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Numerical Analysis of Developing Turbulent Flow in a U-bend of
Strong Curvature with Rib-Roughened Walls

Hitoshi SUGIYAMA and Chiriki WATANABE

Numerical analysis has been performed for three-dimensional developing turbulent flow in the U-bend of strong cur-
vature with rib-roughened walls by using an algebraic Reynolds stress model. In this calculation, the algebraic Reynolds
stress model is adopted in order to predict preciously Reynolds stresses and boundary fitted-coordinate system is in-
troduced as the method for coordinate transformation to set exactly boundary conditions along complicated shape in rib-
roughed walls. Calculated results of mean velocity and Reynolds stresses are compared with the experimental data in
order to examine the validity of the presented numerical method and the algebraic Reynolds stress model. It has been
pointed out as a characteristic feature from the experimental result that the maximum velocity appears near the inner wall
of curved duct, which phenomenon is not recognized in mild curved duct. The present method could predict such velocity
profiles correctly and reproduce the separated flow generated near the outlet cross section of curved duct. Adding to this,
calculated results show clearly that the generation of maximum velocity near a inner wall is caused by pressure driven
secondary flow which moves to inner wall from outer wall along symmetrical axis. As for the comparison of Reynolds
stresses, the present turbulent model relatively predicts the experimental data well except for the flow separated region
which is located near the outlet cross section of curved duct.

KEYWORDS: numerical analysis, turbulent flow, secondary flow, three dimensional flow, separation,

roughened wall, algebraic Reynolds stress model

I. %%

BEFFEBIEEVRERIC X VBEI N EAEEY
THY, FEMAFREFF G, X 0E#ELEBBRT
BRI NBHAEYNH 5, FiC, FRTAPCEIHTAZ—
YVOERLEZLN TS, O LT AT VEN
IZERT HNLAHTR L EREREROREN—DOTH
D, HmEELAL, POoSBMmBSVERICL VBRI
%, Z—UVEOKBEMBEL, TAZ—VYVHeE, o
EYHGICEBENCHESLSRT TS, &< OWELE
HEXNTWBLY, —BIZX -V VBBEOBHFEDL &
sk 7 — Y VBEEMICK ZHTERAE, F—CYUE
PICER T &N 7= IR P C OB E L iIc 5B h
B, BEOBE, TOHNMEBEBIRITI80" 2T i 4
ST RBHRERL, o, FEREZENTHEKRDL
5, BN TRBRESIT A LIk VBRI S e

]l

-

FEHEAFAFRETIFHER T XVF -RERFHER (Energy
and Environ. Sci., Graduate School of Eng., Utsunomiya Univ.)
2 Byih—AL - TVYE 547 Y a—¥ 3 v (Hitachi
Home & Life Solutions, Inc.)

(20024 8 A218 <8 ;20024 105118 HHFER)
g - Tel. & Fax. 028-689-6031,
E-mail: sugiyama@cc.utsunomiya-u.ac.jp

AAFREFHSSHLEE, Vol. 2, No. 1 (2003)

(24)

BRIT LN B, T LR TIE, EEEFERR,
TR XY V/REEIC L5 YA YN, BOAOHET
BERLEWVICEE L RNIIEECEL TS, T, %<
DEFE, IO LHRABRINSHENDT, EIETHro%
EHROECEIMBTEALZ LeER TS L, ZOKKIR
SHICEE TS, Lich-C, HEHEAEL, »o28
ITEI D BT AERAOTNG, BEELRICREINS
BNO—>2TL B 5,
COLHEEY R T HMBENRE LEROSS
3, BESEHRLELBMZ L FESMEE OHERER
ZRLTWS, #lz2iE, Ekkad 533 4 BEOEREHMRY
HBCRRESEH, BEART ONCHEELEDOX Y
WHESHEREL TWA, —F, EESHICEAL T Hsieh
LT, EERT 50 A D ERANTHEN SR,
L —Y—FEiE AW, EESIC BT A5 iENERE
OIELRET AR R AH|E L T\ 5, Hsieh H9HBIBHEY
WHRELOIHL, lacovides 53, MHEBEYH TS
g3 DR A RIZ, U A IV RIS S S-EL s Rk
REBERBLEREODLHEICOWT, V—Y—f#st
=RV HERFEIC#E L T 5, X 5iC Tacovides b
3, HEEAYEHT SV TOBREBELE 2 - B& 0L
BRLIMEL T3, 29 LAEET 5E5HRBAOILN
BHETIERICAIET A LRER TR, COBEOEK



