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Numerical Analysis of Turbulent Flow in a Square Duct
with Periodic Rib-Roughened Wall
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Numerical analysis has been performed for three-dimensional developing turbulent flow in a
square duct with rib-roughened walls by using an algebraic Reynolds stress model. This squared
sectioned duct with roughened wall has been applied for coolant passage employed in gas turbine
blades and heat exchanger in many engineering fields. Roughened wall is composed of many ribs,
which is periodically located along the flow on the bottom wall of a square duct. In the numerical
calculation, periodic boundary condition has been used for this flow and an algebraic Reynolds stress
model is adopted in order to predict preciously Reynolds stresses. 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 an algebraic Reynolds stress model. It has been pointed out as
a characteristic features from the experimental result that secondary flow of the second kind is
generated near roughened wall with flowing to roughened wall. The present method could predict its
phenomenon correctly and reproduce well mean velocity profile distorted by the secondary flow.
Besides, calculated results of Reynolds stresses are in good agreement with the experimental results,
especially, shear stress distributions, which are characterized by generating the opposite sign regions,
are predicted well as a result of estimating the secondary flow pattern preciously. Since the presented
turbulent model is defined as high Reynolds number model, wall function is used for setting boundary
conditions of turbulent energy and dissipation. As for this wall function, calculated results suggest
that the universal constant of log-law velocity which is assumed in wall function, has to be changed
according to the wall condition, that is smooth or rough.

Key Words: Numerical Analysis, Turbulent Flow, Secondary Flow, Three-Dimensional Flow,
Roughened Wall, Algebraic Reynolds Stress Model

ELT 3. FCHAEROBE CEENDOIES S

1. B
" " HOBEEL, H50I3Y 7RI TOIF  BEERO &K

CAEE L ERT 2 B &, BRI U2k
ERHEERE T2 2 LR LBEFETCHRENREEE
EFHRTH S, BlzEy —CrEOSHRIEE, 72
F—EUMEE, MEIORY HmCEBENICHET 5 H
FTHY, ZOBWHFHECEWL OLDITEIEX L
TWh, BHEGAE Y — B BERICR = B ESH
LZO—2THY, ¥/ —E U BRRI SIS
HANREEN O BB I MUNY 7 % ARG
HHEZER T2 LRIEINTEBY, 2H LTk
W& BREMEEE K> T 300,

DEDESw) 75FBIHEEEZERT 2 2 L i,
FEWHECESRFETEH B, it L E

* FREAT 200248 B 12 H.

*IER, FRERFRER TEMER (8 321-8585 FHET
B 7-1-2).

¥ PRERERER TR RS E.

E-mail : 'sugiyama @ cc.utsunomiya-u.ac.jp

R ESHEC TS UEHELTESE 2R T 5. Bl
NOFFEHHIC LY, ZOBOIEMF I EERER
BE2E_RFENSER I 5, HEELRT 2 2
W& D ZOFERARILRMFOEEELIZLD, #
DZRENIIEKE ST 3,

25 LI-HEEEEH T 2 BN OELFEHEICBIL T
&, ZhETHOL DOLDELMEHEENISRES N T
W3, I5 LIcHEERZE T 2 ELREoRBRIER, X
2B ETE S, Thbb, EHRNE
DO—ARIWCHBEL T, HEAEKT 2 75 S BMMEL
BEE, GBVBETH L. BIHEOBE, BLhoFEESR
HICERT 28 2 B Rh X TH 5 DIt L
T, BEOBEIIES Z OB & 2 ZRENERBT
B L2, FHAICEEL THRIBE O RDIE S 28, %

ZRFENFREI/NE I DFHH BB L, BF D5
BIRESR & LT, B S 13 /5 2 EBREEAT 21T\, xf
(9 % ZHEICKHEEREE 2 b DIEHFEE KRS, —EiC

NII-Electronic Library Service



1052 AR ) 7 2 F 9 5 IEA R E RPN O LR

HE % b DB EOIEHBMEREY & & Dfin %5t
RICHELFEHHIRE R 2 ME L T3, BRSO L, —&
HE O E A RIERAOELMARERR 2RI,
BES, ALRBAREAAEHL T3, BEDEH
HI#SE & U TiZ, Humphrey-Whitelaw® O 1F 5T #r
HEMOEEEIZY 7 %23 CELFEHH 21T > 7- 8
R ERERHTE S, £/, Ekkad 57 3, EERKIZ 4
FEME D 2SR 2 3% 7o s 2 R R BBE &L &
v, HEEEDOR v 2 PO EREL TV,

