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TURBULENT STRUCTURE WITH AND WITHOUT
CELLULAR SECONDARY CURRENTS OVER
VARIOUS BED CONFIGURATIONS

By Hiroji NAKAGAWA, Iehisa NEzU and Akihiro TOMINAGA

Synopsis

Many river engineers have hitherto suggested that there might exist cellular secondary
currents in a straight river which had a pair of counter-rotating streamwise vortices with a
vortex diameter of about the flow depth. These cellular secondary currents create various
bed configurations such as sand ribbons which are alternating ridges and broad hollows and
aligned parallel to the mean flow. Also, they may cause the three-dimensional flow patterns
and sediment transportation in an actual river. However, the origin of the cellular secondary
current and its physical mechanism are quite unknown at present.

In order to reveal the characteristics of the secondary currents and also their interrelation
to the bursting phenomena occurring originally in the wall region, the present study has
examined the turbulent structures in air duct flows with and without the cellular secondary
currents. Considering that it was very difficult to measure precisely the secondary currents
in water flow because they were only a few percentage of the main flow, they could be
measured by hot-wire anemomaters in two-dimensional air duct flow which corresponded
similarly to open-channel flow. By systematically varying the bed configurations in which
the longitudinal and alternate stripes of smooth and rough beds were set spanwisely, the
generation and maintenance mechanism of the secondary currents were investigated.

As the result, the strongest secondary currents were created when the width of the stripes
was equal to half of the width of the duct which corresponded to the flow deth in open-
channel.

The effects of the secondary currents on the mean velocity, turbulence intensities and
Reynolds stress were examined in detail, and then they could be explained well theoretically
by means of (1) equation of motion, (2) equation of vorticity and (3) equation of turbulent
energy.

Next, the effect of the secondary current on the bursting motion was examined by using
the pattern-recognition method. Although the relative intensity of sweep to ejection motions
was affected by the secondary current, the bursting period was not varied. So, it is
suggested that the bursting and cellular secondary current are phenomena different from
each other and both of them coexist self-consistently.
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Fig. 1. Schematic diagram of wind tunnel. Test section is in two-dimensional
duct flow of 8 cmx18cm cross-section.
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Table 1 Experimental conditions.

Case Umax Un Re Ux] h bed type b
(m/sec) | (m/sec) (m/sec) | (cm) (cm)

1 4,680 4,238 | 11500 | 0.260 3.5 | all smooth -

2 5.314 4,251 | 12940 | 0.398 4,5 | all rough -

3 5.277 4.453 | 13500 | 0,354 4.5 | smooth & rough | 4

4 5.675 4,725 | 14380 | 0.352 4.5 | smooth & rough | 4

5 5.227 4,271 | 12570 | 0.365 4,5 | smooth & rough | 2

6 6.196 5.030 | 15170} 0.360 4.5 | smooth & rough | 2
Upnax & maximum velocity Uxy : friction velocity from pressure gradient
Un : mean velocity h : vertical distance of Upax point

: average over z-direction

b : width of rough(smooth) bed

Re : Reynolds number (=Ugh/v)
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3. Conditions of bed configurations of the duct.
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Fig. 6. Distributions of the Reynolds stress -uv
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Fig. 8. Lines of constant U over smooth and rough stripe beds.
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Fig. 12. Variations of the friction velocity U, against the spanwise direction
z/b over smooth/rough stripe bed.
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Fig. 14' Distributions of V/U,,, against /D over smooth/rough stripe bed.
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Fig. 16. Linec of constant turbulence intensity
u’ with secondary currents.
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Fig. 17. Variation of »"/«#’ against y/D with
secondary currents.
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Fig. 18. Reynolds stress -uv/U2,, against y/D over smooth/rough stripe bed.
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Fig. 19 Lines of constant #’ in Case-4.
Compare it with Fig. 16.
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Fig. 20. Distributions of (w?-?)/U% in various flows
(summarized by Perkins (1970)).
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Fig. 21. Model of cellular secondary current or
streamwise vorticity & created by the
spanwise non-uniform variations of U.
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Fig. 22. Examples of energy spectra S(k) of » and » normalized by the integral scale L,.

