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Fig. 1. (color online) The 3D temperature distribution at = 0.5 section at different time.
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Fig. 2. (color online) The change curve of temperature along z-axis at different time: (a) z = 0.3, y = 0.3;

(b) z =0.5,y =0.5.
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Fig. 3. (color online) The change curve of E3 error norm

with the increase of particle number at different time.

#1 HOE (2 =05,y =0.5, 2z =0.5) BEAEM ST L RE (Ae)
Table 1. The absolute error (Ae) between the numerical solutions and analytical solutions at the central
position (z = 0.5, y = 0.5, z = 0.5).

DA WL S5 ] FR Ae(t = 0.02) Ae(t = 0.1) Ae(t =0.3) Ae(t = 0.5)
41 x 41 x 41 0.025 0.00023 0.00105 0.00281 0.00382
51 x 51 x 51 0.02 0.00015 0.00067 0.00181 0.00246
61 x 61 x 61 0.0167 0.00010 0.00047 0.00126 0.00172
81 x 81 x 81 0.0125 0.00006 0.00026 0.00071 0.00097
101 x 101 x 101 0.01 0.00004 0.00017 0.00045 0.00063
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%2 RITHCN 81 x 81 x 81 WA CPU # N AR S E M e (s)
Table 2. The computing time (s) of different calculated steps with different CPU number at particle number

81 x 81 x 81.
CPU % num = 1 num = 10 num = 1000 num = 5000 num = 10000
1 3182.18 3800.48 71813.23 346612.23 690110.98
2 1597.04 1907.45 36034.90 174016.30 346395.75
12 274.47 327.65 6188.25 29876.12 59512.62
24 150.46 180.64 3519.69 17008.96 33886.75
36 100.83 121.22 2382.21 13746.11 25178.36
60 58.39 69.96 1357.11 6562.89 13076.92

£3 AFERTEAF CPU T ZHON num = 10000 B-FEIHEFER ] (s)
Table 3. The average computing time of calculated step num = 10000 with different CPU number at

different particle number.

CPU #ohi 74k 1 2 12 24 36 60
61 x 61 x 61 28.963 14.491 2.499 1.276 0.946 0.545
81 x 81 x 81 68.670 34.491 5.910 3.353 2.267 1.285
101 x 101 x 101 110.985 55.476 9.761 5.375 3.342 2.164
R2HH T AR CPUE i EBCER LR B,

(“num” FoRTHE PR, tHRA R UUIBE CPU
G I FRCRR BB &L T RPN =4
1) RS ALREAT AT SV (0 06 B 0 AR AR 11
THERCRHAT 7. B 1R 2 1 132651 4Nk
THEATIRAT TH G, K T 36 > CPU, 817 3
t = 0.18) (1000 25) CPU JH#ER [H] £ 520.8 s, I&1T
Flt = 185 (10000 4) CPU WAERS A1) 5158.2 s (£
1.4 h). #H{H 24 CPUR, 8478t = 1 CPUH
FERTA] 21 91806.6 s (£125.5 h). HAT LA HiAl
2 CPU AT HH S KB D 1 i+ N USRS ],
REMS IR U MR T B AR, T 159 3 B I (BB 45
R, TG IMBLALRORL T, 5 CPUANEOANA, 1
SRR FUNBSF ) R 38 . 3 2 Bl AN R R 5 3L
— &R EU s — AN B D 1 CPU YA
FEIS ) 3G 00, — kL7 B0 ok 5 Bowt ) 28 K AR
/N, THEEAS B[R] — I 8] R H0E 5 SR 75 22 B R0
Vi) £ 284 00 (EE 4 FH 1030301 (100 x 100 x 100) 4~
Fi T, IFAZEKEBUA dt = 1079, SR 1684~ CPU i
173 = 1IN FF U EHUR LN [ 29 190 h). Fik
G BT HE— 2D RN = Y A Rk T ) R KL T
T3 AN BEAT IR AT TH SRR S R R R AR A

N T b R E R R R F30R L AN CPU %
B 0L HAT I E R, R34 H T ARRTHL
ARE CPU R B HUN num = 10000 B fF- 3 48
A (TR 2 B aR HR). MR 3T LR H,
M CPU BRI, KL ¥ 538 ik S 2 2R
Wi n, FRLF A0 hn bt R 5 1 F G n b R IEA
AR PEIE L &R, [, Al DUE H7E [ — R 5L
™, B CPU SN, tHE SR AW s, (HiHE
ROER IR B R 5 CPU B0 I b 3t A Bl 28 14 1
HEOC R, X2 AT NS R F, CPU RITHAE
I 5] 52 g P2 15 5 BE0925 e P R AL 4% 5 D) 465 3 T 55 A
IR, LR B R T A ek CPU B Nt i ™
(T BB ARG DA R M LA 56 2.
412 =T RABFRAFILT 6EETR

