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Abstract. For the flow and heat transfer problems, improper discretization of the convection term
in the governing equation may cause the simulation results to be out of bounds or oscillate un-
physically. In this paper, the stability and boundedness of discrete schemes for the convection
term based on the finite volume method were studied, and a new high-order bounded scheme was
proposed. For the stability of discrete schemes for the convection term, the convection stability
conditions of nodes adjacent to boundary differ from those of internal nodes based on the uniform

grid, and the stable range is presented for the common discrete schemes. Besides, the calculation
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method of the weight coefficient of the absolutely stable SGSD scheme is not unique. To this end,
two calculation expressions of the weight coefficient suitable for the strong convection problem
were provided. Regarding the boundedness of discrete schemes for the convection term, a general
piecewise linear form of the high-order bounded scheme named GHB scheme (general high-order
bounded scheme) was proposed, favoring improving the universality of the program. Besides,
based on the idea that the computational accuracy, convergence rate, and robustness of the high-
er-order bounded scheme are mutually restricted and related to the line segment trends in the nor-
malized variable diagram, an adjustable high-order bounded scheme (AHB scheme) with two ad-
justable parameters was proposed. Furthermore, an ABC scheme (accuracy, boundedness, and
convergence rate-balanced scheme) balancing accuracy, boundedness, convergence rate, and ro-
bustness is obtained by optimizing the parameters in the AHB scheme, and its computational per-
formance is proven by solving some classical problems.

Keywords: stability of discrete schemes for convective term; boundedness of discrete schemes for
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convective term; SGSD scheme; general high-order bounded scheme; ABC scheme
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Table 1 Stability conditions of discrete scheme for the convec-

tion term at the inner point adjacent to the boundary
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Fig. 2 Simulation results of one-dimensional steady convec-

tion and diffusion problem without source
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Fig. 8 Schematic of high-order bounded scheme

with controllable performance

e, b < 0,8 =1
1 1 \+ ~
(5 +3c)c:  o0<h<cC
%+%$C, c<$(¢<%
3 — ) } (15)
/ 23 1 <d < %D
1-D
1—2/3D(¢‘
2 2 bt
ED)+D, §D<¢<~<1




114 [T S T N S 857 &
AHB % B R  70 A% 18 00
;Scs $C<O99~SC>1

ZCJ?C INC*]. icil

E(‘,_ff _'_if_ 1‘;{5

( 1 5(;—5_,+5f—1)

b s 0 << $o < 2Cxe

2C-£C< %C < EC

~ fe—1  ae—1
¢f: ‘ ¢ _ _ (16)
Te< e < (4D —3)
.;f‘” ~
—Pc>» .
X ({*(_Ic)—Q—fc:n
If
(x,-/xc)n—lsgCJrl_(x,/xc)n—l’ npo <1
n—1 n—1

AHB A& vl i S 80 C B/ xR T 7
LB OA BRI, 150 MAS T 2L F Lo, o.
51D {H KX T 28 Bt BP &E RN, 25 M R
AARYE R 0. 75, 1,07, LA BB 28 748 (1) 4l % i
[R5 A % C LD A (52 328 7 56 B L L ) O 2

BB LI o SRR 9 TR L

] X3RNy 1< 33 1] P47 F 457X f1 48 HLTE
AR B u=o=1, A TE 45° %)
FILRAL AT BRI AE . SR FH 43 IR P9 97 A 0k B L
WA H5R 61 < 61, 38 3 4B 3R A& T )y 32 St 8 AT A
2L AR (E R 0. W SIUbR o 3 T 5% 22 1 55
FER

N, = max(|[¢"" —¢" |) an
X g @ AR TR AR R &, W
BEARUL SRR UE ] Now <1} 10, e KA E AR BN
5000,

v 9 _y
Oy
4
=1 % _y
Ox
A
g =0 x

9 YRR 58 AR Al 0 i 18] R 2 R
Fig. 9 Schematic of the two-dimensional convective

problem with a sharp interface
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Table 3 Computational performance of high-order bounded schemes for the convective problem with a sharp interface

FAGh T 0. 8

FA Bl T 0. 6

KA G F 0. 4 FA 5 H F 0. 2

ALK FHiRZE
AR TFERE /s EARRE PR /s BB FERE/s SERR S THERTRE] /s
ABC 0.012 2 5000 25.59 5000 25.02 381 1.99 751 4. 64
HOAB 0.010 6 5000 24.96 1 906 9. 80 2 831 13.67 5000 24. 85
MINMOD 0.042 1 66 0. 54 81 0.98 116 0.82 216 1.31
MUSCL 0.025 4 121 0.78 161 1.21 236 1.32 461 2. 60
SMART 0.022 1 111 0.62 141 0.94 211 1.18 416 2.22
SUPERBEE 0.009 3 5000 24.51 5000 24. 36 5000 23.57 5000 23.82
SAHB 0.010 1 5 000 26.09 5000 26. 94 5000 26.97 996 6.07
2.3.2 Smith-Hutton %5 %% 9] £ o_,
55— R E T A W IEAT ST R0 HE R 2
513 7 v R TR 5 AT SR S 0 b R L R A v=2y(1-¢)
Smith-Hutton & % i 7] 88 #F 47 4 58, a0 &l 15 fr e V:izi(_lfyz) 0
R U KB R/ 2 mX 1 m, X380 P 47 7 E 5 37 Bl £
Y 3 0 AR PR R RO R AT A VA
JEk A TR 5 — S 3R A (75 4 7 i A2 X :" 0 }
—

