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Comparative Study on k—¢ and k-@ Closures under the Condition of Turbulent
Oscillatory Boundary Layer Flow at High Reynolds Number
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Abstract

The aim of this study is to compare k-¢ and k- closures under the condition of oscillatory layer flow
at high Reynolds number. A one dimensional vertical model incorporated with flow momentum equations
and turbulence models (k—¢ and k-w) is applied to the laboratory measurements in the turbulent oscillatory
boundary layer. The numerical simulation reveals that both turbulence models calculate similar velocity
profiles and turbulent kinetic energy (TKE). In addition, both deliver high accuracy under the condition of
negligible spanwise pressure gradient. Therefore, it is recommended in this study to use k-& closure, of
which numerical coefficients have been calibrated from many studies, for the cases of straight channel,
estuary, and coastal environment where the spanwise pressure gradient is not significant.

Keywords : oscillatory boundary layer, k—& k-, turbulent kinetic energy, pressure gradient
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a@i 01”5401 =5
Ooh,f} ﬁ?ﬂ- —rﬁgﬂoi%%‘jr (Elghobashl and Abou-Arab,
1983; Menter, 1994; Huang et al., 1995; Shih et al., 1995;
Umlauf et al., 2003).

7o) FfAE-S A Direct Numerical Simulation
(DNS) ®'H 3} Reynolds—Averaged Navier-Stokes Equa—
tions Approach (RANS)Z 722 4= )tk DNS+= Navier-
Stokes A& A4 02 FolH o2 785 (Turbulent
Fluctuation) 112 g %é?% Aikgich o] WS BE
AR RS WHRE ARkl of stRE x4 o
2 =2 78S g%tk @ﬂ"LE]L T % Hl-go] thgF
Reynolds 9] AlAl& (Re)oll wl#siA Hoz ke
Reynolds & 7H 2710014 &85+ 29 B4 &t
(Pope, 2000). Nagaosa (1999)+= AH7H Z=ol A -
%= vlotalr] 98) 32+ Navier-Stokes 218 A% =3
Aoz ALkt DNSE a3ttt Fis] 2d¥ (Fully
Developed) &7} 714 o] AT-ollA] A-fro] dell
T G et A Alele] A 55
=2]3}k9 T} Orlandi et al. (2003)& A (AZ7] 5)¢ =
o] whioll = FEFS olalsty] 918 DNS 7% o]&-
sto] A 2R GRTE= AL ARl AR
FrAFeE ®isks ZHA ®lvkar Witk Joung et al. (2007)
DNSE AHYEo| 2835t 93| dsh= o|xHt9] 550
THEQ/] TTL/H [R=8 H];] ClE %/‘\j og _(?_EEL__ ;qw—g]_q_
= AR TAESI T o) de] ATt vERSie] DNS

= R el S84 5712907 S ol ol

S, A FAlo) A E5o} A7 B9] o)yl 57 A%
ol AR B0l +A7 W] A

o} F2 A7kl do] 9t
SR R asS vilslete] AlkshkE HEHoR <l
af We =% 78t ghefst #ge) JL?LE]‘C
2tk RANSE thA] @
Reynolds 33 =g (RSM )o.2 e 4 drh RSM 7l
WAl Reynolds 333 Wi 24 (Turbulent Dissi-
pation Rate)S &o017F= Wi o= ool tish 714 o]
"EJE— u/\ﬂ'% ;5;1(:% ]—X]]ﬂ— Kang and Choi (2006)‘_
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ol 2ol EAstE
% A-g3ke] AEA<} vl
Stress Model)¥-2] H|nE 53]

= X]FGO]]}\-] o4 71—/K ul ? o]

o el 55 HHoﬂ RSM
3k9laL, 71¥ 28 (Algebraic
T A é?ol )7} 5
(Velocity Dip and
Lateral Shift)S A2 RSME] A4S =9]5k9c) 9
A By 3H-ME & (Stress-—rate-of-strain) #AE
vl o 2 kA 22 2 /N uEgly] wite] o)
AL At o] el Bed Agiel TAH R
ZmE 5 1t (Pope, 2000). 3HA19F AlAte] ey 2 &
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38 2T A% SO 28, AAA M ol o
$HE DR 2 F shioleh Sy 2P F ket
ko 58 7P ol 0§51 o4 (Two-equa-

