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Abstract

A numerical simulation is performed for developing turbulent flow in a strongly curved 180 deg pipe
and its downstream tangent by a new solution code(PowerCFD) which adopts an unstructured
cell-centered method. The goveming equations are discretized as the full elliptic form of the equations
of motion. Three typical two-equation turbulence models of low-Reynolds-number form are used to

approximate the turbulent stress field.

Solutions for both streamwise and circumferential velocity

components are compared with the experimental data by Azzola et al.(1986). The k—w model by
Wilcox(1988) is found to give better prediction performance than the other two. Predicted secondary
velocities and streamwise velocity component contours at sequential longitudinal stations are also
presented in order to enable a detailed description of the complete flow. It is also found that, in the
bend both mean streamwise and secondary velocities never achieve a fully-developed state and the code
is capable of producing very well the complex nature of steady flow in a strongly curved pipe.
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Fig. 1 Schematic diagram in a circular pipe of
180 deg bend
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Fig. 2 Computational mesh for cross-section in
a circular pipe of 180 deg bend

S

8-El9) & (semi-elliptic) o144}
ot ey dekd e AR
s$EA77T AdiAE g4

JES S D ERTRE

i1
wh o
2Ly o g oF
oo it ot do uE
et olt 2
1)
fo
N

Moo 62 E R R
A
i

LY
)
o
o
If
N
al
%

vAgdd A Fa4l Y (unstructured
cell-centered method)2 XA Qe 349 H

3 M 2= (PowerCFD) 78 3 g-8le] S8y
(E: 22)9 A4 9

2 7o)

—t

=
EA=e=]

PowerCED
F9 AAA
Egsto] FRF el
T fEFY e dis)
Moz FH3 F2 93 ddg HHe
T Ao BEEFTHANS ofsfstnat gt
g qEAd A A Adols=+y 2-%1A
dREdE Fg3sto] dojz

FARd BawEXNFozHy
axp gt

Mooz ob L o
o oh otz T
T 2 % o

= AN O A D A

o8
N
—_

B dfda didez st
alPo] 4¥% 48 vdg z
W IERELE, Fig. 19 o]

Azzola et
e

L

A

o
o o



968

7] A8 ARSsk v1stetA g4, ARAY J|BE
Yeldich E dFo M FX84S 98 Azzola
et al?e] A3} gol] #e) A Do} HF FH
FHYg £ UFE VIELR AYd HolgRS
(Reynolds number)T 57,4000)™, & %9 ¥
7 FENE RS 33750 BHEAEA Wt
A3t

FAHol e 13 wg” fEo] 2B
T FUHEF 57 Hgte] 1800 SEF 4T
ddo] It ABRY Yol2 30D B,
ET7999 sigsts AdR Aol= D= FHY
o Ang, o] §F Aoy AAANZE ZFo]7] ¢
3 d¥gzARGE ta Zou oy AU &
FelE ddle Ad dFL vAA gL F
AU =3 KB dARANAT, B dAFp
AN AL&g FXA o] Azle] vlth A
TR A dAS5E TS dFE7] Yot
2 AFoME Fig. 291 Yehd viel Zo] 93
AA gdHo dsle &ldsrgich

2 AFdAas ¢FE2L HME 9 dEF
9l 2.wbx A JR WA [annder-Sharma'Ve) k—e
g0}l LS Model), Wilcox"”9] k—w
(Wilcox Model) 2 Menter™2] Shear Stress
Transport = (SST Model)S A &3l o, o]
FEIDEL 25 Adolez24y dirELo|th
Fig. 2 2 345 Ha) 2183 Az FH
BoFa k. WA Y7o dPvdds F
AZrg T ARy e EFAAE A
FAEL g FHEdo TFFAHE

—

Q
H

)

=5} FE 3,

79}

o
18
2
)
[ru
&
i
2L
2}
AL
o
)
i)

U4 2
ARG 2gHo B Q7S
3l AleE AzSE ZEE Ao] 92,8207, &
) Aol 109,200/ F 202,02070lt}. EF
Ao A AlEE dREDE0| AolyRsy
dFEdolnz #Hdel A WA A7tz g
F 2a9 dol(yhHE 1 olelrt xS 319

P!

