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Analysis for computing heat conduction and fluid problems using
cubic B-spline function

E.

Kim

We make use of cubic B-spline interpolation function in two cases: heat conduction and
fluid flow problems. Cubic B-spline test function is employed because it is superior to
approximation of linear and non-linear problems. We investigated the accuracy of the
numerical formulation and focused on the position of the breakpoints within the
computational domain. When the domain is divided by partitions of equal space, the
results show poor accuracy. For the case of a heat conduction problem this partition can
not reflect the temperature gradient which is rapidly changed near the wall. To correct
the problem, we have more grid points near the wall or the region which has a rapid
change of variables. When we applied the unequally spaced breakpoints, the results show
high accuracy. Based on the comparison of the linear problem, we extended to the highly

non-linear fluid flow problems.
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Table 1 Comparison of the numerical solu-
tion with equally spaced breakpoints

Number of| Position along the center line
splines | x=025 | x=05 x=0.75
10 001144 | 0.05704 | 0.26595

14 0.01109 | 0.05561 | 0.26404

20 0.01100 | 0.05517 | 0.26212

30 0.01096 | 0.05499 | 0.26140
Cxact | 001004 | 005489 | 026094

Table 2 Comparison of the numerical solu-
tion with unequally spaced breakpoints

Number of| Position along the center line
splines | x=025 | x=05 x=0.75
10 0.01123 | 0.05612| 0.26562

14 0.01099 | 0.05512 | 0.26190

20 0.01095 1 0.05492 | 0.26107

30 0.01094 | 0.05489 { 0.26095
Goxact | 001094 | 005480 | 026094
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Fig. 3 Unequally spaced B-spline function
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Table 3 Comparison of numerical results
Galerkin Method with Cubic Finite Volume Method with SIP
B-spline Interpolation Solver
No. of x=0.5 Error(%) | Ne-of grid | .55 Error(%)
splines points
10x10 0.05612 2192 10x10 0.05614 2227
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3030 0.05489 0.000 3030 0.05492 0.055
60X 60 0.05490 0.018
90 X 90 0.05489 0.000




qed

FRALFAF YA

Inner cylindex

Fiud Outer cylinder

Fig.
4 Coordinate system

4xd =83 va HESNY. FAAzZAL
H4g Fo £m9 Q¥ wWo]  giF
B-spline #49] A4 g3 P

N,—1 N3
u(x,y)= ‘Zz 12:1 uzAx) b{y) (20)

N, —

1 N,=3
o(x, ¥) = v, A (x)+ 22 121 v A0 b(y) (21

1=

N, N3
Hrs)= 2 2 piALR)b() (22

AN v R Adoe glA&xoy
Ax)e $AE B&e 3% B-spline 3ol
2 by)e ¥FyAWFYPe 33 B-spline
Farolth A9 Al g FRE e Ao
WY& Galerkin HHE ALgdd HE T
3t Table 45 F9Hol dARAY A
Ballal 3 [14]3 At Aol A Ao &2
& vudg. x= YA HEe FAY A
ol yv= Add #d 1% Fxd A&
o2 y=0.0¢ A% 5 Add Aol 7
Aol N Yo RESZ Ao A% ¢
A dolves dFoith x7t 049 06U B 5
[14]9] Z3e wus) HA N=129 o
0.342%$}F 1.131%¢] 228 dYeEdz 9o
Table 5& ¥HAFH &xFuj7t FFEA
Wile A Bt € A5 AFE Y
Bl #¢ & x9 AN N=12¢
o 0.197%% 0611%2 232, H7t §&
g F90 AFAHRE 4 e FE/=r A

e A& ¢ & A% 2YY N=209

$E He = IFFAA A9 vl
AAAA Ao ¥9E Aol HolA 91
Atk ol Azte) Ao FE3E zolA Ho
S 9% PAA FE Aoz B 4

e xo A HeholA 05%c1 WA [14]9]
Ade YAsE Ao ¢ 4 ¢d. Fig. 5¢
Stokes #&ol thate] HAlule) g WA
Ae W 4AY Aol fFHE RAFT gtk
AEE #5 FAM b8 oz
s ArRde $EE =v05]9 dze 2
dxstz 3tk Fig. 6& A FFUFE Y
BllEe Aoz 2E3de $9 @Al 2
e 58 oWl WS WA FHIPo
e UeA gez R WA AdME
10°9) eA4E 7z oy 53 wE Fof
£ 10779 oAz &g vig waEA SEI
€ ¢ F A%t B2 F¥AAYL A4
#7h wobdel weh @AYol A Yoy

Table 4 Azimuthal velocity (Stokes flow,
€=05, equally spaced breakpoints)

e

Ballalg
0.0] 200000 29.0000{ 0.0000( 29.0000{ 0.0000
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@-®| N9 |@-©

Table 5 Azimuthal velocity (Stokes flow,
€ =05, equally spaced breakpoints)

3 A 2
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$3M S22, 1999. 3

3%} B- spline & o8¢
FAE I FAEAY H4Y

DiPrima%[16]2

AEYE o838 da, Dais

Fig. 5 Stream pattern for Stokes flow
((a) € =0.3:(b) € =0.35;(c) £ =0.5;(d) € =0.8)

10048
10047
1008
1.00+5 ¢
10044
10043
10842
10841
100
1001
1002
1083
1004
1008
1008
1087
1088

