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REYNOLDS NUMBER EFFECTS ON TURBULENT PIPE FLOW
PART I. MEAN FLOW FIELD AND LOW-ORDER STATISTICS

Changwoo Kang" and Kyung-Soo Yang™

Large eddy simulation(LES) of fully developed turbulent pipe flow has been performed to investigate the effect

of Reynolds number on the flow field at Ze

,=180, 395, 590 based on friction velocity and pipe radius. A dynamic

subgrid-scale model for the turbulent subgrid-scale stresses was employed to close the governing equations. The
mean flow properties, mean velocity profiles and turbulent intensities obtained from the present LES are in good
agreement with the previous numerical and experimental results currently available. The Reynolds number effects
were observed in the mean velocity profile, root-mean-square of velocity fluctuations, Reynolds shear stress and

turbulent viscosity.

Key Words : the}FSAKLES), W o] ZH-5

LM E

Adolut o] oA 9] WF {52 FEAOR wlg- T8
& MAUSOR @B A7AE A3 AN 9 AdS
T A7 AEgEolgith 3 £59 F %!
AZ oA BAsh, olE gk X4 < Direct
numerical simulation(DNS)ell &Jafl 2HAIg A77F A=)

A f5ol 2] DNSE Kim et al[1]e] o8] A Wi &
ol g A7 AR ol B ATAE o3 AT
7 ABEe] g AT Arkse] FHgo] glrk we] ol
el W 498§ e d7Eel ool
HAW, FAH QFE AL f5 vldte] JHoR | ol
Fol Ak

sfol = f-5ol el DNSE 0uIThEl SaslSlth Eggels

Fed: 20119 108 6, 4 2011 129 154,
A 20119 12€ 16%.

1 A3, At st 7)AF s

2 439, Assw AT

* Corresponding author, E-mail: ksyang@inha.ac.kr

(Turbulent Pipe Flow), #lo]lz= et S-2(Reynolds Shear Stress)

et al[2]2 PP (u, )9 401401 W(R)E 7IEeR 3
Re_=180°1* DNS$} 23
o et W statistics2} EHOFE% <8 B dF 2EluA
A5 ALksFATk Loulou et al.[3]<> B-Spline spectral method
Z o] 43 DNS(Re, =190)=Z Eggels et al.[2]9] Axtrt} =
& Ao statistics S ARFEHE 0% thE AyabE] 9
3 Btk =2 Re o Wi £X4 A57F FPHAT) Satake
et al[4]2 Re,=10507F4 DNSE Stk sxwt 25
of AE BT HFEEEX H 5T RMS(root mean
square)oll == SIth. Wagner et al[5] HlaA e Re
(=180, 250, 320)90A1 Re, W3] w2 dHF FE5F<
statistics®] WstE Aty H Wu and Moin[6]+= 3
EL(U)%k Tl AR(D)E 7IFoRE  Re,=44000°]
A DNSE F3slgitl. 258 ml¢ Be AA56.3 < 10%)
£ o]&3}o] statisticsS AMtsISATh

=& dols= 7o AXEE AsiA= DNSO| 49 B2
A2=7b Desith wEd By ZeFe AXkS 9
LES(Large eddy simulation)o] S&=|Ac) Jpo]L fFof A<
LESE A< Unger and Friedrich[7]ell <J3ll 3=tk o] 5

o

HE Hugroes LA

ol

i)



U5 golT §EA9 Fols=

T 9F PART 1. ---

A16H, A4%, 2011, 12 / 29

Eggels and Nieuwstadt[8]:= Smagorinsky el o] gsfe] 1
o] LES A} Ao} A ANEE vluste] 2 I FHs
Aok 28] Feiz et al.[9] élﬂoF o] Ze] G {5
A7) Yall LESS =353tk
QoA Asggt npe} o] gho]x 5o oigh Fx% A
W ATAE o8 MaHx ‘D}. SHA|F o} 7kA] )
Bl et o] nald mS(moderate) Re, oA AT
S A gkgitt wEha] 2 AFeME Fophx md
(Dynamic Subgrid-scale Model)& #8-3+ LESE |83l Re.
Wl W el mAE g dig dTE T8k
t}. LES7} S8+ Re_ W= 180, 395, 590 ReTZISO?_]
A5l digl] 71E 7 e AFS slen, 7]Ed
TR U Re =395, 5909 74]"% E8 Re, W3}l
2 W statisticse] Wake dolrgit) At AHES v
st A3 ARET vlaE

tlo m‘n

o onw e

2. TRl 7Y

S5 LES 71 Sfel ofzbd g

rlo
L
oo
K
my
iV

vV-u=0 o)
B Gau=—Lyp
ot p @

—\ 7
—VT

& AHgsto] ofs}

=
SEAR, 0E g8, BT, T RayEold
3

T= T = U U (©)]

9lo] e wmuEsly] YajA 7P durdo s AL Eol|=
Smagorlnsky 9 A 5 A eddy-viscosity model)S AH&-8FAT)H
[10]

1 —
T géjjrkk =—2u,85, ()]

oluf 7,2 anisotropic “J=Rt R E XM, isotropic /i
o e P)o] F4E0] pseuso-pressure ¢ = A2 FITH11).

