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Numerical Analysis of Turbulent Flow Developing in a Sinuous Duct
of Square Cross Section

Hitoshi SUGIYAMA, Mitsunobu AKIYAMA and Yasutaka MURAKAMI

The present study has carried out numerical analysis for turbulent flow developing in a sinuous
duct with a square sectioned at Reynolds number of 4 X10*. The sinuous duct was formed from three
180 degree bends with 80 mm hydraulic diameter and 160 mm mean radius of curvature. Straight
ducts of 80 and 30 hydraulic diameter long are attached to the inlet and outlet planes of the sinuous
duct, respectively. In calculation, an algebraic Reynolds stress model was adopted in order to predict
anisotropic turbulence precisely, and boundary-fitted coordinate system was introduced as the
method of coordinate transformation. Calculated results were compared with the experimental data
measured by hot-wire velocimeter. As a result of the comparison, it was found that the present
method was able to reproduce the main features of streamwise mean-velocity and secondary flow
although the agreement was certainly not perfect in all detail. As a great discrepancy, it is pointed
out that the calculated intensity of the secondary flow near 90 degree of second and third bend shows
greater value than the experimental data. Moreover, the pressure-driven, Reynolds stress-driven
and centrifugal forces which generates the secondary flow, are evaluated quantitatively by using

momentum transport equation. It is clarifyed that Reynolds stress-driven force also plays an
important role near 90 degree of second and third sinuous duct.

Key Words: Numerical Analysis, Secondary Flow, Turbulent Flow, Sinuous Duct, Reynolds Stress
Model, Boundary-Fitted Coordinate System
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Fig.4 Comparison of streamwise mean-velocity at Xi-X: plane

L L L
Exp. by Sudou et al.
(-6)(tn)  Xy/Dy
‘ + 10 00
a 05 0.5
| o 0.0 , 0.0

ll’|l|||l|||l|

' FFFHF
- " |

0 \"‘Aé-AAéa
\\{ 2244 a

Cy=2(P—P,o)/pU}
(=]
(9.3

=]

-0.5 - \\ o ag uunnﬂnng" -

1k | S

L | ] 1

-15[ Prediction ‘\ Vv T

B I (1)t 1) X;/D.. "\ / hY " had | 7

r 1.0 00 g v i 1

2 e 05 -0.5 ' | —
L ———— 00 00

1 l | T S | 111 1 ! l | N T . | | ) | _1

-2 0 180°/0° 180°/0° 180°/0° 5

4l V2 Y3 X,/D,

Fig.5 Comparison of distributions of wall static
pressure

PHEBELIERSZRZAET, $IRT, REIRL
T@ﬁwf?én%
—_ D/Z D/2X3U1 --------
S=sirh | dXzdXs (3)

D2

Dj2 D2 5 2
L=—pir [ [ (U UDdXadXowr(4)

M7 XL CERORD BRFCTFHET S
DEXFL, K8 & D RFEIEEIZE 2, 38D
BRTHEZRIZERESZKES LRIV ELR S,

42 ZHRRNERHDFE ZXKELEBEHIS
ELVERSNIELIB XN L, SLLWOFESLHE
IVERESNZE 2B RFh & HEENS, 5L
BOMSYERIZI S L 2 BEO RN IHET

A LRTENETH Y, Lo T Y BB TR,
ERZSE X 30, L7, BLUEEAEIELR
FBIOMEERA I D ZRENIZERENE D EE
Wansd, Lyrl, 23 LE3BEOHEE2EEN
WRLIEREFNI W, 2 2T, BE AR OEE HRE
REACTHELA [R(5)], EHZO5WE D &R
naf [(6)], FEAEEAREIVEK SIS [
(7)] 27 VEE L TREAFEICTERL, &
HOFEEBEE L, EEFUHIARIVERSINEH
ZEB TR OHBIHICHESE L TWw3, X7 VK
BUTERTEER2RY MVFRR LU, 72 OBEE X
U,, ENZ pU T, BER D XTEXRTTILL, &
BEMI(a), (bR,

[Fr,cenz_Ua, 0] .............................. (5)
__1 9P _19Py .

