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AL, T — B X AR SPH ( first order symmetrical
SPH, FO-SSPH) J5 ¥. AH*T T-f& 48 SPH BLAL N 5,
WM AR R A A v ORGSR R B e ) R M (BLARTE
B, 48 AR Ik bR T B A esPM ik
MSPH"™ J5 Fll FPM" L I s 40 8 B3 T BT
— LB SO e A R — Y L MR S VS
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D« J7 T R SR SO AR X 0 =
[a,b] x[a,b].
BT (L) ARG A5
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R R4 AR
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(11) A (12) XFR A RS % T 7 F2 09— B SPH
BRI Horh B K R — I R L (E
PR EL 5 5 18 SPH BUER T, T
1 5k ARG A =X A R T 1% 2%, X Dirichlet
F1 Neumann i1 525N G B 42 E A MUt i, 75 ZL4F
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3.2. FO-SSPH E s
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(15)
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[ J

AR, TR (15) X R RBOERF A =
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R R D I B S 2 B ek 5. Oy BIGE A M Y AR
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X
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(v, = > nip(fj ~f) VW, (16)

(xj_xi)Wijj’ (17)
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A R RERRAE . (16) ZUFR Sy — B Xt Bk SPH ( FO-
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B EL RGP A

4. BEAS AL T F AL FO-SSPH 4 4

4. 1. FO-SSPH BE#=E BRI =4 H7
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SSPH 25 FUIE 7 oG B2 A0 S5k AN (B A e 1 E AT
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(MY FEM, EFG B0 45 R U017 H i, xF — 4 #iufg
5 FO-SSPH 25 0 AE AY {4 v oy 4 A0 vl SEME AT T
Ik,

AFRAER A SR X 2 = [0,1] x [0,
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h = d, ( dy WRFPIGEEE) R oA B4 5t
Why = (d, +d)/2, (d, R i DR XN Y]
HE) . o P EE B o R AR R
BRCR TR I B R AR iC AR AR
4.1.1. —HZBHERGBRETIR
% [ TG A I — A L M A S )
ar _ k&1
a  pc, o>’
MR R B4 0 T(x2,0) = T,, T(0,1) =
Ty, T(1,1) = T, M EI@HR"

T(x,t) =Ty + (T, = Ty)x +2(T, - T,)
hd _ J
X Z ( /\1> exp(—/\;t)sin(/\jx),(Zl)
j=1 J
HipoA, =mj, T, =0, T, =1
B B 31 AR I TREA de = 1 x 107

Moo = 1 REEARTEUG T A Bl P ) 228 388 8 0 Ak
FRRERE (= 0.5), I B 45° 19 LB (LA
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1). BT s T A& Had B v AS [) s 2 38 5 A8 £k i 4%
PIBUE RS AT, TR 45 0 TR A0 A B4 50 FR
YISO BRSO L L Rl LUE
TCIHRL T3 A 15 4], FO-SSPH 215 21 (1) $5 {8 it
YIS AT S AR 15 58 SPH 453 B BB 5
ST A — 2 2588 A6 i B BOR 4 A AR B AR
X —ZE P HNEH 5 5 2 45 AR B FO-SSPH. 25 i s 74
WAL S SPH #5518 ELA T /3 (RORg B N B A i BB AR
FEE, 31 B4 SOR T 43 A R B AT R AR s R
HH 4.

(a) BT AT 4250

F1 OIE v = 0.5 AR TR FO-SSPH $UE -5 M e 22 1] 148 X iR 258 ( Ae )

BTHEL(N) A AFMEE( Ax ) Ae(t =0.02) Ae(t =0.05) Ae(r =0.1) Ae(t =0.5)
21 0. 05000000 0. 00488063 0.00141239 0. 00087740 0. 00017878
41 0. 02500000 0. 00139862 0. 00022943 0. 00032239 0. 00003967
81 0. 01250000 0. 00044263 0. 00002418 0. 00014297 0. 00001415
121 0. 00833333 0. 00026292 0. 00000732 0. 00007688 0. 00001022
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T RIE FO-SSPH B A AT 3 = (ARG B, 3R 1
T RIRI 20 FU AL x = 0.5 AR TR B
filE SN Z R X R ZZMH (Ae = |7 - T, |,
T, T, 5 5 EE g A ARRT AR ) . e 1 ] WL AS[RDRE
TEAEAR R ZF X R2ZH Ae = C(Ax)*(C
1 B E R X I FO-SSPH Tk 76 2R fift 4k
PVEA B RS L T AL 48 SPH 7 i A U4
R IR DX 38 P BB 45 R TC IR B i

