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Table 1~ Comparison of numerical results bewteen different methods at¢ = 1.2
point x y BKM FEM BEM DRBEM Trefftz FEM exact
1 2.4 1.5 1.081 1 1.139 1.114 1.099 1.103 1.065
2 2.4 2.4 0.631 2 0.670 0.657 0.645 0.660 0.626
3 1.8 1.5 1.778 5 1.843 1.798 1.784 1.797 1.723
4 1.8 1.8 1.690 8 1.753 1.713 1.695 1.715 1.639
5 1.5 1.5 1.871 0 1.938 1.887 1.877 1.894 1.812

N T BT 1 S 30 SUBOA [R) A B TE 70 R T T B3 A A DX 2 A



116 i H o o5 fE B X

441 AT U ¢ = 1.2 15 200 XS - P AR X R 22 UL 3 M 3 el LU ST F G E B
S HE A RS T B S foe el AR, T UL 107 X T B R A RO B

0.11

0.09

0.07

RCFF(T)

0.05

0.03 . . : : . 3
10 15 20 25 30 35 40

ny

B3 ¢ = 1.2 AR S A B B S L

Fig.3 Numerical accuracy variation with respect to the number of boundary points at¢ = 1.2

2.0 2.0 o o

1.5 1.5¢
L]
B(0.3,1.4)
Yy 1.0 y 1.0¢
0.5 . 0.5 <=
A(1.0,0.5)
0 . . - 0
0 0.5 1.0 1.5 2.0
X
4 B2 P A, B MR 5 ] 2 DX S B N A s
Fig.4 The domain and 2 test points Fig.5 The boundary and interpolation
A, Bin example 2 points in example 2
0 5 - -
analytical solution
02 + numerical solution
4
-0.4
0.6 3
T T
-0.8 D)
-1.0
-1.2 analytical solution :
+ numerical solution
-14 . . : : 0 : : :
0 0.2 0.4 ; 0.6 0.8 1.0 0 0.2 0.4 ; 0.6 0.8 1.0
B 6 2 A SR BE A B 7 #i2 B SRR
Fig.6  Numerical solution at point A in example 2 Fig.7 Numerical solution at point B in example 2

B2 ST RIS SRR A G DRI LA aE I, 5 8 LB XA 4, 2%



AT A T A R S U ) B 117

RBIBUEN pe = 1,k = 1,0 = 0% FRGffF A T(x,y,t) = cos(3x)sinh(2y)e ™.

IR T 2 58 DX 3k 1 12 B S PN IE s DL T 5, 30 B BE A B0 80, ERIEL AN EICH 261,78
PR IR 7 = 0.02.76 XIRHH A, B B S UL 4,4, B WA S BE RS R] 9 33 AR 1k
Sy UL 6 1 7N AT UE TS R SR 0 A 5 AR A 0 R AR e AT AL
X DX S A I, 125 12k R A 3 .

YHAS R A0, A B PR A5 I s 18] A2 A 0 50 A 7 248 X6 152 2 DL T 8. WA JE v m] LU
P TR A5 (R RO Ao PR 3 R (] i o ) 35 e ) i 22,

0.08
—o— point 4 : 7=0.02
A -—o-- point 4 : 7=0.05
AN —a— point B: t=0.02
0.06} £ % —-a-— point B: t=0.05
\\
&
g
= 0.04 N

0.02 i r.’;s\:‘e-

B8 il 2 r k) 25 X AL ik o Xof 15 25 1 R
Fig.8 Effect of time step length on the absolute numerical error in example 2

B3 IEE NI S PL T R B2 X LR 9.4 REUBIE R pe =1,k =1,0(x,
y,t) = sin xsin 2y(Scos t — sint) JEIPBRREHIE R T(x,y,t) = sin xsin 2ycos ¢,

TEDCBGI A 5T IE 8 108 A 7E XSl N FR 4 AT TE A 415 A4S, WL 107835 B[R] 2
7 = 0.05. FEEEA KIE I 5] 434 1 643 DMK, ¢ = 2 B 2088 A DX 1) BT A B 48 W 25 0 AT 43
SR 11 FE 12 b R AR 2E Ty 8196107 HAH N (AL E AR 294 0.19, FEXTR 25y
4.262x107* Kk, AT LA 107 2 R R T sR i 25 A AR 1) I A5 A e ), T+ 4 SR AL