BN oot R 2 N rfe
i
N

=z

o g
fr &

oy
o iz

AFNA TPeR B FEU
%59 5

An

=
1.5
1.5
1.5
1.5
1.5 =4
S [etnagaemeres O U x
215 =
SR S =)
1.5 \ =
15|
1.5
10 Prrererestm o
|} ——— Wilcox Model
----- SST Model
[" = LS Model
T ¢ Azzolaetal
0.0 02 04 06 0810 00 02 04 06 081.(C
2t/D 2t/D
(@) (®
Fig. 3 Comparisons of (a) streamwise mean
velocity and (b) circumferential mean
velocity components at sequential

longitudinal stations in a 180 deg curved
pipe with straight tangents

WA Awwe Adgdoz AN FAAR
AHgsHE ol o BAHL £E g ey
BHY FRHEF A4S AdAE 49 W A

e

A QAL Udoz dol st= A Yol
HQdH, o] A% LA 948 I WY 3
A8 BAFE B ANAoR SolRe XF)

Jde UHOE FANE Hojde TR
%1, Aol ATAAE A 92 + A

B AFoA At Alg" AupgAAe £3)
Y38 Navier-Stokes W34 = WFzd Wy
olty. o} AEE F7] Yd E dAFdAM= oA
L ol akshiyel szsln wigd A FAY
He Hag 339 FE5siAA 258 PowerCFD 3

=098 AHgSHich Fane 3sd Abgd F3X8)
Ay %23k #8e dg d5dERtE 3
RERWDA A slgHe gon, A2 3O
< 4% dRE Zhe 900 F & FT FHAT
s o] n=F HBste] IE(EE FAMAY
el e R FEYE Sdstgi =W, OF



£ BHstdA diAH A F3
H FHeud 4 d3we &
TR al?e APAF uwshod
vehd RAolth winE 8 deEld FHE59d
= AR dHllME z/D= 2,1, 3 ¥ 59}
A E g= 3°, 45°, 90°, 135°, 177°°|t}.
2 dFoA HEs A Jbx] dREde $3
d= AFHE Fig. 3()oAH BE ute} o] FHy
A FF5Fd 2x FHeUEg 5o iy A

4 0% 2F AT 2 Geni A % F

=1

&) Ag Awrg (o= 3008 907l FH
THY SEREE FfiEY THIAL £E2
dojrzi=dl Wl HY 2w §¥2 JMEHI
oo, 00°¢ AuAME A WEs g FAe
2 Adstn gioh. a2 ey olatshgyol

7128 Azzola et al"9) FAAZE HAFE 9= 90°

oA FabdlAe] FHERE $E7} A Bas)
= AAEe 49ERE AU A¥sn 2ot
slovy, A QY ool slzstn ¥A
Y4 FANEe A9 B A8 wEe o

S, Fig. 3b)ellA Ee nieh Zo] dFwa
25o gEME FPPozE AFPA AL
My 2 Adsn Qo &, 0= 30lA FEo
FFoR olafFol %‘ﬂ Ao AR 47 ¢
ZogRY YEog TEY F&T W3 £57)
W Bd A BdEts 3T (oA

H43 desido, 9= 45°
72 gAAGeE vEFFE A sy A
FHE 7EAH 0= 4504 (V/ U ~03°1 2
o EF 9= 45°%E 1350 AfojolA vV &£EE
r/(D/2)<0.5%) A FAFAM & FF(cross-
stream flow)2 =32 oA F BMH 448 7
g, 43 W5 gste], Az
Hoz W& whA Zow 3
=9 FGHR{F =] /\]-o]oﬂ/q
23A He v 503 FEEEe

NG ER

969

contours  at

Fig. 4 Pressure
(predicted by Wilcox model)

symmetric  plane

sHF< 6= 135°% /D=5 AtololA &9 e
5 99E A ARpAAR, 2 SAd dF
& AsHE V SEEX0 o} ok o9

R =

ot 2

Lol ¥ 543 ARt AFPF S50 IB
Fird EgW WA AgAes dege

Azzola et al”9) AAAHAE & Yetuxn ¢
Qe AHozE AgAnE T A B

Wel d=A3 AoldE T Folg U
gtk =, Ls 2Ee 2R3 2 279 A
Qe e 5 2o vuls) oS4%o] AuHo

2 71 gojxlm g} b, SST-Rde Ias

g Awrg oo s, Wicox EE2 IR

Ful dutadyg 9 Erod g disjA %EH& =
A

I Fig. 69l= 5%
utel o FdhdelA e ojakfE HE o

F TEAEE 44 Y. B4 Fig
AR F5 %ol
Fo) 2@d BolNw
Aol Fuago o)
5} 0]

[¢] A~
I1UEFe ¢ F

Nt do x® U M e
L)
2
L
s
&3
'S
W
2
rr
JH
29
8
i)
do
_).]L
o
R
o
g ot N o

Ho
of
ok

2 8 E
ol
z2

N )
03 (X oft
[0 i _]]
i
. g
l‘ﬂ

_{Orﬁﬂ
Je o>
f

o N
)
X,
JH
g
ot _\E

2
o 1

b4



970

ol

Fig. 5 Streamwise velocity vector plot at sequential
longitudinal stations(9=3°, 22.5°, 45° 67.5°,
90°, 112.5°, 135°, 157.5°, 177°) and
symmetric plane(predicted by Wilcox model)
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