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Unstructured Pressure Based Method for All Speed Flows

Hyung-il Choi, Dohyung Lee and Joo-sung Maeng
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Abstract

This article proposes a pressure based method for predicting flows at all speeds. The compressible
SIMPLE algorithm is extended to unstructured grid framework. Convection terms are discretized using
second-order scheme with deferred correction approach. Diffusion term discretization is based on
structured grid analogy that can be easily adopted to hybrid unstructured grid solver. This method also
uses node centered scheme with edge based data structure for memory and computing time efficiency
of arbitrary grid types. Both incompressible and compressible benchmark problems are solved using the
above methodology. The demonstration of this method is extended to slip flow problem that has low
Reynolds number but compressibility effect. It is shown that the proposed method can improve
efficiency in memory usage and computing time without losing any accuracy.
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Table 1 Memory requirements for cell

centered scheme and node centered scheme

Cell centered Node centered

scheme scheme
Sparse
. (a+1)xN(element) | 7xN(vertex)
matrix
. N(variable) N(variable)
variables
x Nelement) x N(vertex)

Fig. 1 Cell vertex CV

Fig. 2 Median dual
cell interface



1524 Aa -

Fig. 3 Neighbouring nodes for reconstruction of
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33 sfel Mo 7
AR FHHAA AA Aol EAlo] H o8t
abol7t ot FEAH YA F4l oollAe] gk
& Aol gEge stk o 4l ol ¥
of 3] 2x ol AHABREE FH &Y el
o] AU P g ah) Wi o 7oA
FxFH oz ety Holoja HH [o] Aol H]
He HaA6d0S ol gad o) de ghe
o gol F oMo 3t i ved F
oA cH(Fig. 3).
b= ot bulx;—
oA & A ofHd vt P Fejz 2y
2} 7 4 (over-determined) A A H W Z A o] AL},

xo) + ¢yo(yj - ya) . (4)

dxl Ayl ¢1 ¢0

A:XZ AyZ ( ¢xa) e ¢2 ¢n . (5)
: : Vo

dey dyy ¢N' #o

Al (5)8 Z7) 989, Modified Gram-Schmidt 2
X E o) &3t dE e AR sy,

= QR. (6)
ol Al Q Fuwdghyolw, RS FAztgHo]

_ZL[{¢P0+7v¢P0'( X;i— xPo)}

+{dptrvén ( x;— xp)}] .

®
od7]of Ay olGAFE 0o H A dEH
o} dE Rzl Ha, 1o/d A ZAE A %o
TAAEH ] gt ojitstEl AdEA Y A
HH*J% “]7171 A3 A Xl""“‘*u% ol-§-3}

o 7HA o}i, Jli}%h)r 1}%44 s 44
(&, el 5o/ s wHez tEst 2ol
vebd 4 9ok

Fi¢;=F;¢ l/'DS+Fi(¢HIG]l_ p

oA gd=x upse 129 BEAEH,
HIGH: 22+ o}4e) mxpxpEW e Jehity, o
g1, 9 AAFE WAHez A AFd
Edsin A4S dAdes AdPel E3d

UDS) old . (9)

AV ndS = 2(/1¢V¢ S);.(10)

gt Ae dfatgd wel 24 U
& ALg3tth. Anderson S8 ojF Aol #&
2t A Gauss A& 01%3}"4 TulE A
o, ol9fo] B2 ATAEL Galerkin F3384
HE ol gsty g ]’Jo}ﬂ’iﬁ}.(m e,
ol WMl 5L E3tA Y s B AETZRE

RO

A WA AEs77 o wekA, B AT
M= FHAAA L ojabshi g wigd AR
of gt Wy

A7l = R 731].z4 %xlmoﬂ :g_g
ST o) WS mAE ] Ax 8k BT
g2 A F(normal diffusion)™ F9xFEHE A3
a1, A gl =gk A F(cross diffusion) 3
2xsHoltt Gauss HElE ol &AM F& FE
Heete Algste WyeR & ol veld
4 Qlti(Fig. 4).

f

vei={ve;— (Ve ny): ny}
(1)
n ¢P;dj¢Po . nd} .
AANNA puv EADET G HE oA,

40 2

wol 34 do] mAEle] £ W P,



A~
q &

1 Hy
I
o |
!
1 CS
Fig. 4 Splitting the gradient on the control surface
boundary

A ol AW fufoltt A (1DE BEH
i sl shtAle, agn FAEe 4 ol
HE o] Fol AojFARL &d FEx o] ¢
k.

