHERF SRR ELRE LY
M, ENTREERER. A 2 RE B PHMEE (6,5,n) B4, Hdn, j =0,+1/2,4£2/2,---,
i=n+j+t0,n+j£1,---. V(i,j,n) € 2, ®WE —AME5T SE(¢, j,n) fM—AsFETT CEG, j,n) 52 %F
R (AL 2(b)), HoHP &G SE(i, j,n) BREH A4 P'Q'R'S'S"R"Q"P" B in k8¢ EFGH,
M <FEIC CE(4, 4,n) WE A NHE#® EFGHH'G'F'E'.

MASHHZSERKESFETUEI N TSR (9 MK EH TR

(i) ={ Q) (/2012 + (@D Ay +

i—1/2,j i+1/2,5
12 —1/2
{Qg)(AU/Q)}ZjH/z + {Qg)(—Ayﬂ)}?,j—l/? 13

Hef

QG (Az) = {(2um — AT - Umg) — At - [gmy/2 + (Afm — AT - frng + At - fme)/ Az]}/8
Qg)(Ay) = {(QUm - Ay : umy) - At- [fmz/z + (4gm - Ay "Gmy + At gmt)/A-'E]}/S

FIRES, 4w, ERESRRE AR OBTEES B F,G M H ibkEs, FE3).

(umw)?,j = [(u:w:)zj + (ur—nz)?,j]/27 (umy)?,j = [(u:ty)zj + (uf_ny)?,j]/z (14)

(Uma)i; = W((u;m)?’j, (u;:t)z].,a), (umy)i; = W((“;zy)?,j’ (u;:y):;j’a) (14)
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(a) z-y FHE QXU SER (b) @5t SE(,j,n) MFET CE(i,j,n) MR
(2) Siaggering meshes in the x-y plan (b) Definitions of SE(¢,7,n) and CE(%, j,n)

i 2

Fig.2

He
(u?r:w:):] = i[(um)?ﬂ:lﬂ,j - (um)?,,-]/(Aw/2), (u#,y):;j = i[(ulm)?,j:tl/Z - (Um)?,j]/(Ay/z)
—1/2 —-1/2

(U;n)?ﬂ/zj = {um + At umt/2}?j;11//2,j’ (“Im)?,jilﬂ = {um + At umt/2}2jﬂ:{/2

X (13) A (14) RS R FETHE TR 5 T K "4 Euler HER - =<piE# K.

XELSHPRMSTEESEREA, E—FRI0 755K P R R B 8, T8 R
STERIMRAENFE, ERE-ERXNWARM, WHARESHE SR A=Z4ER. N
ZNXERB B HLERRE, MRS TETHIANITELEREERK. HER 3)~(5)
R B 6 RITAREITEE, EULUBIAENT M EFRARNE - SFEHKK, B
TREXER——7H.

BT XEBMHZE LR T Z0ETT KRS EEH L M7 'R AT KR, FLE
ERTFORFEOREHET. ERENERA S, XEEFEH LR RATHEOMESE, W
EEBEAF ENRAKRTR RN LR & NEANEASERTEEH, BERAXAHER
Ra FAEBE T, MEREIRFIITESR.

2 BESR

33X BB P AR OB R A T R W AT TRB

BO 1 B EAE vk B R, A TR A SOk R A skt R R
XEECHEER/RBITRTHTRMA, HitE, MRS ROALH 53[5 A, R’ AR
A 161 x 121, At = 0.0025, B 3 BRNAAX KA BINEANZOENZEEE (HTFH
R, XFREHTH LRI ELER). ZER5X 5] PANNLRE B/AMRIET,
B.TCTE R0 W 4 2 AR R BN TR R

BH 2 B—ANBBGEs R B (case I), R B KA 0 <,y <36, t =0 K215 8%
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(M, =1.3) frEXH = =0, B AHECH 145 x 73, At = 0.01. B 4 RN F AL 4% Euler FE#
ABIMEFEHEFELE (t = 1.815).

3.5

3.0

~— 0.0
3.0 0.0 3.5

X/D X

B4 B HESEELE (case [, ¢t = 1.815)

Fig.4 Density contours for shock wave diffraction

3 WERGEWHFEITRE (t = 0.4937ms)
Fig.2 Pressure contours for blast

wave problems (¢t = 0.4937 ms) around 90° corner (case I, ¢t = 1.815)

B3 R~ DHIELH HE (case II). 3:5
HtrEREBA0<2<47,0<y<36,t=0
B2 (M, =24) i8H =0, XE
B A BB 189 x 73, At = 0.01, B 5 BN e
AN ABINEEEELE (t = 0.8725).

M A Z 4 Euler J7#24% B3 1H5
gREypen B HEFHRERENZ B 0.0

0.0 4.5

AR, RAeAXHERARER, LA, it X

HEAD, THERER, BAME, JBESENH
BT PR F R, R— AR R
BEFE, REEETRBRRITR.

B 5 Wiksest S HEELE (case I, t = 0.8725)
Fig.5 Density contours for shock wave diffraction
around 90° corner (case II, ¢ = 0.8725)
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NEW SPACE-TIME CONSERVATION SCHEMES FOR SOLVING
2-D EULER EQUATIONS Y

Zhang Zengchan Shen Mengyu
(Department of Engineering Mechanics, Tsinghua University, Beijing 100084, Chiru)

Abstract The method of space-time conservation element and soiution slerient (the CE/SE
method, for short), developed by S.C. Chang'¥i, is a new numevical method which differs from
the well-established methods and has many nontraditicnai features. Firstly, space and time are
unified and treated cn the same fcoting, and by the introduction of conservation element and
solution element, hoth local and global flux conservations in space and time instead of in space
only are enforced. Secondly, a zigzagging marching strategy in the space-time domain is em-
ployed, such that flow information at each interface separating two conservation elements can be
evaluated without interpolation or extrapolation. In particular, no Riemann solver is needed in
calculating interfacial fluxes. Thirdly, The flow solution structure is not calculated through a
reconstruction procedure. Instead, the gradients of flow variables are solved simultaneously as in-
dependent unknowns. Finally, no approximation techniques other than Taylor’s series expansion,
no characteristic-based techniques and no directional splitting (in multiple spatial dimensions) are
employed in this method. So it is conceptually simple. It is capable of handling both continuous
and discontinuous flows very well.

But, the CE/SE method will become very complicated when it is extended to multi-dimensional
problems. It is also difficult if we try to improve its accuracy. So, the CE/SE method is improved by
the author and a new constructing method is introduced. The resulting schemes not only have all
the features which the CE/SE method has, but also are much simpler and easier to use. Especially
it is very easy to be extended to high dimensional cases. In this paper, the 1-D schemes developed
in authors’ previous works are extended to two dimensional problems. Here, two different defini-
tions of space-time conservation elements (CEs) and solution elements (SEs) are introduced and
the corresponding space-time conservation schemes for solving 2-D Euler equations are derived.
Numerical results of several typical flow problems show many advantages of the present schemes
such as its robustness, high efficiency, high accuracy and high shock resolution.

Key words Euler equations, space-time conservation, conservation element and solution element,
numerical method, shock resolution
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