(e}
tions) @S, A EY (Mixing Length)} 7+
1474 24] (One-equation) @3} H]uehd S5 9
= 71 9= (Flow-dependent Parameter)& 24&
a7} g uoﬂ/\-] Eq sl H o o) BA 3
s = AA 7P dE] o] &He=
FRYPORE ‘%’%8 571 04—?74‘:01] ofaf ] ar AjAd
it} (Davidov, 1961; Harlow and Nakayama, 1968;
Jones and Launder, 1972). &%l =] (k)ol] that 2]
3 Al AL V%3t FE PR (o)l
A 2 o8 FAEE k- RN AL o8 F
o] AR Ak (224 i), e F AR W
F7F A2 RS RE AvtEe g Sl S AskE
N IR A2E (Energy—flow Rate) = o]3]et <= 9Jom 4
3 59 Ao AR 2 e el o 24«
t}. Olsen (2003)2 k—¢ 23L& o] §3lo] HFE 343}t
el ofgk Ak ol S ROt FAIRY
7H”L5‘P°4 te SRy vlasisicy 1 A3 koo B3
o] &3t FAtolE o] o) ko] i ofy &
55 F mARRitE 228 £E3190t) Rameshwaran
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2ol|Ae] AT TeS ALkelch B A ARt
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AEE FEY olF gs o
(2274 3Fa1). Wilcox (1993)el ¢Jahd o
A2de] Al ek ALY G
o k-0 E¥o] FHS 7HxIth ARt g7
=7 A= A5 EF (Free-stream Layer)ol] th3h
ALt AAZRAANANE @7} ol= AR AV]E VAR
= 785k A SollA Aol 14]7]5113}(1301)6, 2000).
Puleo et al. (2004)2 k-0 B3-S =2 Reynolds TE= 7}
A= HAEHATAA 174
o] k-e REHT 9

t}. Violeau et al. (2002) S koS 5
Z110) Agate, 7 o] 7w -’F FA TadE %

Fargleh, el k-o BHo] Aok B Aol ] 55
S 488 A9E 223, 25d (00 B3 <
24 o) HEARE ko REE TP ofg mYon
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el

o] vHii= T‘éfﬂ TAE 7%4%'6}04 “H7H§P‘]7]‘C E’}‘?i 2
NS} FAFSHAl Qs gk 254
a7t O]"‘?‘roiél T UEE Akehs e th Zedl
and Street (2001)& LESE 0]-&3}o] o]g-0] 'LZH OP—E
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ATl A= Al BAgo) hdste] X0 )l whE
ne] A EARE 29 7 AU 211
Dimensional Vertical Model, 1DV) =&o] z|¢teTh
1DV &2 W3 s50] s WaH vk 7H of
#, U-FH 59 W AAS 210 wol o] 8+ =3
o]t} (Hsu et al.,, 2007; Puleo et al., 2004).

529 %% AL Navier-Stokes 2ol E1

@ 9 o) wab BAETE 1S A8kl f

w_ Llop, 1% (b

714, ust vie 22t x 2 ylake] 35 (Ensemble)
B 5 Uehl, p 7319 1, ap/azg} op/ay
= k] o)

STEHIEE, o, & v BARE YERITh 7} %9
= A ZFeFs] v, o] &
Aol =2 gk ¥-3F (Cross—shelf

¢ ar s += F9ek (Streamwise Direc—
tion) 2} o] F sFo] WAe= WIS vl #A
o] A8 (Fluid Stress)?! 7. 7,3 oHdA) (Eddy

Fl
Viscosity)ell tist 7}4S o]-83ste] Aite)

T, =p(1/+1/t)% (2a)
T.Tz :p(V+Vt)% (2b)

Eg. 014 v B9 B84AS, v, HAAFS
L}EME} B AT A o] 4= ke ko 9P 2

L HFeE (W, w)l 23 Reynolds 3382 <47
52 2 u)seie, ke A9 Vtg—gz—u'w/ o
BAE 7PATE o] BANA v o} w' & x8F 2] Ui
Q%o
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Fig. 1. Definition of Coordinate System
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A3} k-0 ZFoA 843 A5= 22 Egs. (3a)2) (3b)
2 Fdec
2
v, = C;,k? (32)
v, = k (3b)
w