3.6 eAHI(Y

U]B:_Q_] tﬂi}-?—"' lﬂ%ﬁ}'m’i %}_‘%‘:E B
ubEahis dgEe s shue AAW s o
&3 2ol JeRY 4= lrhe

F}'N
o
N
2,

)
‘o

F;= (p" u S+po"u S
+0 u S+p'u'S)]

SR Tedt gol

F/=(p"u' S+0 u S+po w §);(14
o sl A o] AA &g vlhgke] Jjolmi
fr’%lé‘lﬂr EE 3 #A g SIMPLE/fu?—] %
S &5o] FAAR WY For g 3t
o] thehiyoi L},

, n VO Z?’
(0" u" 8);==(p S)f( A )( 66;1 ),-'(15)
ol

(
%o ol wEe £44
y/

H o ¢

up At
A (149 §¥e] EAEe e ¢

599 £52 A% NAEAR drieey 1525

[+]

LY

A
o]

e, j
gest 2,

Fi=— (P"S),( /11/: )

AAR e AT sl 5

oX
=

. C * ,
j(_g%)f+( pplj );‘pj ’

(18)
of Aol $uel A WAl Yo GNP qus
d1, F WA g MR 48 A Hol
UFFe oAE/We 48 F Ak 4 (18)
S olAtgsty e A gaHAAE 2o o
£33 2ol ¢4, €%, 281 £x8 FHI

po = P + B, . (19)
_ old _do . 20
o= o+ (2} gp, . @

. . « ¥V .
U= u, v u, = wu, — A: Vi, (21)

A7l e ¥ oIAFE BE 02-04 A
TE ARg3h
A (19), (20), 2HE °] &3t 1=
Al 27|geg AbREo] SETWAA, oty s
34, AqUAFPAS BEH oyt

AEdue g & F AUk

37 A=

HA G AR B9, AR d24E FAHe
2 Yehd # gyl g&Eo A7 "esid.
olg]dt AXNAEF AFE TR FdHol Ax o
HEE Tl FFE vAER a8AQ ARTR
7b 2FHARY B AP A& iy
o= Ux7t dugFoA gy 2ol EAY
ARTZE FLPEID o] Ao ZYrg
TEAMN] glow Eg zZ+ At A 34
of AAEH F A A EE AFs
ez o EgHolth AujRAAe olusg
B3 7Y A FPE PEol 02 A9 wn

¢ Fargde] Aot WA 0 o] obd FRT
Adshs ez gy AHEEHE CSREA
(Compressed Sparse Row format)S AF&-3Fc}
38 A=A
dEF I99 FEo disiAE dETA

Dirichlet 2 A1 =73 Neumann AlZ 7S Z+7} A}
L35 en, BN nAAAZAL ALt
b=



FE(slip flow)ell Al el vz
1 & 98 LA Maxwell
g AU, o 2L Al
4% 22 (surface-gas
B 2ALE ol
FEQ AS- ot} o] HLE
2—o0,
oK
ojzlo A sFH AL giz WA VA E el
vl wEbA, dldd e vae v ¥E4&ET Kn
T, #de] PP HRAQRo ul, 2y, %
# 7] 9=(accommodation coefficient) g, <Js] AA
Ak, #@de HnAde &e] AT vIEelA
78 @% ASHAG ®F FAY d4LE 9
o oo #o] o|&VIH & HEsilth

