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Table I Maximum vertical and horizontal displacement of the solid plate for the counter flow heat exchanger

maximum displacement solid-fluid conductivity ratio K
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vertical 0.405 6 0.408 2 0.4112
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Fig. 11 Finite element model for the forced convection cooling across rectangular blocks
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Table 2 Maximum von Mises stresses and displacements of the cooling fins

Re maximum von Mises stree o, yies /kPa maximum displacement 8, /mm
100 239.6 5.65 x107*
500 134.8 3.18 x107*

1 000 104.6 2.47 x107*
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18 M Gr = 107 HI K 43511, 5 F1 10 B9 55 R

Fig. 18 Temperature contours for Gr = 10" at K, = 1, 5 and 10, respectively
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Table 3 Variation of the overall Nusselt numbers

average Nusselt number along interface (% difference from ref. [ 13])

Gr
conductivity ratio K 1 5 10
10° Hribersek, et al. ['3] 0.87 1.02 1.04
103 Wansophark, et al. ['4] 0.85(2.29% ) 1.03(0.98% ) 1.04(0.0% )
103 present 0.87(0.0% ) 1.02(0.0% ) 1.04(0.0% )
10* Hribersek, et al. ['3] 1.35 1.83 1.92
10* present 1.35(0.0% ) 1.83(0.0% ) 1.91(0.52% )
10° Hribergek, et al. [ 2.08 3.42 3.72
10° Wansophark, et al. ['4] 2.04(1.92% ) 3.30(3.51%) 3.60(3.22% )
10° present 2.08(0.0% ) 3.40 (0.58% ) 3.70(0.54% )
10° Hribergek, et al. [13] 2.87 5.88 6.78
10° present 2.83(1.39% ) 5.80(1.36% ) 6.69(1.33%)
107 Hribergek, et al. [ 3.53 9.07 11.25
107 present 3.45(2.27% ) 8.73(3.75% ) 10.88(3.29% )
0 950—\ 0.989
0.850—\ |~0.582 0.978 ,~0.601
0.751 a\ 0.527 0.956 /—0.589
0 651-\ { 1 0.473 0,934—\ /—0.577
0 551—\ /‘0.418 0.901—\ /-0.565
/—0.364 /‘0.553
L J.h
(a) Ky =1 (b) Ky =10
19 % Gr = 10° FI Ky = 1 110 BFAOZEIRER (Z20) FI4E von Mises Jo7 J12% (£fl)
Fig. 19  Predicted temperature (left) and von Mises stress (right) distribution
forK; = 1and 10 at Gr = 10°
R4 LIS VE A SR R RE 1 1) d K
Table 4  Horizontal maximum displacement of the solid wall for the natural
convection in a square cavity with a conducting wall
horizontal maximum displacemen 8, ;; /mm
G
' K, =1 K, =5 K, = 10
10° 2.06x107? 2.19x107? 2.21x107?
10° 1.88x107° 2.14x107° 2.18x1073
10’ 1.51x107? 1.90x10? 2.03x107°

FHFB AT 9 ] A% 3t 38 R T A B T Ak 9 P g 23, SR [ 4R (9 28 JE RN . AR F- T
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G047
0.921

0762% ~0.572 0.966
0.603 0461 0.898

0.445 0.350 0.830 0.612

0.286\ /‘0.239 0.767 /‘0.556

0.695~\] /0499

0.444

l—0.183 /_0.387

(a) Ky = 1 (b) Ky =10

B20 4 Gr =107 MK, = 1 F110 B 955 IRE (ZEM)) FI5E von Mises I J12k (£5M)
Fig.20 Predicted temperature (left) and von Mises stress (right) distribution
for K; = 1 and 10 at Gr = 107

NS TN K R BN 6x107°/°C, FR NI ESHERE N 0°C, Young R 7x
10" N/m”, Poisson H. 47 0. 3. 4 BRI ARG 561 ANT7 #0811 000 A~ = Hot. & 19 F120
(9 Gr 23 BB 10 FI 107 mF 2510 T K, = 1 F1 10 A SRR (ZE00) A4 von Mises W 12k (£
) ETE. 2 4 XIATR Grashof Z0R1 K fH, 45 H 1 &1 (4R T e K A /K7 5.