BXICHEARERELL S.(b) OBERMBTHY, V1 VA Re=v'L/y BEREUTHEI WS,
Mthicid R.=500 & 1000 0FALRLTH YD, EBER, HEEL, BELES S HinzERdRic—HL
Tb, IDEDEIBNT HRABICERMRIC—HT I L0 D, T TRITS N BEERADA RS
PR 2RO EEEZIINEEL D, THELE, 2REBERCERAROEGZAL EEL LNDLHT
NERTE—s@BHoNEhoT

wic —5/3FRDORILT 5 BH/MERICB O TREE ¢ ZFHE LI, aved 0 70-5/3FRIIRK

w?S(k) =C e¥Pk~53  (C=0.5: LFHEEL) +evrrererrerorrsnrensnssnnsinsiniisiissaieninsisianens (15)
DEIKEbEh, ChEERERSTIRD k=1 DL ED Sk) D% A LT ¢ &8
5=u's(%)m ................................................................................................ 16)

ELTRYD bNBo ANRERIME BRE LOBERRTIY 0U/02=0THE05, P=(—w)dlU/dy &
ROHEWETH S, HEHREBEFRICET S P DL ¢ OEERLIZGDH Fig.28 THB, 2h
HOEEETREELE bIIFFCREVD, EEEETRRER P OFSEHE « LR, X1Dic
ST V<0 LR ERERE—HT 5, BEOOBNIECATRINSHFERLTVED, COELICE



)il - i - B RERKRKAIC B 0 2 MIEE N S ho B 331

X
D

Case 3 (with secondary currents)
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Fig. 23. Relationship between the turbulent production P and
dissipation ¢ over smooth/rough stripe bed.
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Fig. 25. Calculation of the effect of secondary current on the Reynolds
stress by means of momentum equation.
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Fig. 26. A comparison between the calculated and measured
Reynolds stress with secondary currents.
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Fig. 27. Pattern-recognized structures of u, v and -up without secondary currents.
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ICEHET B720i, BREIVA 2 VRIEHE u-v EEHO 4 RFICX4H L, ejection HGE XU sweep FEHOD
HER R2 BXU R4 2B L1, 2D R4 & R2 OLOZ@ESEER LIt D Fig. 29 ThH3, 2h
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Fig. 28. Pattern-recognized strures of u, v and -us with secondary currents.
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Fig. 29. Lines of constant ratio R4/R2 of sweep to ejection
rates of contributions to Reynolds stress.
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LIS I SO (LR BN, BEETREEOFE & HBTIT GIKERcBY 2R TR
R4/R2=0.74 +$\EFIICIFIT—E)2, ejection 7D DEEIHAT sweep hSOFEDHMBREL,
HE ETIC ejection HhODBFEDHBRENEEZL S,

WIC1DDRE — VI HIRO/ S — v & TOWMEEE bursting B8 Ts &E#EL, coTam T, %
Uner BT b TERTLFER LoD DD Fig.30 T
b5, WicidEgE L, M EsXCWREEHEOH CASE 3

RECKDAHHERLTOAY, CHOOMICR & .
FHEEREIRSNTREFMCRE—EMEE S,
Z20MER TUne/b=3 &30, FBEKKBG 3 — od
HROWRTHER(24) &L —FKT B, 2 T,
DRI DO—HIZRLI<dD Fig.81 THY, 0.5 $a
R REERBSER LTS, EREELCO O z/b=-1 o
BRI EC —H L, ERTRRETERS TS P i L
&3 Ty ORFIREBRIHIHS LEL B, (boundary)
DT, SEEIS 2 K, —#icid kolk, boil 73 ¢ Zf&;ggh) ¢ oo
FOKIEMEIFE (macro turbulence) BEALTD, — .
bursting 3 &ML AL A—HTER
WENWHEELOEMICET 5 2 EREROREED — ¢ oo
RUBERLTNBE EEZBNBY, 0@:2

VA VAISS —un DA Figas iwREh o)L 2
7ok DI 2RMDEERE B THRERENER °°
LTWieds, chEir 4/ vRETI~OESM OB 0 | 1 | 1 |
95 &, bursting OREFERENMETIC, Z0 1 2 3_ 4 5
BEBEN U EELIBNE, COLE, 20 TsUmax/h
B OEBNELAERTRIEEETEOTIRE Fig. 30. Mean bursting period T, with
&, ERFOBET S BELTR ejection H50 secondary currents.