AR e R

06 06 .............................
st
oAt
yashiiI I Y
0.2 0,2ZZIIZZZié;;;;;;;;;;;éiiiiiiiu
oaf i S
o 02 0.4 x 0.6 08 10 05 02 04 x 06 08 1o

B9 {3 mHaxig 10 51 3 DX 0 5 B A B T A

Fig.9 The domain in example 3 Fig.10  The boundary and interpolation points in example 3



118 Uifi

]|

ar o5 fE B X

T

-0.10
1-0.15
-0.20
-0.25
0.4 0.6 0.8 1.0
x

B A1 ¢ = 2 BB XA AR i

Fig.11  The numerical solution in the whole domain at¢ = 2

0.6 Eo(T)

: 8x107
-5

a5 7%10
6x107°
0.4 ~
-5x10
Yy 03 1 4x107°
0.2 13x107°
2x107

0.1 B
1x10 °

0 ‘ ‘
0.2 04 06 0.8 1.0

0

12 ¢ = 2 WP OB R 1) 26 WHR 22 50 A

Fig.12  The absolute numerical error distribution in the whole domain at¢ = 2
+ A\
4 4 e

ARICRE IO FAT REE S U B o) BRI TR gtk A A e TR e | SR 22 70 s 5k
AL T 07 R I TR B R AR R 07 B AR A O — R FIME IE ) Helmholtz 75 2, IR XL
HHL oy R OR AT RE BRI | SR 0L SR AR A 7 R B SR R SR 45 1 3 N BUE S, A
[F) I FHAEAR A N RIS D7 IG5 vk B3 L B Rt , I 5 HAb Ik b A7 L.
BUEA IR R SOOI SRR S AT B A RS R3] oy K B2 5, 3R 1
ey PR, HHAT TR AR E MRS | 38545 SR it B 25 A e ) L.

W7 A R e AR A SR iR I S A% T 1) = A 1] 0 R AR etk IR L, b A2 3RATT LA i
FwaLIR

£ % Lk ( References) ;

[1] Burris K W, Beardsley M B, Chuzhoy L. Component having a functionally graded material
coating for improved performance[ P]. US Patent: 6087022, 2000-7-11.
[2]  Renner E. Thermal engine[ P]. US Patent: 3937019, 1976-2-10.



AT BRI T YRR AL R 119

[4]

[5]

(6]

(7]

(8]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Bruch J C, Zyvoloski G. Transient two-dimensional heat conduction problems solved by the
finite element method [ J]. International Journal for Numerical Methods in Engineering,
1974, 8(3) . 481-494.

Blobner J, Biatecki R A, Kuhn G. Transient non-linear heat conduction-radiation problems—a
boundary element formulation [ J]. International Journal for Numerical Methods in Engi-
neering, 1999, 46(11) . 1865-1882.

Li Q H, Chen S S, Kou G X. Transient heat conduction analysis using the MLPG method and
modified precise time step integration method[ J]. Journal of Computational Physics, 2011,
230(7) : 2736-2750.

Valtchev S S, Roberty N C. A time-marching MFS scheme for heat conduction problems[ J].
Engineering Analysis With Boundary Elements, 2008, 32(6) . 480-493.

Jirousek J, Qin Q H. Application of hybrid-Trefftz element approach to transient heat conduc-
tion analysis[ J]. Computers & Structures, 1996, 58(1) . 195-201.

Brebbia C A, Telles J C F, Wrobel L. C. Boundary Element Techniques: Theory and Applica-
tions in Engineering[ M]. Berlin: Springer-Verlag, 1984.

RRBHARTL. T SCHE S 07 R AT BROTSE I AT [ ] R B f g5, 1992, 13(6) : 563-
571.( OUYANG Hua-jiang. Criteria for finite element algorithm of generalized heat conduction
equation[ J]. Applied Mathematics and Mechawics, 1992, 13(6) : 563-571.(in Chinese) )
i, XA, TERRSEEM]. Jbat, WA RE MU, 2004. (ZHANG Xiong, LIU Yan. Meshless
Methods[ M ]. Beijing: Tsinghua University Press, 2004.(in Chinese) )

Wang H, Qin Q, Kang Y. A meshless model for transient heat conduction in functionally gra-
ded materials[ J|. Computational Mechanics, 2006, 38(1) : 51-60.