UMt = (1-w) U;[d + o U™ . (23)
ol g, wiz 0.7~1.0& ARSI

7] &%k
& i},

molecular interactlon)oﬂ

Row, F& F5 A9

U, = (22)

o 7]l A

4, & 1}

il

Ao sleret H)FH A Navier-Stokes
A s zaade] JAegE AFsr] HE
FTEHE H%, 295

i RSP el=s
A

1A

¢

g
A
X

)
=

2
ol
tlo ¢
K]

e A

o dp o
o
Zo B 1‘4

b g 3
2
2
1=}

A o

=
i
)
®
o%
o
o

£ o

rlo

X ot L

Foowy ¢
o
o
0
o

R i

ol HT mo ¥2 b 2L fa Ha

|

1
=

'

e

ol
e
N = oox

4 @
2
N o
L
1o,
0
i)
an M
i
2R
|
o
N

o Ao

=3
ae
wn
i
e
o,
k)
(2
%
o
oot o
3
4_11
N
=
il o>
N

jutad

'r

fo
S
R
N
oft
}:o
r b
hu
£
S Hu
rJO Q o
2
=g
rfot
& g
[R5
-u[‘
o
1 oox oft
ol
Sk,

o of
2
1o

ad
Ly
sl
aQ
o
2

t}. Reynolds5~7} 1000
R LR
Alstgich o 7jellA ®Eel v
7% £EE ¥ Ghia -l xl a4
of Aasty Axprt 372570 oA A= z%:ds]

1
o%
Hr 2

ﬂﬁ
N
);L
..{
N
N

lﬂ
o

o
b

gt A9E B Fig 7S Axbert 3725
A dde] FHIHE EAG Aer Fre ¢
ol #g 227 FAHAHY FHE o|FE A&
B 5 9k geoR 640009 Huen WA
71 A3 AAE 0] 23l Reynolds5 7} 500098 7
Sol sl A ALE 33T Fig. 8ollA B
Quje} Zo] s PH 9 B4E FTHAse FAM

Hgel - o]

. Ug

~ 4

Iy

Fig. 5 Unstructured grid(590 elements)

- e——
r P
09F 7
E /:‘
08 B
o
07 7
‘w(
06
3 N;f
>05F ’
y”* -~ - - 590 elements
04 F " - 1717 elements
%‘ - 3725 elements
03 o — 6112 elements
S S ] Ghia et al
02 gz‘ [
0.1 x*-\ .
;‘Q
0 T | 1
025 T 025 05 075

Fig. 6 U-velocity profiles along the vertical line

through the geometric center (Re=1000)

10°

Fig. 7 Convergence History(3725 elements)

i
N
AN
= — =
E X - - P
E N
C ~
N
N
N
N
F N
N
AN
S
X
X
= A \\
E. - “ 1 1 A
100 200, 400
Iteration



o 9lg nPAAR FHT Y 1527

Computation(6400elements)
o] Ghiaetal

Fig. 8 U-velocity profiles along the vertical line

through the geometric center (Re=5000) .
Fig. 9 Streamlines in the 2-D T- shaped planar

branch (Re=400)

olAe) u £=AEE Ghia 779 #1389} v
shalen, 2 <l "]6}%— A7E dAq

AR FEEAL ARl o¥st Hof
dH 223 FETAZ oy Ardmd o)
i Yok T4 EA3H(T-shaped planar Evs:-
branch) &hute] )lF-¢F &, 1Eld, F RS N3
Hhgkel] Al o g2 Bxlyto] viglis Ao 2 8100 govsi-
Aol AbztAAs Akl AL £E A
gujel gAY £EAARAS FYou, & 3ol S e
A S =4S Pasgn. b oare A
WA Hayes 5000 frabasyol o@ A T ey
A Zapel wlaseivh Fig. 9% ReynoldsT 7t
4009 o] §ME wajel Ao HxjylolA] u} Fig. 10 Mass flow fraction at various Reynolds
g]7b dojdS ® 4 Utk Fig. 109 Reynolds< number range

)

of WE FHE oy fRES b 4o
1

Geon SEHAES fEA MAVL &
ARl WX (bump) HE Atz Mach+7} 165°
2EFE ool FAARG FReILh
wol o3z Wx Zolel 4%olth AR _
Marcum and Weatherill®"9] 2 zp A Wfoll 973} Fig. 11 Triangular grids(9906elements)
4 RS Faps 7|HE o] g8t Fig 11
s ol el AR Aganh 97l
Aol AARNLE MachT7h 1650 ARG
(free-stream) &t 7""G du BE E&HHS EH’BR
Dirichlet 72 A% waslgoh 74 &
D 5 A ade A0 geste
ateld ek Fig. 123 5 Machsd A=E e