[F‘r,pre— p ar Fz,pre p aZ] (6)
[F _ du? 1 durus  Ourus ui—ud
7 tur or v 06 oZ r

F —_ auruz _l 3ueuz _ 87/{72 _ Mruz]

£ tar, or v 00 oz P

............ (7)

F1IHIVE ¢=30° CRELHEEH IO X

LNREZEBEORE I THELAALHETHS Z
EVEETE S, —7, FEEFEARC L 23 £
ZOMETR/NE Y, =90 CES LEHIZ I
EBHH, BICABAITRE CELLTWwS 2 L5

— 63 —

NII-Electronic Library Service



1348 BOE LS D EERAN O VI E SR

Exp. by Sudou et al.

=90° =180°
§0'5 == §°5 :tki §°'5/r~~"~~—~'~”—-‘Wvl~—"
A IR W N LTt s
At ; = ENENENENENNY : [ s ot £ 27
> {?\/‘:’\ '\ ’\ ’\/\’ - s \\ [NV \\\‘} = \\N——/j//_-_w-wnl/
Nt B | (/AR R e o e ettt
0.25 \“1:::\\:\\_,,//// 025 V- P NN NN EE I
VAN N e e \,//,A/-//////// Hn
N e o 7 s S L S V22N
AR R e e e £ SIHY .
) e T T S A § 5 PI T § 5
Ll oo emvstont t= S b ST [ 5
.;;//:L ,,,,, CITTITIITNNL //—a-——m»*\\\:::::\‘(::
Attt NN SN
-025 %??575?,:5, NNNNNNNNNNN -0.25 h
_05 : ~05 . (e ey
0 0.25 0.5 0.75. i 0 0.25 0.5 0.75. I 0 025 0.5 0.75 1
Prediction 0.5Up —>  (=1)/re-17) 0.5U0p ——=  (-Ti)(56-T) 05Uy ——  (r-5)(1-r3)
05 y,=30° 0.5 y,=90° <05 y,=180°
. = R P o Y P TR HITEEEER S SN
g - IR §§\§\\R\\\k\ S NE ~;“7’/f,///;//’,.§;{é::-‘+t‘:m, s [ SEEEPPP P ECEErr ,,;’}
Cuv e VUV Y R \\\\W\’*—///
Vv et VW ,,////‘///V,,_.\\\\\\\\\\_/ N s e
025 IR EEERRIE 0.25 | S R R R 0.25 P e 4
: I A AR S I AN I NN NN e e
IR i1/ R e
V2V 2 B BN B RS U SR AN - R, I S
[~ P R S SN S AN [ e e | [ e e e s e e e A
3] 133 o - < L
I S R I R §
g’ ST g &° = —8 &° TE
e o
b RN Al
Lo SN\ - .\\,w;‘z;\t;%::
-0.25 20 -0.25 PSR : ) 7/ AT ———se St
i Ny AN RARINPDRPARSN- 2
z2z A PR S
zzZz a1
-0.5 - B . - ~0.5 = T T e T Ty PR IR R TRT T
0.5 0.75 i i 0 0.25 0.5 0.75 I
0.5Up ~——a  (1=1)/(fo-1}) 0.5Up ——=  (=1)/(5e-13) 0.5Up —=  (r=1i}/{ro-1)
=90°
05— <05 ‘ i Escauth
§ 4777 5= g PSRRI
v, 77 === Nt (-2zzzz MR
e, \\_,«///,«’,-,._.__-M_._.,/ Pl
. \\J P S
0.25 ~ 0.25 .\‘///////’/___.‘,‘__4,.,.,~
- N
, B i A A
o S S
b e Ser
5] i 8 D e
oOpb———— e — i 3 g0p—-———— =
2 ST Al B 8
R 2 iy
R K/////// —
D 1/, -
~0.25 025 N
\\\\\\\ [&(\
~0.5 SEEEEEES —0.55=5 = " : =
0 0.25 0.5 0.75 { 0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 I
05Uy —=  (T=r/(ro-1) 0.5Uy —=  (—0)/(1g~13) 0.5Up ——>  (-1)/{re=13)