A7IA, k= ‘rher% oA (Turbulent Kinetic Energy,
TKE), e3¥ we WAk (Turbulent Dissipation Rate)
& YehiH, ¢, = H 7W¥<=olth (Table 1). Eq. 32 &
3 et wiz, LR B e= C kool BAE 77 H
< & F Utk

k- B8} k-0 B39 ol dRIsAUA L} G
2Abg Alole] g TAA (Balance Equations)S &3l
o]Fo XM Eq. 4= k- 2%, Eq. B k-0 285 Y

el
ol i) o
woaplEl 2 e @
ok

2 (G| 2 (2] | (5b)

2eron) 2] a1

Iz

Bl et o, G, o, o, o, Gy, =
1 234904 B} 2pAs] At

Eqgs. (3)~

< ujARge
2.3 oIl 2 AAEA

2249 FREYPA U= wpiEsEe g
Table 1614 AAJELE 2 AFelA, o5 w/RFTES
Rodi (1993), Henderson et al. (2004)¥} Wilcox (1993)2]
Aol A AEE Fhell 7] z8ke] AAFATE k-w 539
Ae B0 =009f o Slaix ARRh 283 f o= Ea,
6)ell olsf ALk

fy=1 ifx, =0 (6a)
1+680x2

fi=——r ifx, >0 (6b)
714400y

Eq. 614 x, & Eq. (D= 2t}
1[0k ow
Xe= 5 (537) @
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2 6‘}“3} Sumer et al.
(1987)° g AAZNAL FFAEE olslslr] flsl,
U-FH 2ok gE H§dd 42 (Water Turnnel)ollA]

Table 1. Values for Numerical Parameters of Turbulence Models

Parameter C, oy, C. o, o o Cy,
Value 0.09 1.00 1.44 1.30 0.50 0.50 1.92
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Table 2. Experimental Conditions of Sumer et al. (1987)

Roughness Height (k) Amplitude (a) Orbital Amplitude Angular Frequency Q2#/T) a/k
1.5 mm 271 m 2.1 m/s 0.744s™" 1,800
Cross-section w12 3m12 4712
Closed Riser Open Riser 15 |15 15
Air 30 cm
= — __ 10 410 10
5
Water 39 cm ~
Measurement Section 5 15 5
0 0 4 o5 0
IS 29m 07m 0 100 200 0 100 200 100 200 0 100 200

To Pneumatic System

Fig. 2. Oscillating Water Tunnel of Sumer et al.
(1987)

A3 s, HE9E R JuHe =] 30
cm, & 39 cm?] FAAMGE Eolr 15 mm A= FaL
(Roughness Height)& 7FA+= vlgd o= FAJEof l}h
(Fig. 2). 15mm9] Fie EFw7) ¥ Y3t ng =
015’“3}04 B Q) A o]-8-% %13 =
= F&E (Velocity Amplitude), 2354 (Angular Fre-
quency, 21/T, 714 T 57]) 52 Table 2014 0]
2w o] = upEko 2 Sumer et al. (1937)0] AXLE glojm=
i o5 x 1000tk #lo]4 E=Ze] £457) (Laser Doppler
Anemometer) & ©]-8-3te] & 503 s 9 (B0T)
14/1000% 714 (¢F 71 Hz) 0.2 w537 o] o] FofHth 1+
Fae] b goks M= Eol A4l olal =
HHASHE W] #H 4 33H4, A1 31221 Kolmogorov
Scales7H] 4T = A= S47|719] d3te] a4
o} webd =& AW E (Measurement Frequency) 2}
W] HA A9l Kolmogorov Length ScaleX th
22 S 404 (odl: Hot Wire) 5] &9t} Nezu and
Nakagawa (1993)°ll 2J3] Aot i FAS I u|<]
Aol TS A (f L = (50/77)( / )Q‘rl,,” = h/100,

