PNC TN9410 98-027 AR ﬁ E

Ky 4 7 VBT - BT ELR T T L ORI

— DNSF—ax— A1 S < FLFEE L 3 0 % - HECEDRMER AR e HEORE —

19984 4 H

EIF - BRI R EN
K LZEL Y &



HAXRIOBEHOAFIRSPVWTE, FEEBHVWADLETI WV,
T311-1393 FIKEHKWEAEETREETL 00 2
BhE - BMEHEREEN
KETEE Yy - YRATFTLEAREBEY - -BEWNEEE

Banquires about copyright and reproduction should be addressed to:Technology
Management Section O-arai Engineering Center, Power Reactor and Nuclear Fuel |
Development Corporation 4002 Narita-chd, O-arai-machi, Higashi-Ibaraki,
Ibaraki-Ken, 311-13, Japan

O© #HFE - EHMEERELEE (Power Reactor and Nuclear Fuel Development
Corporation) 1998




A B &®& =
PNC TN9410 98-027
1 9 9 8 & 4 H

LA N AEBRES) - BIRRAFRERERE TV ORE
— DNSF— % N— A2 & EIER T A V¥ — HHEOBREERAMFEEFEORE —~

R e

E B

ETT 7 M ORARIKEB L UBLOARSENEZEHETIT) 20103, BRS
FUEBREFOBREBYWICEET I LFEETH L, —HKIZ. EBZELHIORE
HHZIZE L A WV ABBEREFVIER S NE.BEOEKL 1 7 VAERIERE TNV
T, DL OE—FERF o2 BEOBRAFIINALESRD B, CORERITEIIT 3
PVEFHLIPIELA I NVAEIEKEL VA VIR EWE EBEICE DI iy T
ol )T ARK/ BRIV VA I NVAEPRE 2 H7DEMNIZA v &
22 WAL T HLEFS VEITRAFTOXRE 25, |

ZIT, HEROEL A N ABREARTFMIRART, BEE—KTFEL OB
I0EBREFTRELLLCHETEZEFVERR LBEOMEAS R TRITERT - F
CASCADEIZH AR AT, BARRIIZIE, BEEICES 2RMER TR LT, SlFEs =2 )
X DD REGRX T AL 32—V ay (DNS) F—¥R—RICED
WCHEELTEZZHERZRE - AL,

FATERMFEN, BLUBERROBHE? SELFHE~OBB 2 M RICKEFVEREL
e A, LA S WXEAR3000 52,5000 TER T ABREE. —RIZAMLRTw
BLEBLA /VAER320L 1 3IZ—HTAIEDS, BMERITLTHS LHET L,
F7, BRI T ABEIXEL PRI OV TIZBRE LBV T5RLIA, SEER
HIBEEBEBRVWTIONLATSHY, ER EZULBELFOILFbh o,

FRBELEL V5 — RETHE EFFLIFEE



PNC TN410 98-027
April, 1998

Development of A Low Reynolds Number Turbulence Stress and Heat Flux Equation Model

— A New Type Wall Boundary Condition for Dissipation Rate of Turbulent Kinetic Energy Aided by DNS Data Base —

M. Nishimura *

Abstract

To predict thermal-hydraulic phenomena in actual plant under various conditions
accurately, adequate simulation of laminar-turbulent flow transition is of importance. A low
Reynolds number turbulence model is commonly used for a numerical simulation of the
laminar-turbulent transition. The existing low Reynolds number turbulence models generally
demands very thin mesh width between a wall and a first computational node from the wall, to
keep accuracy and stability of numerical analyses. There is a criterion for the distance
between the wall and the first computational node in which non-dimensional distance y* must
be less than 0.5. Due to this criterion the suitable distance depends on Reynolds number. A
liquid metal sodium is used for a coolant in first reactors therefore, Reynolds number is usually
one or two order higher than that of the usual plants in which air and water are used for the
work fluid. This makes the load of thermal-hydraulic numerical simulation of the liquid
sodium relatively heavier.