0.025¢
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0.020 F
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N
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0.005F =0.1

0.000

-0. 005 L
0

€12 FO-SSPH BEHUUA [] s 20 A [R50 B8 1) 2 Yk 2=
R 2 JuBR 2=

e [Sanonyy [Se
T, ., T, 5 0 BUE AT . B2 5 T AR
ZIARRPRL 780 F IR FO-SSPH U {E fit i 2 JE80%
. MK 2 A1, FO-SSPH L BUBES L R AE A [R] Bf
2| FLY5) AT e g RSk . (A5 B A9 /&, FO-SSPH
2:5 CSPM 2 HA3 230 1R B2 Al sl (L Sk
[17]) ,4H FO-SSPH ¥ H % Kz (1) J 4 6 P %, HL
ANV B R R I SO T RRCR .
4.1.2. &M UM EE T
X e 0B I AR MR A AVE S
ar _ ka1 kST
o pe, ax’ pe, Iy’
WA SAE T(x,y;0) = -1, LA Dirichlet 15 450
T(0,y;t) =T(1,y;t) = T(x,05¢)

(22)

=T(x,15¢t) =1, (23)
Neumann 1 5 2544
0T (x,15t) _
oy = 0. (24)

SHARPR FO-SSPH HE 1 122 v Ay 1 it o i1 L 2544

R P AL 55 A () F) 10 45 1 1) X i A [ R 2%
J& Dirichlet #1 B &4 (23);2) HXF | [# BE 2% &
Neumann #5514, FoA [ BE 2% (& Dirichlet i1 4%
. 540, i I8 (22) A b TG 0 4R At A 5%
HIF TR, DRt FO-SSPH M 45 % 5 FEM,
EFG ${a4s B vk 17 % . FO-SSPH Bl P HL 51 x
S51UAEAI Ak R de = 1 x 107

-1.0f e an e _an N
£=0.01 @
- =-©--EFG
-0.5 > FEM

FO-SSPH

-1.0

3 - -e--EFG ®
> FEM
— FO-SSPH

3 AR ZRRE BB ESR (a) AR ) (y =
0.5);(b)IAEM2)(y=1)

IR L B Sy Ll A O T e S VA L
(y =0.5Fy = 14b) A[FEAF 2V « 7 i AR
TR E S R L. NI 3 FTE Y 30 454 1) #l
2) AR 20 3 =R BUE S5 R S AR 4, R
AeLeMEE S UL T FO-SSPH 55 IR AU 45 31 19 %
f R AT E, L FO-SSPH vk AT L4 o ity b it Jon
Dirichlet #1 Neumann i1 54544, [RIR AT LR 2L 3| ,
P[RS 55 A0 T[] — Ik 20 °F- A b 1 B2 0 A 1
AR B — A FEA AR IR EE 43 A1 38 B R e RS
BRI BB ARAR I R, A A, FEM 125
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I EFG A0 7 4 ] B 20 W 8 5 2
AR L SR 40, 75 B/ O 6] 25 B A

.

-0.98-0. 72-0. 46-0. 20. 06 0. 32 0. 58 0. 84
t=0.01

-0.96-0.71-0.45-0.2 0.05 0.29 0.55 0.8
t=0.01

L

-0.18-0.030. 11 0. 26 0. 41 0.56 0.71 0.86
t=0.05
(@

-0.5-0.3-0.10.1 0.3 0.5 0.7 0.9
t=0.05
(®)

PR DRI T 22 9 B A S Y FO-SSPH. ¥ %8¢ FEM
LR ERG 750 RIEYE.

L]

0.3 0.4 0.5 0.570.660.750.840.94
t=0.1

-

0.120.250.350.46 0.57 0.69 0.810.92
t=0.1

K4 REAZAE AEIN 2T BRSO (a) WAAME 1) FEO0T BIREE XA 5 (b) A0 2) B0 T BOIELEE S A

B4 2510 T W AR A 400 T R [ i 22038 B
i FO-SSPH £ (25 R = . i@ it & 3 AR EE
gL R T A, B 4 OS] B 209 B B FO-SSPH
B RIER. hE 4 v IES AL 1) TM
SR DY 34 B e A Ak IR R R T v A
ZcMF 2) ™ TR =30 B ra) I [ERE s o7 Ak e R
B

itk — 5 R IR S B L T FO-SSPH 24 H#SE 7
e TR FH b A v M A oA Rk, R ok SCrR [ 19,
20,23 ] HA YRR S B AL B R BHEA T T B
F 5 RS EEAR PO B AR L) & FEM, EFG
BESE RAE T X L. B A P 32 B0GE B 5 SOk
(19,23 )]  BORA K EE N 1 m IEJ7 B AR, b
I BE B R R 500°C, HoAth = A [# BE IR N
100°C ; X35, 434 81 x 81 45150 Ak 1, i1 1A]
IR d) = 0. 0125 m, YUK h = 1. 1d,, B
B de = 107 s, BT AR S 5 RECH
— W10 W/mC W RS I i AT A )