FuZ J, Chen W, Qin Q H. Three boundary meshless methods for heat conduction analysis in
nonlinear FGMs with Kirchhoff and Laplace transformation[ J]. Advances in Applied Mathe-
matics and Mechanics, 2012, 4(5) : 519-542.

Fairweather G, Karageorghis A. The method of fundamental solutions for elliptic boundary
value problems[ J]. Advances in Computational Mathematics, 1998, 9(1/2) : 69-95.

Chen W, Tanaka M. A meshless, integration-free, and boundary-only RBF technique[ J].
Computers & Mathematics With Applications, 2002, 43(3) . 379-391.

Fu Z J, Chen W, Qin Q H. Boundary knot method for heat conduction in nonlinear functional-
ly graded material[ J]. Engineering Analysis With Boundary Elements, 2011, 35(5) . 729-
734.

Chen W, Hon Y C. Numerical investigation on convergence of boundary knot method in the a-
nalysis of homogeneous Helmholtz, modified Helmholtz, and convection-diffusion problems
[J]. Computer Methods in Applied Mechanics and Engineering, 2003, 192(15) . 1859-1875.
Hon Y C, Chen W. Boundary knot method for 2D and 3D Helmholtz and convection-diffusion
problems under complicated geometry[ J|. International Journal for Numerical Methods in
Engineering, 2003, 56(13) : 1931-1948.

Jin B, Zheng Y. Boundary knot method for some inverse problems associated with the Helm-
holtz equation[ J |. International Journal for Numerical Methods in Engineering, 2005, 62
(12) : 1636-1651.

Partridge P W, Brebbia C A, Wrobel L C. The Dual Reciprocity Boundary Element Method
[ M]. Southampton: Computational Mechanics Publications, 1992.



i H o o5 fE B X

[22]

(23]

[24]

Biatecki R A, Jurgas P, Kuhn G. Dual reciprocity BEM without matrix inversion for transient
heat conduction[ J]. Engineering Analysis With Boundary Elements, 2002, 26(3) . 227-236.
Bulgakov V, Sarler B, Kuhn G. Iterative solution of systems of equations in the dual reciproci-
ty boundary element method for the diffusion equation[ J ]. International Journal for Numeri-
cal Methods in Engineering, 1998, 43(4) . 713-732.

Chapko R, Kress R. Rothe’ s method for the heat equation and boundary integral equations
[J]. Journal of Integral Equations and Applications, 1997, 9(1) . 47-69.

Golberg M. Recent developments in the numerical evaluation of particular solutions in the
boundary element method[ J]. Applied Mathematics and Computation, 1996, 75(1) ; 91-101.
Chen C, Rashed Y F. Evaluation of thin plate spline based particular solutions for Helmholtz-
type operators for the DRM|[ J]. Mechanics Research Commumnications, 1998, 25(2) . 195-

201.

Boundary Knot Method for 2D Transient Heat
Conduction Problems

SHI Jin-hong, FU Zhuo-jia, CHEN Wen
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( Contributed by CHEN Wen, M. AMM Editorial Board)

Abstract: The boundary knot method (BKM) in conjunction with the dual reciprocity method
(DRM) was introduced to solve 2D transient heat conduction problems. With the finite differ-
ence scheme applied to deal with the time derivative term, the transient heat conduction equa-
tion was converted to a set of nonhomogeneous modified Helmholtz equations. Then the numer-
ical solution to the nonhomogeneous problems was divided into two parts: the particular solu-
tion and the homogeneous solution. The DRM with few inner interpolation nodes was employed
to get the particular solution, and the BKM with boundary-only nodes used to obtain the homo-
geneous solution. Numerical results show that the present combined method has the merits of
high accuracy, wide applicability, good stability and rapid convergence, which were appealing

to solving transient heat conduction problems.
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