From above context, a new method is proposed for providing wall boundary condition of
turbulent kinetic energy dissipation rate £ The present method enables the wall-first node
distance 10 times larger compared to the existing models. A function of the & wall boundary
condition has been constructed aided by a direct numerical simuiation (DNS) data base.

The method was validated through calculations of a turbulent Couette flow and a fully
developed pipe flow and its laminar-turbulent transition. The predicted critical Reynolds
number lay between 2300 and 2500, where commonly known vaiue 2,320 was included. The
error of the calculated Nusselt number and friction factor were comparable to uncertainties of
empirical correlations. Thus the present method and modeling are capable of predicting the

laminar-turbulent transition with less mesh numbers i.e. lighter computational loads.

*1 Reactor Engineering Section, Safety Engineering Division, O-arai Engineering Center, PNC
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Nomenclature

p specific heat at constant pressure [J/(kg-K)]

D tube inside diameter (m)
de  hydraulic diameter (m). Channel width was taken for turbulent Couette flow.
g acceleration of gravity (m/s%)

h instantaneous specific enthalpy, i.e., enthalpy per unit mass (J/kg)
o u? v 4wt

k turbulent kinetic energy (m%s?), k= ———2—

P time-mean pressure (Pa)

r radius (m)

R tube wall radius (m)

¥ instantaneous temperature (°C}, time (s)

time-mean temperature (°C)
u instantaneous streamwise velocity component,

instantaneous velocity component in the direction indicated by subscript (m/s)
7 friction velocity, Jr,/p (m/s)

U time-mean streamwise velocity component (m/s)
Ut non-dimensional time-mean streamwise velocity component U/ug

v instantaneous radial or transverse velocity component {m/s)
14 time-mean radial or transverse velocity component (m/s)
X axial location (m)

x 5,y coordinate perpendicular to the wall with the origin on the wall (m)

Non-dimensional quantities

Nu  Nusselt number, e.g., .D/A

Pr Prandtl number; Prg, turbulent Prandtl number

Re  Reynoldsnumber, UD/v or Ude/v

u,_uj’ second moment of the fluctuating velocity components, i.e. Reynolds stress
u't non-dimensional Reynolds normal stress, W lu,

#;u* non-dimensional Reynolds shear stress, u!.'—uj'/ uT2

ut non-dimensional time-mean streamwise velocity component Ufu g

yt non-dimensional wall distance, y 1/ v,
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Greek symbols
£ dissipation rate of turbulent kinetic energy (m%s’)

£ non-dimensional dissipation rate of turbulent kinetic energy, €/ (u,4 /v)
A thermal conductivity [W/(m-K)]

i absolute viscosity (Pa*s)

v kinematic viscosity (m%/s)

p

T

density (kg/m’)
shear stress; Ty, wall shear stress (Pa)

Superscript

L

fluctuation component due to turbulence, e. g., ' = u-U

Subscripts
i,in inlet

w wall, evaluated at wall temperature

Miscellany
Overbar time-mean quantity

vi
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(1) EROR

Dp

Dt 2.2)
(2) Reynolds 55,

DpU; 9P, 2 uan— w'u; |+ gi(p-po) 2.3

Dt ox; axj axj pu; U 8i\P—Fo 3)
3) ZRANVFR

Dph 3 [ A 0h ——

= il _ T ’

Dt axi {Cp axi Pu; } 2.4)
RN O
22y, @2.5)