Z\W (a) Case 3 Y (b) Case 3
20! n 5 z/b=-1 (smooth) 204 - z/b=1 (rough)
P(Tb) y=0.7 P(To) y=1.0
——: Log-normal Curve : Log-normal Curve
10] 104
i S | .
0 0.05 Tb(SEC)O'I]O CAE T'b(sec)o'.w

Fig. 31. Probability density distribution of 7, with secondary currents.
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FEIHEIHNCIHA L, FTRREOEAT 2 HEE L TiZ sweep 25D EEMSEHENICHRD LIck, 52—V
HRORERMOBRTE S,
4. 15 E

ARER, BKBRCBVTRONSHAORERES XCNMBELHYT 27001, Atk D RHE
BRBRBEONAGHREZR NI 2IRTERRTLO 2RREZEMCHA LA DOTHY, FEROERSR
SRR E DBRICERZE BV THRIFE#ED 2. T12b BEROHEE QMK H RO RE—HSHEHRORA - 7
#RECKREESELTVSEEL, ChERREBVTRELEEZLEREBET 30 &Ck-TY
Iv—tL, ~BOEBET-1bDTHB, TORFROL I EMAIHSMiCINI,

g9, Case 1 BLU Case 2 KBV TERARSETBLUHEORREZTY, MBI TETRAR
ANHED S WNDELENRE I NN, BRAEICDK 2 2IRBOFLEZIRDLNIEh -7,

HES LCBRAEORLREBAEOE I D%SE Uik Case 3 XU Case 4 T3, HELTEEMOT
RS, AT L TEESD LR E VD B 2 IR A N5 & & SHERS i, Case 3 & Case 4 T
R EEHORBEENC LicbDTH B, Case 4 THENGHBIEITE 1S » 7B ICTHRES 8
RAH5NT, REEOFRLD, MKOBHAKHOMENIENTHSLELLNS,

BHE X L BEOTLMEE Case 3, 4 OEHE L Case 5, 6 KBTI, COXHWHELTT
B, BELTLERIVS 2REOREMSED SNT, LACNEPAXOIEFICIHT 2 WKDEEIRE
BNfco LIchioT2RIKDOREIIR, MOLORTEEFHORr —VEMEFTORr—VTEDEN
BEA Ry —VHEBBEBERERHERLTOIEEIOND,

(4)Case 3, 4 DFFE 2RMBEET 254, FHREM, ANBESEBIT VA / VISHEHIC
BT, inner zone & outer zone & IKHIMEICEHBRATEDZ LHREN, D& & inner zone TRE
EORFHISEELH L ZT 505, outer zone TREMOFESFHILIN, 2RTOKFESEECHEDLN
LT EBRENT,

BIZ D& S 72 REDOFEMKEL, BEHFELN hz i vF-HEXBLUCEHRIEAPSELEN
BE Ulco FHUBRBRTITH 2700 FICRNEBREL 72, Us OB HRAORE—5 50 REN
FeHaR L R ORI 5 2 IROFREN S BEERPI NG T LIVREINT,

(6)/92 — vEBEHIC X » T bursting BRE 2 REOBEBEETE I, ZTO/E 2KREBEELT b
bursting ORAFHIIE/LET, sweep & ejection DFERNE(T B T LHRENI,

PEDE SR EHHBE LIS, ABRDOL I BHEBUERINTVEEERL S,

WA EREFOELBEOIRERA LI UK, COREEAIRILBRZEILED,

(b A YRR S 2 RIEOREFR EZZ S35 COBAOEREEEOHEMNHIEHESIZ2
RBFEICODICHEBERITT D,

E5IC v-w TTOFREZMAFMIRANSREEL IS L& bICY, REEAKBROBENKTNCET 3
IREREEE CO2RNERESY 2 EHBEESREELRDNS,

BRICARELZETTHCH > TERBLUF — 2 BREICEB N TS » e ARERESE, SHBEBX
UAGERECLI ORBOEERLE T,
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