Fig. 12 Mach contours of the supersonic flow over
a circular arc bump (M=1.65)



1528

———— Computation (Lower side)
Computation (Upper side)
Eideiman et al.{Lowar side)
Eidelman et al.(Upper side)

L &
§ | $oocoooood o g o
> 16f | © %o“ﬁm——cm—r,ﬁrcr
. : ‘0 sl
? 4 0
E ¢ 0°
I @,@o

Fig. 13 Mach number at upper and lower
boundary (M=1.65)

——-— Analytic sol.(Arkilic et al.)

AN — — — - DSMC(Piekos & Breuer)
X . Present

Fig. 14 Comparison of computed and analytic

pressure distributions

Table 2 Memory requirements and Amount of
flux calculation for three examples
Reduc
Cell-centered [Node-centered i
-tion
+ Cell based|{+ Edge based
(%)
Driven  |Mem| 4340 3824 11,9
Cavity
. Flux
(Mixed 1980 1030 48.0
. cal.
grids)
T-shaped {Mem 64800 66604 -2.8
Branch
Flux
(Quad. 32400 16500 49.1
. cal.
grids)
Flow  IMem| 79248 55608 29.8
over
Flux
a bump 29718 15019 49.5
.., cal
(Tri.grids)

Fol e F
BAE e o olAe Al FE
£ EAV EARE I A= A

Ny F599d dgdseE viAd 58
Agd AMY sEEA 59 A7) F(micro
device)ell Al B = Sl §& 529 FFL R
g = Quh B dpdME 22k mladE uy
o] ZAEY, T ALXHFFA sl FAALE
Fastodct. Ade ol 1.04 m, Hole 31.14
mold, Ad WEY HAE Aioltt AxE
18000709] 84 F 71 "@How GAA AztA
A2 TAE T &7 Knudsent7} 0.050] 1, ¢
T 79 gEuizl 24790 A$o] it
Maxwell P|7238 ZAAZAE F&3od AdE +
gslodch Fig. 14914 Y FA Mo R

2 DSMC7IE® zalm: Arkilic®'9 &M E 9}
vaatdch £ A7 £x34 23t DSMCY)
HEo sjddse] & o dAE, & ¢
s wAyst= e v HEA S FH3] &5
4 dth
2oz E dAFA AMdg 7ide rofgag
Aol EEAS UolHy] HEA, HelA A
5} Feo] 37kx] FAl A "
Ag 7ggas ¥ dAidzg dved
Table 29} Zoh A7jo) A v]HHZA=} & 7wt
Holl A g 2eole A F4 AETLRE AHL3
= AFAada B ATy 7ide dig] vl
% A 7193 ae
dod, T2 A
7E0.2 & 718 AtE
9l upe} Zo] EFAAE ALEF A WA A
FAAAE AFET A A dAe FS 7E 9
ol wla)] ANAFLE 47 11.9% 9 29.8% &<
F 9loen, AAZHARE ALEdte T oA dA 9
AgelE 719% 27t 28% F7Hsksich ole A
AARE AEE A FAEY Aert 849
Mert I ZF7i8l7] Wieolt. EYxo 4
Ao BAEE FAoE AAlste B 7)ol

o
v



71 wge] s Aul 7kF 44 &S B
Fuh weha, B AelA ey ¢RI Y
o =9E A FAWe] 1EY €] 2ol
AFAARTEE ol&3te 4 FHEES HE

5.4 B

E dFoAE A £x 999 §5& Y&
7] 93 &880 Ay A vAEAR 4
Z1et HHL Aotaln, 4w BE %, TE £4
U $% 28 ¥MI 9F UE 255 &
Zo tdl #AANS FHAUT. £, Maxwell
o3 AAZRAE F&sta vlndF Gl &
g5l nadfd Wy fF FAE A4
o A ARES B8 2 H 22 HES 48
-
%