'E=E+155
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@, =0.35-(1-034,)exp{- (0.002R,)"* } (2.37)
C, =1+25844,"[1- exp{- (0.0067R,)*}| (2.38)
C, =0.75A" (2.39)
C, =-2C,/3+167 (2.40)
C, =max[2(C, -1)/3+05,0}/ C, (2.41)
8
A= l--*-9—(A2 —A;) (2.42)
A, = a,a; (2.43)
A, =aza,a, (2.44)
uu, 2
a; = k —5 i (2.45)
2
R, = L (2.46)
ve
BEREN
Table 2.1 Empirical constants for Reynolds stress equations
Cs Ci G2 G Cr C2 Cs Ci
0.22 Eq.38 Eq.39 Ca Eq.40 Eq.41 0.0 2.5
Table 2.2 Empirical constants for turbulent heat flux and energy fluctuation equations
Chr Cn Ciin Co Cn Ci Cir Cn
0.15 4.5 22 0.4 0.33 0.25 Cs 0.62
Table 2.3 Empirical constants for £ equation
Cse Cie Cae Csg
0.18 1.44 1.92 Clep
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34 4,32
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2
k3n’

€= feps(y") (3.4)

DNS 7 — & 1253 B fops DI LLBAE # Fig. 3.1127R o IR L 722K D BB ICREL
BELHEBIIRNTREN S,

Feps(y*)=max[0.19,7.90-(y*) ¥ | (3.5)

BHEOEL A4/ VAEREREFT NV TCIEEBR LRI TIRERICETE, (.
HBEVWEGDAD L D BEDABRICE VERMEOAEREHF L LTEL T2,
BEPLOE—KFREZETEEN MBS L, BEERHPAGEROIERE
EAET LY, BEBHLL T 22508 Ed 5, —F. GHB LUE5HH
ORERICL D, BEPLOE—RFHIIBVTeNEREE 2 PREOHBIZL ST,
B OBEIZESW TSR LAFETHE., BEOFEI D bBELE—RKTFREOERYT
KECFENBZEHFHFTES, 272 L, I TERELAZDNST— ¥ X—RI{I,
Re=4560D FATEREHENICHTHERBRTH D, HMhOBERL L1/ VIKD
R (35) RiTEFBEh Ty, KFETIE, LT, DNST—FN—RAL[H
UERDENTICBWT, BREOEREMEE I I TRELEREGICL ZFTERER
DHEFITH . #HNT, BFRNROBH-ELRERICBII2BRL 1/ VAH, BE
FEBIUX LN M IICET A FRFEEZRIET 50
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eNOEFREIIETLEOER0E LTEREHF 25272, Lo T, BEIZE
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4.1 Fira— FOEER
B E TR, KL AV AHEBEIRSMB L THFMIE, B OB RS R ITELGRED
fRHT 2 — FCASCADEIZH A3A A 72s CASCADEDHEE % Table 4. 1IZ7RT

42 BT — AL ETFN
(1) FHEREMER @Gk oy MR OBT
BT 2 BB RALGOBEEGS)A L EHE L/-DNS LR LB &H, $42bb
7 Ty MENIZOWT, BEOEREMHE, TITRELEBRERKEIZLS
BHEROLE LTS o BITAHROL £/ VW AEI$4,560TH 5, BITIZ2FEE DO 2
v T aBENIIOWTER L7 8l 2 v T a Tk, 2 v ¥ 2l8% Ay' = 04055
EL,HAYY2TIRAY =60& Lz, 72, A MICIIBMSER &G EA L,
THREELZRhOBERLI L E LY,
B, FrrRdiiidaREEGEER L.

U _duu vV _ow'w _

0
dy o dy dy

V=uv=0
S Al WY A

(2) BAR OB —ELNER AT
Bl A N ZHBEEEFVORIEIIBVWTIL, Bii-LHERICBIT2E8
LA I NVAEBLU B A VAEEREICB T S BERE L XV MEOTFH
BEXFARTBLIENEETH b, #2 T, AR TIIYHE—EDENT 2 Xt
&L LEREBITEER L, BT LAV A 7V A OHEIIRe=2,000~50,000T
HY., BEREOHRKEL1,000W/ni e Lz, ERAPWHEEL2 TERIIRT,