2o
X2
oQ
E

= (50/7)(2.1/0. 38)
9 *f*"éi*ﬂ' o], AA| élféoﬂ o] &H =
Nezu and Nakagawa (1993)7} A A1 3F 7]l & ujx]w,
Zxﬂﬂ/\ial A7)0l B3k A A Sumer et al. (1987)9]
ol AWEA ¢ H TR s Ao Ve
Aol gk o7& A7 5 Uk kA9 Sumer et
al. (1937)9] =1l A EM%
EAI3E Fig. 304 W
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Fig. 3. Vertical Profiles of Measured and
Calculated Velocities at Each Phase
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i}k, vpebA o] mbE<4 % (Friction Velocity) S A& 35} AAIGANA S 55 ekl Z}% %(Freestream)
SJaliA vt AAYE oushE Nikuradse 3 (k,, o] W} dx
Eq. (8) a7} o] &= Q) k, = viehde] Zaro) 284 < I

1 A5 wete] At 2 Aol viviwig 1A Yk, 9 m129F 914 2x
o] HAE F3l Aol ol &¥ 12l 1.5 mmel 255 %!

# e A8t o F &

Fig. 3& Sumer et al. (1987)°] ¢J3] =44 < (Y o] 2199 (Logarithmic Layer)9] E4< 714#] @&+
712)7} FRR] AT} (k- B&: AA k-0 B3 HA) 535 (Oscillatory Flow)9] 548 k¢ 283 ko
S UEIT. 3050 49, 50819 7] 5k 348 ma sk 2 maeta otk 53§14k dni2elA
FTES PHE Hask & 7719 094 w7417 BATH 812 Eetoll = HAEXx|9F Al A= 2= el
et 7+ e ze] Akl BAIE np/12:= ZH71 045 9] =, o] 713 A2l f40] 20m/sE &3t
njgith, BE 94 (Phase)oll A k—¢ 28 ko 232 o G4RE X3 F5edshy 27e] Jdsl 94
AV 23S YeRdt) A4 Fig. 304 8<to 2 2} (Dynamic)?] -5t} o1& &dlA k-g k-0 B33} A7l
oF PHEY Y5 AR £ A%E volm Yk © 58 8Y Eq ) W3S Be 49l
SEln e UREES olgd el ANANES & AL XL AR AdaTE Al SR1E
AZAof] 2 A g} 974 mollA YEhtE A 2o, o} B A BAHL ke BEHI} -9 RS ¥ 0E}=

212 312
O  Measurement k-g-—- Kk -w 250
200+ 200
@ 150| 150
5
~ 100t 100
=)
50+ 50
0 -2 ‘ 0 2 0 -2 ‘ 0 2
10 10 10 10 10 10
4112 6112
250 250
200+ 200
@ 150} 150
S
< 100! 100
=]
50+ 50
0 -2 ‘ 0 2 0 -2 ‘ 0 2
10 10 10 10 10 10
12 812
250 250
200+ 200
@ 150} 150
S
< 100! 100
=]
50+ 50
0 -2 ‘ 0 2 0 -2 ‘ 0 2
10 10 10 10 10 10
z (cm) z (cm)

Fig. 4. Measured and Calculated Velocity Profiles in Semi-log Coordinate
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Aolt}, F 2o vy AEXe} 7M7) o= Fre]
A5 e =R 2ls BAgte 2 o) Fold = 9l
SAIRE o] =] v A AlLbA T (Fig. 4, Fig. 5 5)olA
T Uehs AAT T mEge] At s ke A
o] HLWel oA F<ds] Elx= A 9ol RMSE,
Correlation Coefficients 52 ©]&3F AZX|o}o] A 23]
Q1 QAREAS FeE]A] et

Fig. 4= 9% 22/12, 37/12, 47/12, 67/12, Tn/12, 8«
/1200142] A=A 271 (Semi-log) &F (v
o] logyyz, zi= HFHTH SR E 9] 72)) & =A% Zleojth
Fig. 304 Yepd 213} 2ol 21 AR AN E F 7

=y A==
T Ca=

A FREE BE 7o) e ghe Alteln] AEgka} &
A AdE ROl B AT A gela Qi 2L
Bheto] A SAS /AL glom, o] A% AAZ

o] 271 (%= Ul4 Logarithmic) H2 S Eq. (8 <3
J Axrer),

A ®

o71M, Uy wheael A 9] mpEE) k= von Karman
A4 (04D 2ngt) Fig. 404 vehd nlol ojsbs,
FAlo] 014 ¢F 10emS] ol A= F=2 1 A A
2 &‘FJH FrEma st A% x5o] 74 (208 YE