S, = strain rate tensor 2 TR} 2k

_ 1 _ _

Sij=5{Vu+(Vu)T} (5)
Rl Eold 2 (45 919 AupgrgAlel tisiste] AzshA
FAQE LES AEHAA T LEPIAAL e} 2o

%‘FV'EE:*VE v vutn(va)l @

4714 v, & total viscosity® YERNH, v+y, 9 Tk oy,
(eddy viscosity):= Thet ro] meEHnt,

=, A ®)

A= filter widthe]® A = (rArAfAz)'? 2 Aejgth &
a4 Ce vE 2Ask mAAINA S Germano et
al[io]ol  <Jsi AAE  FoFAAE(Dynamic - Subgrid-scale
Model)& ©]-&3F] dynamicdtAl Z7€ Tt
TotAAR AR A= A AR e 7 o
grid filter, G 9} test filter, &' 7} A€} olu test filter

level ol419] filter width = A —2A o]tk test filter levelo]
A ofzkel MMl o} An PolE= gL v
2,

1 =~
7‘1‘/ 56//1—}% 2Vt’sylj (10)
=C, A8 (1)
7,8 T;; Atelolli= algebraic identityol] ©Jsf theat 2
A7} st
Lij = Tij* T = WU U (12)
2 s eddy viscosityS 4 (12)0 thelste] Aelshd
53 22 AANE A4S 5 9l



30 / = EMRAH S ES X i e nl - B
zAo 8= ¥WHANE noslip 70 AgHYon, FHs
Slow iy BHz) R F7 1 o] 253k,
* gL» 5 u; D=2R) gl AupgAse QEAEANN  F-3HA Y (Finite
0, uo Volume Method )% ARS8l ZHRE T F7kA e AERe
A} g Zhe FYXHEH(Central Difference Scheme)o] Ak
L(=5D) L9k AlZbollM o] AR AFFHFA AN A a&S
=o]7] $J3ked Akselvoll and Moin[13]e] A|AISF o] x}4 gk 9]
Fig. 1 Flow configuration and coordinate system }\]711_ AR 7S ALsleth 9% BEAL AMNGde
2gd0<r<r)¥ w2IG(r> )02 2k U
5 L — 9O AN (13) g 9(core region)ol X ALY diFEgY WYY F
" NAor AREm, Urlx] G5 gAFon ARy b}
M= ( NN s, |515 14 ZDouter region)ol N WM tiFa AT F
AlA o R ARET, YA 5 HAIHO R AFETHI3)
sl A onRE mAYE O F A4as) 99 Ly 7 oo BAHeR s gas o A
s _ B Q h=] d SRER= RS A=NCN
| AIAISE least square analysisE ©]-838FH RN F= U Runge-Kuttag o] A-8H3IL, SAHLZ HEHT G 2
R 2 & 1=] Crank-Nicolson o] AREHSILE o714 r =
= e T
F@A3 vpgd o] wapgoln, & AFolA r, = 05R
1 LM o Ixgth. AP 5 BAAS Esh] flste]
o8 DY MM, (19 Fractional Step 7]'Ho] AL&-%ATH14].
o Fig. 12 & dA7tellA ¥ 98 23 F4a A
oo 2o ZHE dynamicsll BEAASE AN Tgda = BT A4 D g At Zel(L)= 5D®
A A BobANS nekals] 9 }04 =7)50] wkow it Eggels et al.[2]®] APFEA} Fdsim, BE W friction
3k 2 ATolrs g = #5 Aeole sghy  velodity(u)oF olme] WA(R) e A . At
?'Sok(g)’v %H(]—fso]:(z) o]] L'Ho]_o:] 8]—‘231:]- EE§_ otal V|scos|ty A]’%‘% ZJIZ}_/I: Uﬁ] 3_7]}1_:‘ Table 1'74' ZELD]' 0:17] 1 731 } 3—7]
(=v+u)7t &5} BE 4 oﬂL 00] Hws agick A = wall-unit(/u) 0.2 VERASIEE
Table 1 Grid resolution 3.4 1}
Re, N, X Ny X N, Arfi, | RTA6| Az
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Uy/u, 15.42 16.74 17.53 14.73 15.11 16.76 17.17
U/, 1.284 1.235 1.258 1.31 1.27 1.23 1.25
G > 10° 8.427 7.138 6.512 9.22 8.76 7.11 6.78
G/ G Blasius 0.9196 0.9676 0.9873 0.995 - 0.97 1.02
SR 0.1175 0.1001 0.1082 0.124 0.112 - 0.108
6/R 0.0616 0.0628 0.0705 0.067 0.059 0.09 0.073
H=45/6" 1.907 1.596 1.537 1.85 1.89 - 1.48
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