Table 4.2 Properties used in pipe flow calculations

Re A v p Cp
2,000 1.05E-01 5.26E-05 1.00 2,000
2,300 9.16E-02 4 58E-05 1.00 2,000
2,400 8.77E-02 2.11E-06 1.00 2,000
2,500 8.42E-02 4.21E-05 1.00 2,000
5,000 4.21E-02 2.11E-05 1.00 2,000

10,000 2.11E-02 1.05E-05 1.00 2,000
50,000 4.21E-03 2.11E-06 1.00 2,000
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BAT T, AODPSNEEA ST CSoDOBESAZED ., S5 I2MAEEBEEIL
150D TR OB A HEEICBIT 28R TSR L. ADDOERIZE., FOHI2
SELTkDAEZLAENL (ADVO»SH200D0ME) IIBITAEOTHES

Al BEZEETIT, HIBHEBELBII—BaHRE LTEXAADOBREFEUT
12T,

U =3.838
Tiw=20.0
k =0.005-U,°
0.75 15
_CY ek

"~ 009.R

vy =vv'=ww'=—k

twl\l

WV'=0 KR =0, Wh=0,wh=0

2 v 2 BIEAE3e, #iAMm195, AE7.605FEHA L2 LB, PO LTI,
L&At EEE L.

ai_@_aﬁ'zaﬁ'_am'_aﬁ'_a’ﬁ'_o
dy o o & &y

V=uv=vh=0
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5.8 R
51 EKZ v PHENOET

Fig. 5.1.1ICIRE L/ZRSMEDNSIZ & A FHREFHFOREZ RT, HizBWwT
V=O0WBEIZHET D, £, MIZRLARSMIZAY = 040#P VX v ¥ 242 X BF
BERERTHE RELeOEREHTBA L/-RSMEDNSOFERITL L —F LT
%o

KIZ, Fig5.121ob 4 2 VAIBHOREERT, BESHOXERTFTHS, €
ATV A 2 VXIS Hwyt (ChEDBERETESZERT ORBEERTS) LEEIC
EFV—EERLTVSE, —HT, BELA /VIAEHIZOWTIE, £FHICIZEL
—HLTwEH, EFYOE-IEICETOEREFR LN, " BLUWHIDWT
TEEHPRIZBITDORSMIC L BELNADNS L D b REL 2 A EMIR LN,

Fig. S.1.3CELIEE = A V¥ — OHHEO LB ERT, BEP S OEHEIY > 30
OFBEHEFDIZBITE20MIER—HLTWE L 00, BIEOSEEHDNS L —
BLTwizw,

5.2 BERR OB — AL BB

Birs L UHBRIZE 5 X v N ML EEBERE g 5215 T, Hitdw
T, RSM (new) IIHRMTREL eDBEFRFEMH2HH LETH, -RSMIIEDR
FETFTVIZLBHBERERETDH D, BITERIIBYTERRP LER~OBRIILV A/
VA EAH2,400£2,500L DETELTWD, BRL A /M IERFELOLESFICLD
BanErRA EEbATwER, 8PN s 2L 5 —0OWBICL ABRL A /L
#2320k, REERITIZIT-HL T 5,

Xk P BOBRICERT 5 b, BRI B 2 W E—R OREIHE LT,
W.H. McAdams7SDittus-Boelter D & D4R % #51F L 7- 4816,

Nu = 0,021 Re®® Pr®4, (5.1)
CEMRRIT L B LTWwWE, ERIEP=0.7T2,500<Re DELFTIZ % LIY5%DEEE
EFHOOT, BIWTELHEBEAREOER, HEXOREHEL D /S v,
2,300<Re<2, 500D BREBIZB VW CIE, BEZELUNICERBBEONREIRISFRLET
HZOTHRTRKREIBHEOX vV PRE Y DI0BEBETDICL 5TV 5hH, Re=2,000
TIRENER LI BRTOERESL OBRER29TH Y, —BER LY,