U7 & HEEE R E T A E M 180° thAs 0 E B HITh O 3 RITALITARHT 25

HHERESME SN DIBETH 5,

BEFHTICBAL T, WL OhDOBBENBEINT
w5, HAHEERET H2R M D EBRAOT N 2RI,
Tacovides-Raisee” {3, RES b & HEEERN L 2 HERKXEL
WEFN, VA VRIS HEEGRAT TV % BTN
LT3, BEDETFMCHL UMEL A )V AHBE K
EFIVEBERL, TOBMEBEEHREL TW5, Jang ¥
i, HEEEZBR TS TBHEACKH L0 RV BED
RIS, lacovides b » R, BEHBLEHL 4
JIWVAIHEEFBRITELY [/ VAERETRE T L % H
ALBHET > T 5%, ARHICHER EO X)L Mo
BERBE L HEL T35, UTHERRE, £ 0B,
EMMETH 55, Lin 693, EMFEOI TEAR %
BETERY L2 72RRI, o2 FERXTEF VAR
WXV MBS ETL T 5,

LEDXDic, HERELYE T HHlMA 0 EHRATNICET
LWL, EB, BEMN & L ICHENS  OBRBHE
ah, 2O BREBICEST BT THLOICRL, V
A/ VARTIHTE TER EFMIC B L TV AL, &
BERB DN LB VL VOBERTH S, £
T, APE T, RaEEE S hic lacovides 59 DEEB%

HRIC, VA VAR EEHTRAORG, BB Z K
RALL - REUSHEF NV BOWBERBT 217D, BITRER
BERMELEL, TOBEHABRRAEAL»ICT S LRE
I, FORBEBIC W THLZMRE#BL Ly ML
¥ %, lacovides 553, [T % HREHOILMETRAFER
DRLTWABY, AFETCHE, FI1EEELTHEHLELL
VR % BT EBR(E & D& FEIC TV, BT IVOFHE
FHHOPICT B,
II. i #7 F &

1. HEXIREER

B5t g & L7z Tacovides HY DEREBEHIEE, &b
I ETEEE S % Fig. 11277, lacovides Hid, fFENR
fhickzE, b—¥—- Fy/S5—FEetxAY Ol
BEAH T AAHTEEANOILRIT B AT - 7. BRIT 1L
£ & D50 mm QOEAHMEMREH T 5 EHRER &l
BOERLLOERINTWS, ML, ERETROL
HEEEIC, 1R EM5mm OESHEEY 7% 931, 50
mm R CRAERY|T 5 LIk DR IS, Lichs
T, V7HEBINAHEOLRIT 8D Lixs, #HBHE
i, BHEERE R=0.65D OZIR7L180°#23 V MLl THEBL

=180°

‘ i
{ v L

X3

Fig. 1 Schematic diagram of experimental apparatus and definition of coordinate system

BAEFTHFLSFGEHE, Vol. 2, No. 1 (2003)



26

IND, EEES 2 58810, OB Y ER 840 mm
DEERME EICRE | £Ev RIS 5,

BRI, Fig. 1IGRT L5, EERICBVWCHEL
BEESR%E, A0 EREIC W T PAREER  Faric
MWz, BREERCRERFR L Xy, HEEICH L%
EAR%Z X, WIHE%E X; & Uiz, BERAE, #is
DEBRATNCHEYS Y2 0=0"WiEDONBERIRLE & L,

2. L4 /LS HEEFRR

WNBOFEFUEBRLELV A/ VAR ERICT

W BFHRED, BB TUI VA VAR XS
BAeM I eeE2 L, VA /IVAIRTEHBERDK
BRI, LTFoXyicmahs,

Duitg_ (=m0, o 3U b (0w 3w
Dt Trax, Tt ex,) p \aX; aX;
3 oum; P
Tax, {uiujuk_ v 67;:4-7 (Gjputi+ 5ikuj)}
au{ 8uj
—9, %% 0% 1
Y aX, 0%, (D