— 75, BUEFATICBIL T b, L OWmMENL IR T
WEY, ZOH BRRESKHKL TY 7R EBE
WIBETH B, Bz 13 lacovides-Raisee® 13 £ ¥
BHBRRERE TV, VA4 VRIS HEXE SRR
FERAOCTHEESET % 180° th» ) EEAOEL
Ui B AT L T3, Jang-Chen-Han® 1%, #THE B
R T 5 ) TosAef L 60T W B A O E
W&z, lacovides 5® & [EKEIZ LA VRS
TRERCE Y A 2V ABIGELTRE TV 2 HEA LR %
ToTwn3,

DU OMEBITICH L, ) 7S SRR b
L TTEDESOHEFZV R\, 22T, FEE500
BIEEAHET» S5 ER SN B8 2 E RN 2 FHl
TA2EW,S, BAS® O—MlHEEE 2R T 5 1E
TIMEE R 2R, RBUGTTE 7V % B TR
EiTot. 20K, UV 7R EEENICERET 2D T
<, BT AV F —, SLIRBCR O R &M N
WELD 3AA, RUNY 7 DRI ST & s fHEEE %
— M A & RE U BT %2 1T - 2. Naimi-Ges-
sner™? & [7] UEBFE R 2, —fRHE 2K E L
T RE R 2 HRE L TV %, Naimi oW, v A4 /
WV X E K F TR O, ILHE % FHE L oM
IEHETNVERGWTY S, WETER L b HEBRLT
WEEREE TR 3, B2 _RELOIHHTB W
THEEDEBREESHADONT. ThbbERT
13, HHEEEIEED Z RN OEIZIRIAE L, Z0
W) THRE SB[ THNS, Ly
L, sTECIHHEmE IO KON, BEIRBEL X
FrAmb ) 7TEHERmEFER LR, 25 Lk
RERD, VPR EFESENCERE T2 LXK
FBaAND O, FRFCEBROEIRS T, 82 KR
NOFFPHEER [ > TS O5 b ERD 5[0
BThsd, 22T, COHEHLLICT 2720, Kfif
W3 ) 7R 2 EEEEE URBUGT) € 7 v TR
TH5IERERNET B, ﬁﬁ*ﬁ%%@ﬁ%ﬂ‘ﬁﬁt LTk
EUTETERERO L HHEBL COBREORENES
N30 HMETT 5, B TRREEET AL

WEDYTZTRADOHNICOWT SR ZDH
WZOWT HRRETT 5,

=]

2. b L ES

anh

B EAEMHEO—TRE D O¥5
D EfEMEO—IE&

D, I KITEE
P BEMEE
p AN

Re:vA4 /A% =U,Dl

win; - VAWV

Us © BIEAN O EFRS7 M E
Us > Wi ORK F 5T 1HH
U | BEERE

U, & 7 5 17 D RE -5 3

X, EREERC BT B A
v EHEE 1 A TOERERE
Tw © BETE R AMTIGS

Tw - HRBEE Y ABTIG ST
;1 70Xy H—DT NI ELE
v 1 BRI R A

3. B W OF &

31 HENHREER R E LIRS O
KERREE OIS, 8L UEBEEREN 1 CRT. HE
FEIZEAEHERROEREE TH Y, EAKDO—
ARIFS50mm THD, REOEBEEICIE, 2EICb
PO RICRY &5, EAEKE (1 mmx1mm) D
EHBOAEEZRNCER T %M &2 10 mm R T
EEL, HuEs R L Twa, L 2 LIHKIERE
E XAk NER, REEECHEN YRS %AV T
6.5%10° TH 5. FHEMIERFEAD+HFEEZEL T
2EFEZ N5 MEBHOKE > S 10 mm b5 GRE
MBS 5mm T HROME)¥iH CEMBRIET &
DEIEL TWw3, REEETEICED B IS B
250 mm R RBE N BEE LD, - BEE L

Fig.1 Schematic diagram of square duct with rough-
ened wall and coordinate systems

NII-Electronic Library Service



BHAES ) 7 %6 3 5 EATREER N OELIRENT 1053

DR AMIGHORE X, VAP YERHWT
HIEZITo T3,

BRI, FRAMEZ X 8, ChEBERXT LA
WAFESAE X6, BEAAEZ XGEEERL TV
3, HIERICTBR S HES XGE e ERT
STHIRELTHS,

32 XEHERX FENOLICHEEHEOR
BIRIBICBWLTIE, VA 2V XIEH5 % ERICTH
THIEDNERENS, 22T, KEHTRVA /v
XL & iz EE B X BN (RANS), v 1 /v
AIEHBEHFBER LM 2 L L, Eghg, v 4
NRESEEABROERIUTOL S IREN 2,