EBEBREIIOWTIE Re<2, 400 TILRITH R L HRE & DREEII4BLIATH 5,
EWICBRE L E®ROR=2500Tx, BITH R Blasius O R (3 FH 5 A
3,000<Re<100,000) &£ Y 17%EHOEXTRL T 5, LA J L XEH5,000% 82
5 EELIIRIC BT A BT L Blasius DI & DEIE, 10%LUATH 5,
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6. Z &
6.1 G 7 = v PN OEN
(1) eDEREGOR

R TRELDNSTF— IR —2ICESCHEEFEHA LD BERFHGCHE
LUEsHRE, BREOKRERIC L 2EREECHORE B VIR EOBITRERNO
WLFARL, WEOHEITAY =040FMA v V22 FH L TiTo70

Fig.6.1.1 I FESMOLE L T T . eDBRRFMHBEAEIR/DLL T, RSM
IADNS & L —B LR ERL TV A,

Fig6.12ilb A J VAN OB ERT . ARG L LHBEROKENF LT
EIC. BLSRELERSMICLBEBTEREO Y0y M, FEROXA v T a2l
DUIOUTIZEFIVWTR LA, MiZBWT, mEORKRIL, E£I—FHLTwET
LGB,

Fig.6.1.3\ZELFGER) T 4 )V ¥ — OEEEDO B 2 RY o RSMOFEIERA LI
ES—FLTwWb, 7. RSMEDNSiE, B & DOFEBEASY > 30D FiEE h LT 11
BUAZHHEIRL—HLTWwEL00, BETEOEFHHF—FH L Tk, TORIE,
bEbEBORSMPEHOHEETH Y, F—RORERIZeDBREMFEHICIIZ <,
BHABRRB L UHERAOHEBICERRATADEEZLND, £/, BOETW
IBWT, BLRER T AN F —HHEORFERNINE, UTOROEREFE I

TWwa,
' pEE
-C,,— 6.1)
o (
ZZT.

§'=£—2‘V[ (2.10)

ENAY
ox,

THhbd, FEIOROEDEEIE & B ECTHRY T 5D BERGONUIF L TH
BIENDDD, eDFENIIBVTEHERTFHLEL OREINECRBL,29)
FIZBWT, (6.DRITHEYS T A AARBBELAOEIZOIZER {—F T, Q.I0RAD
HAEEDEDHAEENREL LD, eNEIXGE)NICHEET S, Thhb, BO
EFWAIBIT BB TIL, BEAOEB I e ENEER L TORERICEHE Y
BEII B oTWEI ENbRb,
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@) Ay a~OFEEE

MERGONICETCEREHTIE, FFERELOEFICL ), BEroE—%K
FHETOEEZY<OSUTICNALEVE S Z LB IETAXRBYTH D, —
H. I TIRELLDNS T — ¥ N— 2 ET { eDFEREH T, BEGE.5HRZ0<y
<IONEHETERLTBY, BEFEIVIBLEKTRLOERETRE (M-
TEHEMTE LW FSH 5, F2C, A7 Ty FREAEZHERIZ, A v ¥ al@®
Ayt = 0475 Ay =6 0NERL T, BTEBEZISRT S I L & L7,

Fig6. 14128 LWBEIC L 2 BREH 2 FH LB E (RSMwithnewbe) B &
U, BEOERELMY (RSM) EDNS& OFEESH OB 27T, BEIIL 545
REGERHEE L EERIEIDNSERO TIV—HFERL TS, —F., BAEOHE
REHTIE BEE—RTEEOEENAY=3L05L ) DBRIBIZKEL kol
Xy, EETHEORRENSBEL, Bl{LLZ27:2012, Fv ¥ 2V ALiidil
AR AREEOMEIZLEL TV D, SO LI T, H LW L 2EREMEN
KELZAVV2BEFHFETEL—HT, BEORREGCTHEENB AERT T
LT %,