y
T=0
0.2 0.8
= fluid 7 iy
0.4
77/ 7777 solid 7777, *

[ee]
= S fluid T=1

3 1

5

21 A AR EE R A X R

Fig.21  Problem statement of free convection in channel with cooling fins

@90/

22 ATHCH A S 23 MK, = 10 A EA I
Tt IR R AT B OT A AL B A X G Y e A
Fig.22  Finite element model for free convection Fig.23  Streamline contours for free convection
in channel with cooling fins in channel with cooling fins at K; = 10
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Pl 24 25 T FER-TARAL R B LE IS R (B SRR 2R KD 181 25 (a) ~25 () 4300 45
T AR R B H K, B 1,10 1100 B 35 b R 26 1 T30 3R 28 IR s 1) 1) 20 A

(b) K, =10 (¢) K, = 100
B 24 MK, =1,10 100 B, R4 B &8 B xR S5 R EE
Fig.24 Temperature contours for free convection in channel with

cooling fins at K; = 1, 10 and 100
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Fig.25 Comparison of the wall temperature distribution along the fins surface that

varies in times for K; = 1, 10 and 100
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BEVTE R AR 55 T - I RECH 6x107°/°C , F N S S5 1R E N 30°C , Young [ A5
S 7x10" N/m? , Poisson Fo4 0. 3. 8126 45 T 255 A R ICA R RN 45 44 1) 30 5t 5544, 0 & 726
FOT A50RT 1 230 A~ =AML HIT. & 27 FE 28 435k K B 10 1 100 B 3150 A 45 R 4R A
KALFEJ 1) von Mises [ /1 EIIE.

i
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Fig.26 Finite element model and boundary condition for thermal stress analysis on cooling fins

(a) THHAYAFTRZ (b) ZSFEHLA 50 000 £5J5 Y von Mises Jij F1
(a) Temperature contours (b) von Mises stress on the 50 000 times deformation shape
B 27 YK, = 10 0, BUHREREAEIE R 50 000 £5)5 1) von Mises N JJ

Fig.27 Predicted temperature and von Mises stress on the 50 000 times

deformation shape on cooling fins at K; = 10

= H _E
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(a) TUHAISEIRZE (b) ZEFEHL K 50 000 17%)5 11 von Mises I

(b) von Mises stress on the 50 000 times deformation shape

(a) Temperature contours
28 MK = 100 I, BUbHY IR IR 50 000 75 Y von Mises 1 F1
Fig.28  Predicted temperature and von Mises stress on the 50 000 times
deformation shape on cooling fins at K; = 100

TSHBMTHK, =1,5,10 F1100 B, AR K von Mises N 1 Flf KA. [ 27
FI 28 W5 A 4 7w Hh AR AR IE < BICRR R IRUBE A T o 5 RS AN g 5 P A8 . il
PR IR A AR Rl TR R R AR AR AR B AN R T i B %R B R T 8 B — i

SE R A BROCIE , ATt (1) -SR-ZE AR & et A L A,
5 HEAFT KA von Mises B 1 R R 055 1925 1L

Table 5 Variation of the maximum von Mises stress and the maximum displacement on cooling fins

K, maximum von Mises stree &, yiwee /kPa maximum displacement 8, /mm
1 278.5 1.895 x1073

5 242.6 2.083 x107

10 240.6 3.310 x107

100 230.8 3.142 x1073
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Fractional Four-Step Finite Element Method for
Analysis of Thermally Coupled
Fluid-Solid Interaction Problems

A. Malatip', N. Wansophark®, P. Dechaumphai’
(1. Computer-Aided Research University, National Metal and Materials Technology Center,
Pathumthani 12120, Thailand ;
2. Department of Mechanical Engineering, Faculty of Engineering, Chulalongkorn University,
Patumwan , Bangkok 10330, Thailand)

Abstract: An integrated fluid-thermal-structural analysis approach, where the heat conduction
in a solid was coupled with the heat convection in viscous flow of the fluid resulting in the ther-
mal stress in the solid, was presented. The fractional four-step finite element method and stre-
amline upwind Petrov-Galerkin method were used for the analysis of viscous thermal flow in the
fluid whereas the analyses of heat transfer and thermal stress in solid were performed using the
Galerkin method. The second-order semi-implicit Crank-Nicolson scheme was applied for time
integration and the resulting nonlinear equations were linearized to improve the computational
efficiency. The integrated analysis method employ the three-node triangular element with equal-
order interpolation functions for all variables of the fluid velocity components, pressure, tem-
perature and the solid displacements in order to simplify the overall finite element formulation.
The main advantage of the presented method was to consistently couple heat transfer along the
fluid-solid interface. Results from several tested problems illustrated the effectiveness of the
presented finite element method that can provide insight into the integrated fluid-thermal-struc-

tural interaction phenomena.

Key words: fluid-solid interaction; finite element method; fractional four steps