Ak

1) 4% BY fF dekd gge 53
AR R NAAARS 0§l FA A
As gge 2ne duow ol At
ol dol BA @e EFAMIME B
A% 78 & AL HETh £ TY ¥
gel uetEg £5S AN A3 s1E
A4 Asteh 4o A3

il

O
i

Lo

g

¢

o
o,

B
o
1K
1o
MO
X,
=
nl
P
o
I
Jo
ot
o Mo
%‘4‘
it
o
4y 2 sz E
o AL 2R %

zgrfl
)

Aol stEA AA7HA A
& uodzd
3) AEfEo GE4 EHE TN F 9

S ERTETRES RN R E N
Rstel o8 viepdh el mAR4 S A

2 stk
@) A A2TEE o8¢ AR WS
welg devle syel Heshs slo] MyA
53|

of Wal slelgast AdFe el wo
EEHY PHAL nAFAL

il

(1) Jameson, A. and Mavriplis, D. J., 1986,
“Finite Volume Solution of the Two-Dimensional
Euler Equations on a Regular Triangular Mesh,”
AIAA Journal, Vol, 24, April, pp. 611~618.

£ £%9 A MAIAR FHNEHE 1529

(2) Anderson, W. K., 1994, “A Grid Generation
and Flow Solution Method for the Euler
Equations on Unstructured Grids,” J. Comput.
Phys., Vol. 110, pp. 23~38.

(3) Venkatakrishnan, V. and Mavriplis, D. J,
1993, “Implicit Solvers for  Unstructured
Meshes,” J. Comput. Phys., Vol. 105.

(4) Chorin, A. I, 1967, “A Numerical Method
for Solving Incompressible Viscous Flow
Problems,” J. Comput. Phys., Vol. 2, pp. 12~26.
(5) Rogers, S. E., 1989, “Numerical Solution of
the Incompressible Navier-Stokes Equations,”
PhD Thesis, Stanford Univ.

(6) Kwak, D. and Chakravarthy, S. R., 1986, “A
Three-Dimensional Imcompressible Navier-
Stokes Flow Solver Using Primitive Variables,”
AIAA Journal, Vol. 24, pp. 390~396.

(7) Lee, D., 1996, “Local Preconditioning of the
Fuler and Navier-Stokes Equations,” PhD
Thesis, Univ. of Michigan.

(8) Turkel, E., 1987, “Preconditioned Methods
for Solving the Incompressible and Low Speed
Compressible Equations,” J. Comput. Phys., Vol.
72.

(9) Patankar, S. V. and Spalding, D. B., 1972,
“A  Calculation Procedure for Heat, Mass and
Momentum  Transfer in  Three-dimensional
Parabolic Flows,” Int. J Heat Mass Transfer,
Vol. 15, pp. 1787~1806.

(10) Van Doormal, J. P. and Raithby, G. D,
1984, “Enhancements of the SIMPLE Method
for Predicting Incompressible Fluid Flows,”
Numer. Heat Transfer, Vol.7, pp. 147~163.

(11) Issa, R. I, 1986, “Solution of the Implicitly
Discretised Fluid Flow Equations by Operator
Splitting,” J.  Comput. Phys., Vol. 62, pp.
40~65.

(12) Prakash, C. and Patankar, S. V., 1985, “A
Control Volume-based Finite Element Method
for Solving the Navier-Stokes Equations using
Equal-order ~ Velocity-Pressure  Interpolation,”
Numer. Heat Transfer, Part B, Vol. 8, pp.
259~280.

(13) Davidson, L., 1996, “A Pressure Correction



1530 Hyol -

Method for Unstructured Meshes with Arbitrary
Control Volumes,” Int. J Numer. Meth. Fluids,
Vol. 22, pp. 265~281.

(14) Karki and Patankar, 1989, “Pressure Based
Calculation Procedure for Viscous Flows at All
Speeds in  Arbitrary Configurations,” Al4A4
Jouwrnal, Vol. 27, No. 9, pp. 1167~1174.