Fig.6.1.51 28 LW L 2 BREFTEB LIHED. A v L 2@ ENES
LV A NVAEHORHERRIIRIZTHERZTR T, IS 045 X512, il A
DEMNB S DEAEIISHREEDERNFH L LO0, FOMIT—HKTIHERES
2 TCwh, EADOHEIIBVWT, ZOZEREEETREWEEZ NS,

Fig.6.1.61=H LW L 5B REG2ERE LGED. Ay ¥ 2@ FeDstHE
HRIIRIZTHERRT, I TOLEREOBRKEICIORREOCENR LN D,
g LTIE—E LT b,

Plo#ERD>S, FTLLRELAERIZ L BRI, BEE—ETHE
OB HEEFEOIEREERE (N, P OEREICEERERTR2EL RNV
B 720 |

6.2 BAR OB —ELHERHFAT

BIEF CIIDNSE DRI L ), KFIRTREL ZeDBERFGHIMNA 2 2T
DFFEICMA B L 2R LIz, RETI, REHFRICL D, Bii—ARERZE
DiEE VLA 2 VAEERICBY T, WAy P2 TOSEDP TR THELIPEIE
WEEYT B, 528 CIEHR39, BiAMI05. AFI7.605DFHE A v ¥ 2 B OFHEHER
#RLT, 22T, BEOLDIZ, BAMOAy V2B Z10IES LTRHELL
HRERT,

Fig62.UIFEA v v 2 bl A Y 221l L B X v 2V Mg L BEBBREOER
B2TT, 4. BiE»LEFE~DOERIZ, FM A v I 2 Tld2,400~2,5000H T,
Ay Y2 TIE2,300~2,400 2o TBY, ZREIHHL0D, wINbL—RKIIED
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NTWBERL A/ VXE23208 13 3—FHLTB), RHLHERLHAMTE S, b
Az, AV V2R EVWAERLA ) VAKEDIOSEIIBIT S, BEE—RTF
EEOERITAY =3THY, BEFETHRHASNLZ A Yy V2 BO10BREOKE S
Thd, EEEEHICOVWTIE, EKCER LAERICBlasius® & ) b 15%EE
BWERTRT AL, A vV aBIRELEV, FRENEEH LA IV AETIE
Blasius®E it LTI0BUATEDODOREFZ NI HFRELoTHED, HFllAY 2
FHAY S 2l OHEERICEECEREORE VY, o, Xy FEIZOWT

HEEMIA YA LAy VAT R LAFHEERERL T 5,

A mBREFRRQNROESN - ¥ VEEBHAEREABEED (230 B W
T, BAEFNTIEIRELSH -~y ¥ )V ECEARERIEP,; QIOREEATHDS
75, Launder® EFNVTIZ I QEIZERB L Tk v, 22T, EBERFEO-HIZ, §#
MA Y 2% HNT, Pz QI3NAPLEVFELER L7, Fig. 6210407
Oy PHEOEEERTH B, Py QINKPLEVZFIEIL, — B L THEAEHREE
REVLEODOEEFRLTBY, FOREE~0REETH o720 —FH. Piuk
(230 IZERE LG4 ORBREIISBUAICINE > T 5,

PEDRERPS, AFETRELABHICIDOEREHZSALHET, B
AEFEIDDIOEEERELA Y22, BL A/ VAHBOERETNVOE
BThd, BRE-EANERY SO GELEEEBKINORELER LT RE
TERTELI b olz, T, BBOREEREIZOWTIL., ELREARES
BRENANPEN - ¥V EEEBAREBEEOQINNIZEW T, REEE—F
Whor sy 5 VEGREKEP;,; QIOREZEET L Z LT, HERXORE L FHFOF
BREELZEN TEAZ LR L.
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BIFFEICL PEESFIIDNSE LC—HL, A v P2 LOFERERIIRLNT,
WAy o OFRICEAHECRTRE -2, —F., BEEFER., lvd vy ¥ 2T,
fEA BRI L. DNSORLIE L ) b4EFRERVERZ AL, EHICLERENLEER
REx5 27,