Fig.6 Comparison of secondary flow

No T T T LI L T T TT I T rvrr1r 1 rrrrri
< sl | | I o Exp. by Sudou et al. |
|é2 eé | | | — IPrediction
3 X, !
of | | l | ]
| | | |
o I | | } 1
| oL | ! i
‘ o Exp. by Sudou et al. |
— Prediction
T | | I | :
1 § I T 11 1 1 1 1 1 1 (1 ) N I SN TS T VR A T 0 |- L1119
-2 180°/0° 180°/0° 180°/0° 5 10 -2 0 180°/0° 180°/0° 180°/0° 5 10
L4 Y2 V3 X\/Dy LY Y2 Vs X/Dy,
Fig.7 Comparison of deviation for streamwise mean- Fig.8 Comparison of averaged intensity for secondary
velocity from the duct center flow over the cross section

— 64 —

NII-Electronic Library

Service



BOE L dh 25 D BN O 3 5 R T

0 0.25 0.5 0.75 !
25pUt > (=TT 1)
y,=90° Quter Inner y=90°

N T T - e s
: = ~05 Eabdy TS S S S SSSSSSSSS
0.5 0.75 1 o 0.25 0.5 0.75 1
250U — > (T-T)ioT) 2.5pUf > (=1(10=T)
Olnner W=180° Outer y=180° Quter
s T
-0.25 _.___~......E
0.5 Li=======57 o ) R
0 0.25 0.5 0.75 1 0.5 0.75 1
25pUf o (-E(1o=T) 25pUf e (=TT 1)
(F’I‘,CGTH 0) (F’V',I)TSY Fz,pre)

(a)

Distributions of first bend

CHIIRRRRE

0.5

25pUt—»  (—0)(o~1) 2.5pUf e (r-T(T0-1i)
Outer r=90° Inner Yy=90° Inner
T T T s e
TR TTSRIST T 7 v T m =
z B
e — s = ot
T = LS e gt
95,75 00 L LT
/27/; 2 2:_:::::::
i
772%% 4
0.25 0.5 0.75 1 0.5 0.75 1

25pUf s (-T(T-1)

fnner

2.5pUp > ()11
0 Outer ,=180° Inner Outer yo=180°
gl
-0.253
e R

5 0.75

(Fr,cen: 0)

. 1 o
25pU8——m (11013

0.25 0.5 0.75 1
2.50Uf s (t=1)(10—13)

(Fr,pre> Fz,pre)

(b)

Distributions of second bend

1349

Y =30°
0.5 0.75 1
2.5pUt s (=T (rT)

70 0.25 0.5
2.5pUE ——=n

0.75 {
(r=n)/(ro-13)

Outer

NETHEGEREET Ry

o 025

Quter
0

e 025

0.75 1
(r~i)ro-13)

0.5

2.5pUf ——>
(Fr,tury Fz,tur)

0.75 1
> (r=0)/(re-i)

Inner

2.5pUb s (=1){To=i)

0.5
2.5pUf — >

(F'r,tury Fz,tur)

0.75 1
(r=1;)/(ro-13)

Fig.9 Calculated results of centrifugal, pressure-driven and Reynolds stress-driven forces
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BAMCHRN, sFETCRABZE 20— 27 EE R
. X HWE2 I A NEEIC IRV NS
BOERENn5,

(4) FHEEIFE1MBVEDORENE RIFICFH
TONE2 SHBDED_RFENOEL2KE L RE
b5, Fl, ZOHHOEETER D, 72121, W
OF D IF2EE THENRFICFEL Tw3,

(5) ZRFENEZXET 273850 OEICLD
RELS B VEHBDEHD (¢, be, $s=180°) TiX
BONBTEETH S Z &, 90° (T3 FESE ML
ML Ny EHETERWI ERBHSHICLT,

RIEW 2 BITT 512472 0 FIUERAY B REGA
B H» S IIEBERBE R WP wi, ZZREBLTE
RO#HBEERT.
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