= T2 FEA A e AR BAF W
of EAlete =1 WAS ofv|dith Fig. 40 A€ A3
& g, F 7K GRRE Rt AAIE el 21 HF
S Z ARksta de AMdS & 4 vk Fig. 4olA=
&0 AAZol & v 15l A RAE

Atk Fig. 3014 BHol= A7, AAS-2] Aol7} ofF 2
& 1 /12, BATE el B E A /12, o
SolME FRI FRANAE A3t Heke]
A= o Fg. 4904 ZAIEA] k=t

TKEE H72% (v, o, w' )& o183t Eq. (9)°l 2]
3l Ak

TKE= %(FJF o2 w'?) )

Sumer et al. (1987)2 x 2 z Wake] "HTB- = 354
sl HRAE (2 7/, B ARk
o] H Ao A= Sumer et al. (1987)9] «]  =AHH &
£9 TKEZ 2H48taL k-2 2 k-0 280l 93] Alxte
TKES} Bl &kt Sumer et al. (1987) 2 - od7Ro) A
v yEE] §5 2 IR SR8 0] 00]gar 73k
o & s gtk 54 9 ALk TKES] AZEx
= ZF S1PEE Fig. 5ellA vebdth fr&re] B3 et izt
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Fig. 5. Measured and Calculated TKE at Each
Phase
72 TKEANAE k-2 L k-0 B8 o] 2 Zo]Z Yeh)

A gt ¥ 2Y BE AAS WA 3248 F7kske
TKES AWshela, 1 217 94 7o) Qg Ei
944 97/12904 a7HA] Freol sk AKeIA k-e 2
k~w 530 & AMte TKE=
A5k Lhebiick, SR ol SHEHAl S71eke 914 o/
12604 4r/1274K08] A9 vikerE @A A
TKEZ A5A00 231, f40] /b4 2 e thehle
S8 57/12014 8x/120140= A% vilel Al A A
© TKE7} 25218} =] vebdt) Fig. 5ell 4 vehd
= st o), frol PAHE 71 (51 Ta/12914
NAE AAFE S, F nerst F28 A o,
TKE®] 748 F 74 ding wizk Auksid. 5
AR o] Z7heRE Z1%H (1 /12004 6a/12)°0, A
S Fe 7Pk 130914 TKEZ} 225k
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o] Zrlste] R e A 2 F)
AR-ZRE ] oUA] F-ho] WAt HL- A
=2 TKEEZ 714+ Kolmogorov Scale®} H|Z=8 71
7M1= 2o Uit thako 2 whAiE 4= 9l o] 23
S n2E oz sy o] Ay HAEH|9} Ao
Hole ddel gisid e v 7 77 F2Enh A
A, AR vFEE-S 7= Sumer et al. (1987)9] A
A (F32=15mm)e] v o2 5H O{100} mm o]u ¢
o] HFE HAEATE &S e 4 vk Holok
e 1A ZAA 7 7= el ofet EFe] MKE
AAolgh= A S 71Ro g & uj nigiy) ol Jke-
F R M) W7 (e 58)= vhehd e Xy A

7Fd 4 ks Ho] FEHrk B]E Sumer et al

o

td

BN
o BNOE o A ot =

—

=
| g Wi Aol ek 4 glrkal waEth Bas
(4) and G)IA HeIAE A3t o] B AT o]
TREge v gel] ot el o

et al. (1987)9] 241l 7HA= Aol e el
dheel AhesE Abe fuel Rk A

e Aoz
TKES 24shs Wil 54¢ ueld o, vk of

2

T 7R FdolA e TKE® 5
e} gkl = Qi 3] o

Sumer et al. (1987)¢] &gl o]-&3t )7} 4

o,

e
2, o
> rle
N
o
i (o
>-§ o%
- [‘L]_‘
o

i)
BN
o Ao K= o

A of
A EASE BE R e s 4 ol
Aol A ool AZ1R & ek wef uhee
EASE o} F Ao Fre] e Aol ol g8 g7t

3
2
L

S A ZvkaL MRS A, ol A
gk TKEZF aLe =4 55k Aap7h vepd = ok 9137
7/129 7%, vgHo 25 E 05mm Eolzl oAl
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