ENROBHRD SEMA~OBR LN RIZLARIAETIE, LA /W XHH2,300% 52,500
DB TEBTIEEYE, —NRICHONTWEERL A/ V23208 3 IF—HTHIE
Ph, BITERIIFRTHE LML, £/, HERICHTA2BEE XL MIZOW
TREREZBRVWTSRUA, EEERIIEBERZRVTIONLATH Y, ERHLEY
LREErHEOI LN o,

PEDEREIS, KFFETRELZERIZLVOBEREMH 252 2FE1E, BEF
FELDDIBRBERES LAY 212480, LA /M XHBOERETNVOESHTH
%, Bii -GBS U MZE L BEEERIEROEzER L+ BETERT
&5 EAHERAIN,
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Table 4.1

Qutline of CASCADE

1. Basic Formulation

Goveming Equations : u,v.w.p( o Ve Twk e, R B u'u j‘, u;'h'

2. Numerical Method
Algorithm
Linearization

Matrix Solver

: SIMPLER"Y, SIMPLEST-ANLM
: Tterative Method
: MICCG"(forp eq.)

Point SOR(for all the other eqs.)

3. Discretization Scheme
Convection Term
Diffusion Term
Time Integration

4, Physical Models
Porous Body Model

Flow Resistance Model

Heat Transfer Model
Turbulence Model

: 1st-order Skew Upwind
: 2nd-order Central Differential
: Implicit Euler

: COMMIX™ type

: Distributed flow resistance mode} based

on absolute velocity

: Correlation equations

: k- £, RSM with enthalpy fluctuation

and turbulent heat flux equations

* The underlines denote the options adopted in this computation.
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Fig. 3.1 A new function for éwall boundary condition
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20.0

C  RSM with new b.c.

15.0

Y 100

5.0

0.1 1 10 100 1000

Fig. 5.1.1 Comparison of mean velocity between the DNS and
the RSM with new gboundary condition.
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u'+ and u'v'+

Fig. 5.1.2 Comparison of Reynolds stresses between the DNS and
the RSM with new £boundary condition.
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20
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Fig. 5.1.3 Comparison of £between the DNS and

the RSM with new € boundary condition
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ETC@ O :RSM{new) ]
. 4.36 & RSM
'IDO ) 1 1 L1 & 1 | 1, 1, 1 lo.t b 3t 10_3
108 10 10°
Re

Fig. 5.2.1 Calculated friction factors and Nusselt numbers
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20.0 :
O RSM with new b.c.
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15.0 * |

5 100

5.0

0.1 1 10 100 1000

Fig. 6.1.1 Comparison of mean velocity between the DNS and the RSMs
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3.0 1

RSM(new) RSM

u'+

2.5

2.0

T I T 1T 71 ]

u'v+ and u'v'+

Fig. 6.1.2 Comparison of Reynolds siresses between the RSMs
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Fig. 6.1.3 Comparison of Ebetween the RSMs
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100.0 - T
O RSM with new b.c.
A RSM
80.0 - ———eDNS -
60.0 |- 4
S £
N
40.0 A .
FAN
FAN
FAN
20.0 A .
0.0 ' ‘

0.1 1 10 100 1000
Y+

Fig. 6.1.4 Comparison of mean velocity between the DNS and
the RSMs using coarse mesh
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3.0 i I
i Fine Coarse

u'+ and uv'+

Fig. 6.1.5 Influence of mesh numbers on Reynolds stress predictive capability
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Fig. 6.1.6 Influence of mesh numbers on ¢ predictive capability
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10
2 107 -
10 F :
- : { :Coarse mesh
TCQ AN :F’it1 omitted -
| 436 in Eq.(2.30)
1'00 L L 1 L1 111 | L 1 1 ) S S 10_3
10° 104 10°
Re

Fig. 6.2.1 Influence of mesh numbers and modeling of the flux equations
on calculated fiction factors and Nusselt numbers