AR /NFT A T %5 %2 CPSPH-3D J7 VA 40 = 4k
o 7 B0 AL i) R R E T, X = 4R R AR
R FE AR AN (G B TR R BE A A ) AR AEAT TR
. FBR KN m B IE T (X E A
[1,2] x [1,2] x [1,2]), Hh kT R2Ek(z) =
21 + T3 + 23(W/(m-°C)) #F f(x,t) = —8(z1 +
xo+w3)+10cos(10t)(W/m3)H & p = 1 kg/m3. [k

130201-6


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 38 % 3k Acta Phys. Sin.

We=17J/(kg°C). VILHIRE Ty = 22+23+23(°C),
RN
(T(1, 20, 25,t) = 1+ 22 + 22 + sin(10¢),
T (2,22, x3,t) = 4 + 23 + 23 + sin(10t),
T(z1,1,23,t) = 1+ 2% 4+ 23 + sin(102),
T( (

( (

71,2, 23,t) = 4 + 2% + 23 + sin(10t),
T(x1,22,1,t) = 1 + 23 + 23 + sin(10t),

T(z1,72,2,t) = 4+ 23 + 23 + sin(10¢).
Z ) RN RN T (2,t) = 23 + 23 + 2% +
sin(10¢)(°C).

ZAE IR R & T (WE4), B
(A R I S W R S & A N USR5 B i
0.2n(~ 0.62), X N AB WA R BT Btk
SHBEFNZRHEKT 1 A5 A EH K, H15
TR RS 2 —Hr R R BT 1, B
5 EUR AT 1 A AL 2 AR (1 CPSPH-3D 5 %, 4
FE AN I A B — [ X FRAE I SPH 7 i DT X iz
AT AR, i P 7] S A H B 45 R o BB A AR
SE IR LAB R R e 25 1k

2.0

1.8}

[ )]

1.6}

1.4

1.2

oI N0 O
it @ N

1.0
1.0
1.2
1.4 1.6
K

4 (MFRA) t = 0.16 I ZI =X IR AR5 A6 15 00
Fig. 4. (color online) The 3D temperature distribution at
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Simulation of three-dimensional transient heat
conduction problem with variable coefficients based on
the improved parallel smoothed particle hydrodynamics

method”

Jiang Tao Chen Zhen-Chao Ren Jin-Lian Li Gang'

(School of Mathematical Sciences, Yangzhou University, Yangzhou 225002, China)

( Received 7 February 2017; revised manuscript received 10 April 2017 )

Abstract

In this work, an improved parallel SPH method is proposed to accurately solve the three-dimensional (3D) transient
heat conduction equation with variable coefficients. The improvements are described as follows. Firstly, the first-
order symmetric smoothed particle hydrodynamics (SPH) method is extended to the simulating of the 3D problem
based on Taylor expansion. Secondly, the concept of stabilized up-wind technique is introduced into the convection
term. Thirdly, the MPI parallel technique based on the neighboring particle mark method is introduced into the above
improved SPH method, and named the corrected parallel SPH method for 3D problems (CPSPH-3D). Subsequently, the
accuracy, convergence and the computational efficiency of the proposed CPSPH-3D method are tested by simulating the
3D transient heat conduction problems with constant/variable coefficient, and compared with the analytical solution.
Meanwhile, the capacity of the proposed CPSPH-3D for solving the 3D heat conduction problems with the Dirichlet and
Newmann boundaries is illustrated, in which the change of temperature with time under the complex cylindrical area is
also considered. The numerical results show that: 1) the proposed CPSPH-3D method has the better stability, higher
accuracy and computational efficiency than the conventional SPH method no matter whether the particle distribution
is uniform; 2) the calculating time can be well reduced by increasing the number of CPUs when the particle number
is refined in the simulations of CPSPH-3D. Finally, the temperature variation in the 3D functionally gradient material
is predicted by the corrected parallel SPH method, and compared with the other numerical results. The process of

temperature variation in the functionally gradient material can be shown accurately.

Keywords: 3D transient heat conduction, SPH method, parallel, functionally gradient materials
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