2 <« (=1) +1
T(x7y) :(Ttnp _TSidt‘)¥Z( ])
i=1

H_Jsinh(AH,/H,) © T, (25)

Hrp A, = jm, T, VAR EFEBEREE ) T, A FAR
BER NN T I A S o T | R
(25) 200, FRAS I A rboe A7 B IR E 7(0.5,0.5)
= 200 C.

K5 451 T FO-SSPH FE LA [ Bt Z1 fl L 1 45
HER AR, 2% 2 45 1 T P oo 0 B A r ek B 7E
ATV B 2 B B St e, R S Fne 2 Whrf L
H FERI AR B B = B EUE 25 R AE AR o B AL TR
JIE AR 2 . B A I ) ZE K P b [ RE
FAGEY BE AR, 7R = 0.5 s AR ERR
AR, 5 IR S E L S M 1 LS EFG, FEM
TiEAF B S R IEAR — S (WSTR[ 23 1) . NBIER IS
ZIFEN P = 0.05 s oA, FEUT T [ERE AL R B S5 (46
AR B GRS, F A 1) BL Y B e, LI AR
T 100°C (WL 5 (a) FI(b) ), 2 5E T [ RE LR R R
F 100°C J5 A A R E S E L B BE S
(c) F(d) I ERIE LA

) ()\x) sinh(A;y/H)
X sinf —L
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400 q 450
250
150
50
20
150
A
90
70
(a) (b)
450 450
250
150 200
150
110
L © \ 110 (@ /|

[#5  FO-SSPH Jy ¥E7EA [l it 2003 B AR (R 0 A1 . (a) £ =0.01 s; (b) £ =0.05 s5(¢) ¢ =0.1s; (d) 1 =0.5 s

e 2 T, AN TR 2205 A oo A7 B A = Fh 8
(IR AR A, 538G FO-SSPH 2 Al EFG
BB S5 1R 199. 98°C , 5 /@ M1l 200°C A # 44

B G R BRY T FO-SSPH J5 iE DL R 25 44
(SRR AU E T i @
Xt T Euler fifi it ) I 25 #4425 (0] UK i, FO-

F2 FHPOALE (0.5,0.5) AT EE LEAS [N 20 BB 5 ot 1

BUE T % t =0.001s t =0.01s t=0.05s t=0.1s t=0.5s t=10s
FO-SSPH 0.00°C 0.358C 80. 69°C 154.93°C 199.96°C 199.98C
EFG 0.00°C 0.365C 80.72°C 154.87°C 199.95C 199.98°C
FEM 0.00°C 0.335C 80. 87°C 155.06°C 200. 12°C 200. 30°C

SSPH J7 LA 400 v (1) hr 7 i 0 26 R A% B3 3+ )
A PRI B 0 AF S RE 75 b S T A — B[] 25 PN X A
Ak AT EEHE R, NI FO-SSPH #: HA i 1
HHESCR. Wit 4 FEM Fl EFG 77 1 55 B E pR LY
eyt A0 TR P SR . 6 3 40 8 T E DU FR 1 4
ML L AN TRLERLFE0 (IS 5 T AN R B (AU
A FrTE CPU (s) B[R] A9 6T HY. 38 3 56 3 Af
M1, FO-SSPH ML T Euler 334 B934 %1 1] 51 ,

2288 FEM Ml EFG 358 454 1 FA & ™ i 1%
IR T SR = Y 0% e [ S I 3
% 3 RIRT BRI TN (RS T, P44

FIF i CPU IHE] (s) X kb
BUE T N =21 x21 N =41 x 41 N =81 x 81
FO-SSPH 0.082 0.335 3.812
EFG 0.952 23.210 1223.322
FEM 0. 470 18. 561 999. 211
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4.2. FEERESEIIBERR

