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A New Pressure-Based PISO-Finite Element Method for

Navier-Stokes Equations in All Speed Range

E. B. Shim and K. S. Chang

A finite element scheme using the concept of PISO method has been developed to
solve the Navier-Stokes viscous flows in all speed range. This scheme includes
development of new pressure equation that retains both the hyperbolic term related
with the density variation and the elliptic term reflecting the incompressibility
constraint. The present method is applied to the incompressible two-dimensional
driven cavity flow problems(Re=100, 400 and 1,000). For compressible flows, the
Carter plate problem(M=3 and Re=1,000) is computed. Finally, we have simulated the
shock-boundary layer interaction(M=2 and Re=2.96><105), a more difficult problem,
and compared its resuits with the experiment to demonstrate the shock capturing
capability of the present solution algorithm.
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Fig. 3 Velocity profiles (o, Ghia et al
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centerline, (b) along a horizontal centerline.
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Fig. 4 Two-dimensional driven cavity flow
for Re=1000 : (a) Velocity vector, (b)
Streamlines, (¢) Pressure.
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x~-direction velocity.

4.3 YAE A FAEY Y5HS

olst st

2 EAdMe AHF Machs7} 2013, Re
7 296x10°Q1 2 &H%e BHuY AAF
483 326°¢] zZIx2 QJAMEE $zine)
IRAE QoA AASol HsA Hot o]
2= HakkinenS[18]el 2j& AAlg A
7} 250, 93 FAGs} 257
Qt& A Navier-StokesZEo] 2w ¥ 85
2 PAZ37) 9% EFHoez o] olgHr.
Fig. 10014 B Xo] #Hgto] Alztsls el of
3t oA 2Au(Leading edge shock)7t A3}
i, YArE AT FAIZo] EA {50l
uhz) gt} ol2 Qe wagdd g ¢EFF
Azt 4212, 2 olFdE ditE FFHe
whatglel AYErE Jepdd ZAARHAZE
AR (Inflow)dllME YAEE AT ol Z

ok ro

AME Mach¥ 29 #Y28AZEE FAL, A -

AsE 274% A% 47 2 LBRA(Far

Boundary)ollXe ZRAREZAY oj&d ZAJ
Jump Shock Condition& &-g3ch T4
+ Neumann Condition2, HdlAel £x ZA
27L& No-Slip Conditione. 2, oy x]ukA 4] of
M Sy 23L AR

leading edge
shock wave

Compression/ Reflected
shock s

wion

Sundary layer [ S»cSepersted regipn
Y A i 1
(Lud.i:;oedge) {Shock xixi:"pin;n:nmt.) x=1.6L
Fig. 10 Schematic drawing of the

shock-boundary layer interaction problem.

Fig. 11 Computational mesh system(99Xx99).

bogm( RMS error )
Lyt

A
D)

74 ¥ T Y Y T J
0 500 1000 1500 2000 2500 3000 3500
No. of Time Steps

Fig. 12 Convergence history for the
shock-boundary laver interaction.



120 Aexn

- gay

3 A5 AZ 343 A

Fig. 119) yEhd AXo] A=Al 99x990]9
Ho 29l ¢A(Leading Edge)dld 235
U}, CFLE 42 FHslxn A4sidede] +
d34o] Fig. 129 vely Qe=d 2k 30008
A IS ¢ 4 Aok Fig. 132 39
BEXE HoFE RogA, FAAMe ook
39, ¢EF3HH, WMFAS a3 AgE
g5o] AW3 Y sled, ol B ¢
Z9] 49 X Y5HL RoFE Aoju. Fig.
4= A" FAAZE HAdn thie XY B
29 Velocity vector® 2 Z<ld], wizld o
o] Fajo] FFHT.

contours  of

Fig. 13  Pressure the
shock-boundary layer interaction.
x=0.92L x=1.22L

Fig. 14 Velocity vectors in and around the
seperated region.

Fig. 15(a),(b)x= Ztzt A4t gddire] ¢+
) @A 4E el Hakkinenel A# x|+
vlmg oA 2 FAdes AwHoz F o
8t ok 2y uteld gde) TutdMe
4o Qapl BAREY ol AAIZe] 33
g} A f50] B AR gt i

2 A8 e Fedolr] YEol FFHF
1ol BAE 1A 4 el gl Aoz 9
A St wwelNe JARTITIL FARS
ARl ke 2zdA THel 32T 4
}5e HAZY & /=08 AWN %
gae degde) B4 dstol WS ¢
22745 S|@ Foln, TuAel R WAF
Az A Rolth 1Y 15blM EKo]
I=08 AAN QusidAss) 328 22
sto) wrald Gdolie ot@ASt A 9
s,

——: Present
@ : Exp(Hakkinen et al)

1.34
P/P.
1.24

0 02 04 06 08 1 12 14 16
x/L
(b)
Fig. 15 Computational results : (a) Pressure,

{b) Friction coefficient.