(15) Demirdzic, 1., Lilek, Z., and Peric, M,
1993, “A Collocated Finite Volume Method for
Predicting Flows at All Speeds,” Int. J. Numer.
Meth. Fluids, Vol. 16, pp. 1029~1050.

(16) Rincon, J. and Elder, R., 1997, “A
High-Resolution  Pressure-based Method  for
Compressible Flows,” Comput. Fluids, Vol. 26,
No. 3, pp. 217~231.

(17) Lien, F. S, 2000, "A pressure-based
unstructured grid method for all-speed flows."
Int. J. Numer. Meth. Fluids, Vol. 33, pp.
355~374.

(18) Ashford, G. A., 1996, “An Unstructured
Grid  Generation and  Adaptive  Solution
Technique for High-Reynolds-Number
Compressible Flows,” PhD Thesis, Univ. of
Michigan.

(19) Anderson, W. K., and Bonhaus, D. L,
1994, “An TImplicit Upwind Algorithm for
Computing Turbulent Flows on Unstructured
Grids,” Computers Fluids, Vol. 23, No. 1, pp.
[~21.

(20) Rhie, C. M. and Chow, W. L., 1983, “A
Numerical Study of the Turbulent Flow Past an
Isolated Airfoil with Trailing Edge Separation,”
AIAA Journal, Vol. 21, pp. 1525~1532.

(21) Muzaferija, S., 1994, *“Adaptive Finite
Volume Method for Flow Prediction using
Unstructured Meshes and Multigrid Approach,”
PhD Thesis, Univ. of London.

(22) Myong, R. S., 2000, “Analysis of Rarefied
and MEMS Gas Flows Using
Thermodynamically Consistent  Nonequilibrium
Hydrodynamic Models,” KSAS Journal, Vol. 28,
No. 4, pp. 35~47.

(23) Piekos, E. S. and Breuer, K. S., 1996,
“Numerical  Modeling of  Micromechanical

o] . A4

Devices Using the Direct Simulation Monte
Carlo Method,” J. of Fluids Engineering, Vol.
118, pp. 464~469.

(24) Beskok, A., Kamiadakis, G. E. and
Trimmer, Ww., 1996, “Rarefaction and
Compressibility Effects in Gas Microflows,” J.
of Fluids Engineering, Vol. 118, pp. 448-456.
(25) Arkilic, E. B., 1997, “Measurement of the
Mass  Flow and  Tangential  Momentum
Accommodation Coefficient in Silicon
Micromachined Channels,” Ph.D. Dissertation,
MIT, Cambridge.

(26) Choi, H., Lee, D., and Maeng, J., 2002,
“Numerical Analysis of Microchannel Flows
Using Langmuir Slip Model,” KSME Journal B,
Vol. 26, No. 4, pp. 587~593.

(27) Golub, G. H., and Van Loan, C. F., 1996,
Matrix  Computations, The Johns Hopkins
University Press.

(28) Saad, Y., 1996, Iterative Methods for Sparse
Linear Systems, PWS Publishing Company.

(29) Ghia, U., Ghia, K. N., and Shin, C. T,
1982, *“High-Re Solutions for Incompressible
Flow Using the Navier-Stokes Equations and a
Multigrid method,” J. Comput. Phys., Vol. 48,
pp. 387-411.

(30) Hayes, R. E, Nandakumar, K., and
Nasr-el-din, H., 1989, “Steady Laminar Flow in
a 90 Degree Planar Branch,” Comput. Fluids,
Vol. 17, No. 4, pp. 537~553.

(31) Marcum, D. L. and Weatherill, N. P., 1995,
“Unstructured Grid Generation Using Iterative
Point Insertion and Local Reconnection,” A4I44
Journal, Vol. 33, No. 9, pp. 1619~1625.

(32) Maeng, J,, Han, S., and Choi, H., 2001,
“Extension of Improvement
Procedures for Triangular Meshes,” KSME
Journal B, Vol. 25, No. 6, pp. 853~859.

(33) Eidelman, S., Colella, P., and Shreeve, R.
P., 1984, “Application of the Godunov method
and its second-order extension to cascade flow
modelling,” AIAA Journal, Vol. 22, pp. 1609~
1615.

Topological