SR A AR, Xk 07 ) I 2 PR A 5 7
HARZAMIE A (R (5) KPS 8B, .y, AR SET
F) . ARLAE R 25 A S TR ) v i AR M A A
VAR EIRL T AR 4 B R R 5
Fethad R b il T AR AR IR R 7R s B AR R RS
I RE 3 A2 B M1 A Ap S AR

AAFEFIHT FO-SSPH. 12 %0f — 4 4R e v &
AT B 5E, HITie T IR T R B G

). (E ] PG 5 FEM, EFG $UE 45 50 L%,

PAUE AR L P B 25 H At 5 FO-SSPH 5 HURSE 2 1ol

ARSHCE B M Y A5 S BR Y TSR
B TC R A 1) — AE AR M RS A )

W =l 0BTy ) 26)
IR S 5350 T(2,0) = 0, T(0,t) =0,
T(1,6) =1. 4B, =y, =0, N&MRE(20).
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R FO-SSPH USSR, INET 6 F1E 1 43 #r
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o RS A i R A —2 (= 0.5 ), RIREAR
R BRI IR S RRARFCCRAR;2) |
o3 A R R A B, AR 2 I oL TR A AR B

ISR 0 7 SO TR BRI 5 4R
LR E T SR TR P (P AR A1) 53)
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S5

Sy I IE S 28 P AL S RO -SSPH 25 10 75 T i)

1.0 1.0 LOF
0.8 0.8F 0.8}
0.6 0.6 0.6
&~ I & &~ I
0.4F 0.4 0.4
0.2 0.2 0.2}

0. ¢ et 0.0k
0.0 0.0 0.2 0.4 0.6 0.8 10 0.0

X X X
Bl 7 ARZRMENG ST IR AR 20 P BEL R (a) B, = - 1,7, =0.3; (b)B, =7, =1; () B, =-2,7, =3

S ARAR L MAG 0 T T B2 A Ak Y ] B v A At 1A
7 45 T IURMEES IS B0 T B A6 AN 5] B 220 1) = Fol
BHLE NS . & 7 AT WA 2, R R JEZe
1500 AR 2] FO-SSPH 145 2] () Bl 45 SR ¥ 5

FEM, EFG L3 245 51555

IR SRR A SCER ) FO-SSPH. B Y
F OB LR 1 i A 28 1 e A ) R ARL T — b AT
SERUA BOWBRY Ry N & BB A AR At T

090206- 8



4 32 % R Acta Phys. Sin.

Vol. 60, No.9 (2011)

090206

— R 5 4: SPH E Rl 5 H HL CSPM, MSPH 2 i
ARSI AR UL 1.

5.4 #
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FAE , BA TR 0 R S0

2. “HEBRASIVE S FO-SSPH T BE 42 ME 1
Hujiti 0 Dirichlet 1 Neumann i1 R 444, H B 45
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3. WEASHEL S FO-SSPH & Bk I B AT — [hkG
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15, I PR AR PR AT
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7 B3R A AR Lk W A AL T [P AR S X B2
AL S 100 01 R i D R AR SR P15 L T TR B A A A
SIB T 45 T — R RO vE. A,
ASCER X RS A% S () 845 H ) FO-SSPH 2 Rl
RIBEALSE SPH BRI e , 30 0 A ek SPH 578
E A B 8 FEM,EFG B B R IEE & L4
BB T — AN B 5 TS 8l 2, It
SRARIE A 320 1L 7] R ) SR B AL T — AN 2800 kL
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Abstract

In order to improve the accuracy and the stability of the conventional smoothed particle hydrodynamics (SPH) method
for simulating the transient heat conduction problems, a first order symmetric smoothed particle hydrodynamics ( FO-SPH)
method is proposed. In order to solve the heat conduction problem with second derivative, the proposed FO-SSPH method
is first to decompose the problem into two first order partial differential equations (PDEs) , and then the first order kernel
gradient is corrected based on the discretization of gradient and the concept of Taylor series. Finally, the obtained local
matrix is locally symmetrized. All the numerical results demonstrate that the FO-SSPH possesses a higher accuracy and
better stability than the SPH method, that the mixed boundary conditions can be well imposed using FO-SSPH method,
and that the reliability and the flexibility of the FO-SSPH method can also be observed for PDEs with multi-boundary
conditions. Finally, the one-dimensional nonlinear heat conduction problem is investigated by the FO-SSPH method, and
the phenomena of concave and bulge are observed when the temperature achieves the stable state, in which the influence

of the coefficients for heat flux is discussed.

Keywords; transient heat conduction, SPH, non-linear
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