Error

1 2 3 4 5 L]
Nurber of iteration

Fig. 6 Convergence of the solution

B =R MAF Uge 288 571 F
psttigts wE2A I & F A Fig
7e AAYe AANI v,/ r.=0.00222
HAAE &2 WA o  Daislll}H
DiPrima%(16]9) Z=#el nlwd7] H3te 7
A4 @ fE 9 o] ot

f=(fi+ (23)
SHENAS) “psinods st f,=— [ * pcos 00
oIt

224 & uzsed doiA e B
B g8 ALY gho)y] BE 129 A
g7k gojxle RE  zmsok Pk

(111 Esg Hxd £33 xzo o3
AAE YAAE AR, € dFoAME
AT FTAE IdZE AHEstT. 9A dol
B2 o g o2 F =900l
et HAE e=0.190 A% HALA7 1%
ojolny, £=0.7% Re=110091-& At
A7t ¥ 35% FEE Holm Utk ol
(161 HAu7L 2Ade A3ty dgolmz
AN 7L ARl wed A7t AFE & F
Attt & DiPrima%[16]& #4¢ ¥ FA &
Kot B FeAE AFE Daisl11]9
Axe ¥z BE HYEZ w2
e=0.7%4 Re=1100414 Hd a7t 2%0°]
el 2x7h glgith vl & (1619 Ades HA
&3 o2 71 At HFdAedt H
e go) 0.7 EA WEY W Adg 7}
A F U4,

15 T T T T T
—O— Present
—0- Daiet al. [11)
10 4+ —&— DiPrima and Stuart {16] _|

ey

>
s=0.5

Dimensionless force
o
|

0.0 4

sﬂ)?\'o 1

-5 A ——
0 200 400 600 800 1000 120
Reynolds number

Fig 7 Comparison of numerical solution at

different eccentricity ratios

6. 48

B =R A= 33 B-spline ¥+E A48
o Ag 2 vAdy ZTAE nAsHey BE
< &3 2.
Ay FAA FEHE FLHLE §FUS
Wdre] Fujrt 2A WEe ¥Ed F9A
Z293A T HFAE FAH o2 U

o
&
A3 2A FFHASG ol & =EdA A



Chs

23 wyio] AAA 7]&(global technique)®
AzHe B350 & JFE X7 g F
ojth, FE#AH P nwAE AAHY F n
of wated o pful o)Ak A WRE AL
& & Utk B3 A Az Belyoez
ol A/ B FEAHYAE g
A 39S FHA &7t g wEA Fdsn
At

A8 Stokes®] %ol tidle] Ballals 9l
2% iz Pe d N=20dMe o A
3 e Fagen =8 59 AMedo) o
oy dgelA AT AFAIE F o
et Ak v/ r,=0.00028 A4 o
Po| PFoz FAY g = st glod
A \AAE 7 & ASdx F X sn gl

Fu53

[1] M. H., Schultz, Spline Analysis, Prentice
Hall, 1973.

[2] R. L. Panton and H. B. Sallee, "Spline
Function Representations for Computer
Solutions to Fluid Problems, Computer and
Fluids”, Vol. 3, pp. 257-269, 1975.

{31 R. D. Russel and L. F. Shampine, "A
Collocaton Method for Boundary Value
Problems”, Numeische Mathematic, Vol. 19,
pp. 1-28, 1972.

[41 G. Birkhoff,
Interpolation and Approximation in Polygons,
Academic Press, 1969.

[5) E. Kim, "A Mixed Galerkin Method for
Computing the Flow between Eccentric
Rotating Cylinders”, Int. J. Nume. Meth.
Fluids, Vol. 26, pp. 877-885, 1998.

(6] S. V. Patankar and D. B. Spalding, "A
Computer Model
Flows in Furnaces”, Fourteenth Symposium
on Compution, The Combustion Institute,
Pittsburgh, 1973.

(71 0. C and J. Wy,
“Incompressibility without Tears-how to
Avoid Restrictions of Mixed Formulation”,

Piecewise Bicubic

for Three Dimensional

Zienkiewicz

Int. J. Numer. Meth. Eng., Vol. 32, pp.
1189-1203, 1991.

[8] 1. Babuska, "Error Bounds for Finite
Element Method”, Numer. Math.,, Vol. 16,
pp. 322-333, 1971.

[91 E. Kim and A. Z. Szerii "On the
Combined Effects of Lubricant Inertia and
Viscous Dissipation in
ASME ]. Tribology, Vol.
1997.

{10] C. deBoor, A Practical Guide to Splines.
Springer-Verlag, 1978.

[11] R. X. Dai, Q. Dong and A. Z. Szen,
"Flow of Variable Viscosity Fluid between

Long Bearing”,
119, pp. 76-84,

Eccentric  Rotating Cylinders”, Int. J.
Non-Linear Mech., Vol. 27, pp. 367-389,
1992.

{12] N. N. Ozisik, Conduction Heat Transfer,
John Wiley & Sons, 1980.

[13] E. Kim, "“The Influence of Reynolds
Number and Heat Transfer in Fluid Film
Lubrication”, Mech. Res. Comm., Vol. 23, pp.
441-448, 199.

[14] B. Ballal and P. S. Rivlin, “Flow of a
Newtonian Fluid between Eccentric Rotating
Cylinders”, Arch. Rational Mech. Anal.,, Vol.
62, pp. 237-294, 1972

{15] K. T. Obrien, C. D. Jones and F. R.
Mobbs, and Cavitation in
Superlaminar Flow between  Eccentric
Rotating Cylinders,” Leeds-Lyon Symposium
on Tribology”, pp. 69-72, 1974.

[16] R. C. DiPrima and J. T. Stuart, "Flow
between Eccentric Rotating Cylinders”, J.
Lub. Tech., Trans. ASME, Vol. 94, pp.
266-274, 1972.

"Separation

FI AR T A