D= okt o A5 T ax) ]

Duat; _ (uu U o 6U)
Dt K0X, | Uitk ox

— et anguj +2 (Ssnut +c‘)‘,kuj)]

ou: du;
) aré

VA VRIGTEETEA L ERNICEL 2 LR
ARETH VS rDETMESLEE 52, BEAE
2ETT 25 2 CTHEEL 22 EDOXTME, fhErE:
AU T Rodi"? E U2 W TE F ML ET o7, 2
DM E D EE AR, BAREL S RERFcE
B3 I LR VEHEATOERRCFST 3, K
i, M AFERCTEGRIT S - MEEDHEKE
HXENLEABD 2 L LOHERRNE T D HEE
Thd. VA VRIGHEEABRAOES-U #48
BEOETFAMELEE R 58, ZOHEDEF L
ZOCREHRCEL Tk, EESH) TR EER
¥, —ROMHEEE 2 RE L TT - TR RO ¢
ESI

3.3 MH{ERENT ABRCBOLTIRY) TRk EE
RLTCEHERTo7, EBRCBWTY 71k, ERERE
ChRVBRESNATLEY, FFEBVL T RHEAR
DOEWEZEML LT, 27 72 HRICTEBAL H
O SRR 23R L T 21T o 1. SHERT%
K2Ry, SPEETREMSY S O%FRE & FfEb»
5 DRFEI 2R LT3, FERFRIFERFRIC
46, WrHEI I 39X 35 2 REL T 5, HENHME
Bk, EARKEROSKIE 2R E Uiz, VIS E:
LT EECHL TEERAAC—ERE S 2, 8L
IANF— ELFECRMECE L Tk, A/UE=1%x1075,
e=Fk"?ID, /NS ZEETRASMGEE L TR L, B

I HHNIT
i |||||||| T
AERHTEn i
WWWWWWWWWWWW
T T

A0
Hnmwmwmwmwmu
||||u II Hm |||||un||| ||nn||m| It

(O
mewmmmmmmwmm
st

Fig.2 Computation mesh layout from side view
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Fig.4 Comparison of secondary flow of the second kind
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Fig.5 Comparison of turbulent energy
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Fig.8 Comparison of normal stress along vertical
direction

IZITWEE FHIL Tn 3,

X 6~8 FELM T AN F — 2 BRI 28 FEOHE
EEAAOLBHRERERL TS, 2hEh, THA
VMR OREEEE, AFHAEEOHELEE, B
SUEEAAEEORERBEDLBHERERL T
3., BAHEELEEIL, FHRAEOEELEEICEN
K 6Rd &5 WCHARLAET0.15 DEERILIEFELE
T 5, FEHTI, 0.14 b/ SEZTFHT
%, VTRREEELZVEECI, ZOBKAME0.15
R IERECTHIS 208, SEMRSAG O RE & AT 12
Ve i 2R LEBROD & 5 R BROSERS R & i3 7%
SRVEMNRER S,

KEFBOEEEBME L T, KEWIZZDRK
B 0.09 DFES, Z L TH/IME0.035 DFEEL & b HK
K& FHIT 2EAICH D08, 2 DRAME, R/IME
EFELTWEET, VI7BREER L 2 WEITER
IV LBRIFEETLTWS, ¥/, EBEa—F 3
> TEEFIREXH LA ERL T HNEHE

B IO LIBEHEEELTWS,

— R EEAEORELEHMECEL T, LB,
BLOHABEOFEEIZ LD, ZOEALEHK IS
ZEBTFRING, FEEOREETE, FHEBD
NS EREF T S0, HEEEEIE T 0.075 &, &
EHEAORKEELEED 0.09 WIEWEZRL, »
ZOEWEERRLTWS, V7OFECLDARERE
NOEREINI VD LB TE S, B LS
AEHBHRIFCFEILTWS, V7 BREERLR
WIBSORR LB T2 L, VIR EBERL R WE
&, FEEANCEET 2 0.035 OFHEHMEEHERT 5 2
Lidnd, KEROBEE, TOEEEEERLT

NII-Electronic Library Service



1056 ARSI Y 72 E 3 5 ELEREERN O IR

Prediction

Exp. by Fujita et al.
(U202} % 10°

Fig.9 Comparison of shear stress ziu2

-1.0 0 X,/B 1.0

Prediction Exp. by Fujita et al.
(uus U7 ) x 10°

Fig. 10 Comparison of shear stress u;us
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Fig. 12 Wall shear stress distribution along side wall
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Fig.14 Comparison of secondary flow of the second
kind in the cross section located over rib

Fig.15 Velocity vectors around ribs
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