5. 4 B

2 AFAAE & Azl oo sl b
454 FEN £83 483 ¥ U PISO
Types) AE24Me 2E SEdelsl BAS
5ol A8 H5AES $PHUY. FEH FF

T E 4+ A=S 87 A8, wAEY 2AL



1% H1M 19. 5

Navier-Stokes 4 #59 &% 99 4 98 422 471 PISO-w¥84Y 121

38 Poisson®Ej el Operator®e obulz}
dxeo] WzEs WgdIE  Hyperbolic¥ el gl
Operator7} E£38 A2 Heeol d=wykygsy
o] F=HAU Al wie] BYAHE HE3)
7] Y& "rixle] 3422 FHMEn ol
71€9] ZA9 vlmw AESYY AA 2344
Driven cavitydl®] ¥|¢EA #52 43 Z
=, 21Ed dyAzel FAdHe=w a8lm A
FHoz Z dAslL AL FUsigen, &
gdeo] 7% o3l Wiggle® Tats]x] grgit)
A= FFe AdE FHAE AMSAs
o], Carter plateZA|9} SHH 2} AAZ 45
g A 25T 7189 d7Znst F Ay
© AFGE 4 F Ued, AR F
dRAHgMe HAFel A gle vl$ 4AE
TFEEALL IAY 5 AJT. =3 JAE S
Atst AAZe J33gol o3 BASo] w
AH= A5FAC M A $xA 4
ARE RAFon F3 7|2 1Pt
AN RAFEs RE FH0E A9sH g
F USE BAFAY. oz, B {3 i
Y& Grid g84d°] 87HE 2% 52
ZE vYEAd L SEAY A £x999 4
dA EAE A 4L -HFE ZA=ZHAS
Y3l FH5F AHE A UL s
A Huick

o

aE8

(1] Léhner, R, "An Adaptive Finite Element
Scheme for Transient Problems in CFD,”
Comp. Methods. Appl. Mech Eng., Vol. 61
(1987), p.335.

(2] Huges, T.J.R., Franca, L.P., and Hulbert,
G.M., "A New Finite Element Formulation for
Computational Fluid Dynamics,” Comp Meth
Appl. Mechods. Eng., Vol. 73 (1989), p.173.
[3] Tayler, C., Hood, P, "A Numerical
Solution of Navier-Stokes Egquations Using
Finite Element Technique,” Computers and
Fluids, Vol. 1 (1973), p.73.

(41 Oden, J.T. "RIP Methods for Stokesian
Flows,” Finite Element Methods in Fluid
Mechanics, Vol. 4 (1982), p.305.
[3] Gresho. PM. "On the
Semi-Implicit Projection Methods for Viscous

Theory of *

Incompressible Flow, Part 2
Implementation,” Intt J. Numer. Meth in
Fluids, Vol. 11 (1990), p.587.

[6] Benim, A.C, Zinser, W. "A Segregated
Formulation of Navier-Stokes Equations with
Finite Element,” Comput Methods Appl
Mech Eng., Vol. 57 (1986), p.223.

[77 Yoon, S.B., Kawahara, M., “Finite
Element Modelling of Navier-Stokes Equation
Using All Neumann Pressure Boundary
Condition,” Computational Methods in Flow
Analysis, Vol. 1 (1988), p.331.

[8] Shaw, C.T., "Using a Segregated Finite
Element Scheme to Solve the Incompressible
Navier-Stokes Equations,” Int’l J. Numer.
Meth in Fluids, Vol. 12 (1991), p.8l.

[9] Shim, EB., Chang, KS,
"Three-Dimensional Vortex TFlow past a
Tilting Disc Valve Using a Segregated Finite

Element Scheme,” Computational Fluid
Dynamics Journal, Vol. 3 (1994), p.205.
[10] Karki, KC, Patankar, SV,

"Pressure-Based Calculation Procedure for
Viscous Flows at All Speeds in Arbitrary

Configurations,” AIAA J, Vol. 27 (1989),
p.1167.

{111 Chen, KH., Pletcher, R.H, “Primitive
Variable, Strongly Implicit  Calculation

Procedure for Viscous Flows at All Speeds,”
AlAA J., Vol 29 (1991), p.1241.

{121 Kwak, D.C, "A Three-Dimensional
Incompressible Navier-Stokes Flow Solver
Using Primitive Variables,” AIAA J., Vol 24
(1986), p.390.

(13] Issa, RI, Gosmann, A.d, and Watkins,
AP, "The Compuation of Compressible and
Incompressible  Recirculating  Flows by
Non-Iterative Implicit Scheme,” J
Computational Physics, Vol. 62 (1986), p.66.
[14] Benim, A.C., "Finite Element Solution of
an Enclosed Turbulent Diffusion Flame,” Int7
J. Numer. Meth in Fluids, Vol. 9 (1989),
p.289.

[15] Brooks, A.N., Huges, T.]J., “A Streamline
Upwind/Petrov-Galerkin formulation for
Convection Dominated Flows with Particular



)‘._].

122 dey . 3ay @2

i
o

A-Ee A

Emphasis on the Incompressible Navier
-Stokes Equations,” Comp. Methods in App.
Mech. Eng., Vol. 101 (1980), p.583.

[16] Ghia, U., Ghia, KN, and Shin, C.T.,
"High ~ Re Solutions for Incompressible Flow
Using the Navier-Stokes Equations and
Multigrid Method,” J. Comp. Physics, Vol. 48
{1982}, p.387.

{17] Carter, ]J.E., "Numerical Solutions of the
Navier-Stokes Equations for the Supersonic
Laminar Flow over a Two-Dimensional
Compression Corner,” Technical Report TR
R-385, NASA, (1972).

[18] Hakkinen, R.]., Greber, 1, "The
Interaction of an Oblique Shock Wave with a
Laminar Boundary Layer,” Memo-2-59W,
NASA, (1959).