EVIERE 6 = 1+ tanh[«(1 +22) ], Hth o« B 40;
A2l O A R AR A BT R RO 0,
IR AT N 6 = 14 tanh [o(1 —22) 7. K H
100 IR PN T R X B DX I A L A R
120 X 60, 3K J5 ik 5200 1 AHH .
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Fig. 15 Schematic of the Smith-Hutton convection

problem
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Table 4 Computational performance of high-order bounded schemes for the Smith-Hutton convection problem

FAst AT 0.8

AT 0.6

P st A T 0. 4 T 0. 2

M AR TR — S P N—
HRRWE AR /s EARWE AN /s BRSO AR /s EARWE HERE /s
ABC 0.005 2 5000 57.04 5000 56. 75 496 5.68 986 11.21
HOAB 0.006 2 5000 56. 14 5000 57.61 5000 55.76 1531 17. 27
MINMOD 0.046 8 76 1.14 101 1.40 146 1. 88 281 3.29
MUSCL 0.022 4 5000 55.33 5000 57. 34 5000 55.22 5000 56. 55
SMART 0.018 2 5000 56. 71 5000 57.51 261 2.87 436 5.06
SUPERBEE 0.0039 5000 54. 14 5000 55.72 5000 53.61 5000 53. 66
SAHB 0.002 8 5000 57.89 5000 60. 04 5000 58. 68 5000 57.24
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Fig. 17 Mean error of high-order bounded schemes for

the Smith-Hutton convection problem
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Fig. 18 Maximum relaxing factor of high-order bounded

schemes for the Smith-Hutton convection problem
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driven flow problem
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Table 5 Computational performance score of high-order bounded schemes (Ranking method (D, weight coefficient D)

AR A Smith-Hutton 1 914 4 T W B R
S w2 ST S TR S SYNEEETE ST I TS ST AT A S ; ﬁF;
WX OBE RET 2 MR mET % MW mET
ABC 1 3 5 3 1 2 1 2 1 6.00 1
HOAB 1 5 4 3 3 4 1 6 4 9.00 3
MINMOD 7 3 1 7 4 1 6 1 1 12. 75 6
MUSCL 5 1 1 5 5 B 1 2 1 9.25 4
SMART 5 1 3 5 1 2 1 2 4 8.75 2
SUPERBEE 1 7 7 1 5 5 7 6 7 13.75 7
SAHB 1 5 6 1 5 5 1 5 6 9.50 5
k6 BBHHA R GEL S KO RERHOQ)
Table 6 Computational performance score of high-order bounded schemes (Ranking method (D, weight coefficient @)
A 98 78 1 44 Smith-Hutton i 3 HE 4 T50 55 9K 5 ) R 44 YN
% 4 PR T e RS A e RS A R RN an o HA
R i [ it A ¥ w2 I [ ity A ¥ w2 | ity A ¥
ABC 1 3 5 3 1 2 1 2 1 6.33 1
HOAB 1 5 4 3 3 4 1 6 4 10. 33 4
MINMOD 7 3 1 7 4 1 6 1 1 10. 33 4
MUSCL 5 1 1 5 5 5 1 2 1 8.67 3
SMART 5 1 3 5 1 2 1 2 4 8. 00 2
SUPERBEE 1 7 7 1 5 5 7 6 7 15. 33 7
SAHB 1 5 6 1 5 5 1 5 6 11.67 6
AT BHNHRAXF RS GELFT RO RE Z28D)

Table 7 Computational performance score of high-order bounded schemes (Ranking method @, weight coefficient D)

L O AR HE Smith-Hutton it 2 HE 44 T 5 9K 3y i i HE 44 pn e
mALE R LI PN 1) I PN ) R PN s Ha
2 I S I oS o e mif s T

ABC 4 4 5 3 2 3 1 3 1 8.50 1
HOAB 3 6 4 4 3 4 2 7 4 11.5 2
MINMOD 7 3 1 7 4 1 6 1 1 12.75 6
MUSCL 6 2 1 6 5 5 4 2 1 12. 00 5
SMART 5 1 3 5 1 2 5 4 5 11.5 2
SUPERBEE 1 7 7 2 6 5 7 6 7 14.5 7
SAHB 2 5 6 1 7 5 3 5 6 11.5 2
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Table 8 Computational performance score of high-order bounded schemes (Ranking method @, weight coefficient @)

AR S S HE 44 Smith-Hutton i 3 HE 4 T50 55 91X 5 ) R 44 PPN
% K24 TR s e RS A HE RS A R RN mh Hs
w2 PR ] LS R I [ [P w2 P[] [LPSER

ABC 4 4 5 3 2 3 1 3 1 8.67 1

HOAB 3 6 4 4 3 4 2 7 4 12. 33 5
MINMOD 7 3 1 7 4 1 6 1 1 10. 33 2
MUSCL 6 2 1 6 5 5 4 2 1 10. 67 4
SMART 5 1 3 5 1 2 4 5 10.33 2
SUPERBEE 1 7 7 2 6 5 7 6 7 16. 00 7
SAHB 2 5 6 1 7 5 3 5 6 13. 33 6
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