ERAEENCELS CLRTTETHD, fAorOET
WEBRBELIES, BEFTREYETT5 L TCEELRLE
WOR A, HAOFLEE IS L Tid, Rodi™F L% M
WTETILETT -7, COEMUE DIEFRERL, %S
AHPOREIB BB INDZ Licky, HEEROEK
BICHFET 5. I, B HRRCCERIT oh/ R
BEOWEKEEIBENLERALS S LV OMEENET S
DLHFEETHH, VA /WAL TEEFRRNOES - OF
AHEBEDOETIWVAL LHE L e 55, EARNC Launder-
Reece-Rodi!VEF)L & MV, 4 &HEBEF VIV OHI &4
CHBEMAEREL TS VERW, EFVERICH
LTid, BE#ieAMSIEh, BEmIshncEH L e
BREZT-7, COEDEFIVL, ZOCIKERRICEL
TR TERL 72,

3. MABEERR
BHURAB SR LT H5E, BIRICH > TRAKHE
ERETHIELBUNBEL LD, KENICEVWTRIERER

R o (B, B

EEReEA L, BERECERRL, WEFE EOR
R A EFEEAEEERL, HEFE LIS TIREAER
ERESFETHY, BREGORE, ABADEBILIE
Bs R, EREINICTEFERNPEMICE D L8
wR O, XEABRADOHEFE ENDERIT, ROBEE
BIngE@®EINnL, ABDE 0, (1d, BRINHER
BLTOBE#METT,

3 _9 8 on 3

¥ .3

= +
aX; 8X; 8¢ aX; an dX; ¢

(2)
4. BEREW

PR SEERE, EAMMEOSEENRE L, &
B2 EIC b B ERFES % Fig. 21077, STEBT
Bid, MhnAmicd4ds, BEITMIC2Ix21EFERE L Tw
%, HBVERBICB S TIIHB DAL T LICHERT
T, BRBEADD SR ERTBICAET S U TETD
FEEET, BRI THREIN TW W, HwmXICRSI Nk
B ERRPLEEL, AOMIZ35D DEBE®HRIT -,
B FRMICAVET 5 U 7 ORIRICET /BB SRRIC
BHL, ZOBRKLERERYHEL 7,
ERBEABEIC BT BEREMFICOWTIE, BEIEL
Th—RES A% 52, LM AV¥—, SLiEoAEr
BIL Tit, ERTIPHIE I N TWWiod, k/U2=1x
1075, e=k32/D L /NI IEERTRASHEE L TR, B
EIC BT BEMT RN F—, ELFHcEOE R &A1 BEES
RV, HOBREHTERRHEHE & U, RO
RAEREMSLEUE DT, FEEEORTSBEEL Rege
lar Grid 51 & » oo ZEABAON KB ES EU L
QUICK i L 7z 1BV A /N ZXHREREIFL
Re=100,000T% %,

III. BMREER

L. FERRE SO LE

Fig. 3 1Z EFX##h L (X3/D=0) COEMRAGFEED
KRB OUBRRE N, FBR, FHEME L SHEATEE
BEICTHRKRTEAL L 7o FLBCIE LOMTENIC CHUBEL, B0
BEhL D T B3 S BEE A b OREEEYRL, B

Fig. 2 Computational mesh layout

AARREFHBPLERIEE, Vol 2, No. 1 (2003)

(26)



U7 2 EEE A H T 5 IE 180 M4 0 Bk i © 3 RITELFART

27

@ Exp. by lacovides et al.

Prediction
- 3 3
> 6=135° =) X,/D=1.95
S7h R
=) o [=] o o] o B
z gy oo o @ 3 1+~ a 5,
o a E Pop
B o ) SR >,
S g 50
- | i | | 1 | | | |
3O 0.2 0.4 0.6 0.8 1 5 0 0.2 0.4 0.6 0.8 1
6=90° X,/D=1.45
2 f—
o B Py
 — a o
! oono0n o °
0
1 | 1 | J
30 0.2 04 0.6 0.8 1
6=45°
2 |- an
a
1 g
o a@odao °
0
1 | | I |
3'0 0.2 0.4 0.6 0.8 1
6=0°
2 2 b
5 (5] a o o ag g a a
1+ o 1 a
o
0 .U_E_:‘_ 0 %
C-)
1 i | | L 1 L | | |
3 0 02 0.4 0.6 0.8 1 3 0 02 0.4 0.6 0.8 1
X,/D=-0.45 6=180°
2~ 2~
o ] Ofgoon o o
I aa ° o 1 S
o
0 0 Nroar -
1 | | | | 1 | | | |
0 0.2 0.4 0.6 0.8 1 0 0.2 04 0.6 0.8 1
Outer X,/D Inner Outer X,/D Inner
U/Up, Ug /U,
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Fig. 5 Comparison of streamwise fluctuating velocity on symmetrical plane
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