Direct Numerical Simulation of Friction Drag Reduction in

Spatially Developing Turbulent Boundary Layers

March 2013

Yukinori Kametani
School of Science for Open and Environmental Systems

Graduate School of Science and Technology

Keio University



AY

= wm xX #H 5

wsss | (1)e @ 5| K 4 wn
T dm O H
Direct Numerical Simulation of Friction Drag Reduction in Spatially Developing

Turbulent Boundary Layers
(ZEAPRs AL YBI ) D BRI O BHE S 2 L— 3 L)

(NBEDHEF)

Brbre B (iRl SHEER AR Cogiai SAL D BIAERITIBWN T, For DAEE & BRI Z B 2 finds iR o
TRIVRVHE O IFRED— 2 L 72 5TV, PRIKOREME IR T~ 2 BRI 3 B AYVE
FoTWD. HIZHECEE EOFEOFAUTELIASRE FIcdh 0, BEEEhUIERIC T LL
ML CWA., o B a—H 08 LS FREE LT 1980 4405, BEELROBIES S = L— 3 D
WFFEDESD DAL, PEERGURIEHIEN B 25l < = L—2 3 UM <AThihv TRz, Ll
SRS DR B2 T /A ZAD R —)LRORA T F o ADNEE S 5 FZAIZITE > TV
V. THVET, BB AR O PNERHT CEE R T T RE S N C & 7,
U UZEiPsEE 2 A L, iZeioshE sumo 8 C A= U 2 SRS E I Bl DGR £ 722
LW E% 5. Fukagata et al. (2002) 2SEEEHSHTA K70 5 A0 o 2 i3 2 1A 80 V-
ZEICk Y, PNERTRCIIBEGATTO LA L RIS Oy D HSEEE RTINS 7208 D 2 & A
FHNSREA SN, Lo, ZERINZRISEZ L D T CIIm i L DR/, ZivE CRGES
AUTC & T EEERBURIRHIEI ORI B U TR 553 3 50 .

AT ClIMIZERE OB B i oD & PHEET C ORI URI A E8E L, ZERPE L E
DEEEIHURII B ARE 2 T o7, oV 2B e LW LT ¥ —I v Rl e LT, BER
DO D—HRIRH L WAAFS L OB AN I 2 BRI R sh R A AR E L7

IZUDIZ, BEH D O—HIRH LIS L OWGAZZ W BEREIEH R OBEEEY R = L— =
(DNS)ZATVY, IRH LIC X 2 EEEHEH UGS L OWATRC & 2 BRI A T = R 1A R
DRI IREATH Z & TEBMNIHAGINC Uie. BRI AR D R E 2R8I & 72 5 O IBE G TEE
FHRONIHERE R TH Y, FEFEOZEMPESERBICRN T, BEEAMZ DEX %2 LT\ 5. BEE
MHORIHLIZE Y, ZOE 250 220, EEIER AL X - TEEmD BBEEN/ALE COELNTH
2B HLO0, BEENTEEDHIRE S| B2 & CEEEHURBE EZR L QD Z 0otz —
T, —HRIBEAR DS CIIFIRBE BB INE < Z & 23Tz,

— R H U R TR OD FTREMEAS R & U720, BRI ARkt L &2 328142 D139k
TIZREECH D, £ TRIZ, BEmONESL OVRENT L 212 I U7 BRI TR DNS %
ITolz. fER, WHOLGAIIIEN BN LEESESR S, LA/ VRBWNE I058 L, R
BIHURBSER Sz, BORHS, MDA IANLERBITER S, LA VRIS
HINL, BEEEEHUMEINT S 2 &3 bnoT.

—REKH L OSEE CIIBEEID D DR, —HRAHIOSE CIIBERSEOELOHIH L V5 B %
A T = XTI ER Sz, TEROWNERROBETIE, FICENEAIHIL, L1 /v
RIS A S 2 & TR AL S Z LN TR Th o7, Loy LA DRE R D, St
BRI COBEEIRURIBI I LTS, RO & BERTEEOELLOHIHID 2 SO RMFEM VR &
Az, HRHOF AR L ONEMR L H EER 2 B 8 L 7 HERERI OV TG A To 7oA, —hk
BHIOBE Tl RV HIBI IS SR o128, —HERH LA TlE, HERPNERR CREESHL
T GEF TR L - WaAR) E L C, A, =3 /LPHEER & HICE IFRME L.




SUMMARY OF Ph.D. DISSERTATION

School Student Identification Number SURNAME, First name
Science for Open and Environmental

Systems 81046673 KAMETANI, Yukinori

Title
Direct Numerical Simulation of Friction Drag Reduction in Spatially Developing

Turbulent Boundary Layers

Abstract

For mitigating environmental burden, reduction of skin friction drag caused by viscosity
generated on a surface of transports systems are one of hot issues. Skin friction drag on the
surface of the transports such as aircrafts, trains, ships or cars are enhanced by the turbulent
transition. Due to the development of the computers since 1980’s, scientists have been eager to
analyze the skin friction drag reduction in wall-bounded turbulent flows by using numerical
simulations of fully developed internal flows such as channel flows or pipe flows. However, the
analysis of the skin friction drag in external flows on transports is still under investigation.
Fukagata et al. (2002) introduced the FIK identity that decomposes skin friction drag into
different physical contributions. FIK identity shows the Reynolds shear stress near walls has the
dominant contributions to the skin friction drag in wall-bounded flows. Skin friction drag
reduction by reducing Reynolds shear stress in fully developed channel or pipe flows was
confirmed by analysis with FIK identity. However, the physical contributions in controlled
spatially developing turbulent boundary layers are still unknown.

In this thesis, skin friction drag reduction in spatially developing turbulent boundary layer
was investigated. The direct numerical simulation with a predetermined control: uniform
blowing/suction and heating/cooling, was performed. The uniform blowing reduced skin friction
drag, while uniform suction increased it. FIK identity showed that mean flux through the wall
surface worked as a reduction factor on skin friction drag, i.e. eddies near the wall were blown
away from the wall, while opposite trend appeared in case of uniform suction. On the other hand,
uniform cooling achieved skin friction drag reduction by suppressing turbulence near the wall,
i.e. the stable stratification was formed in the boundary layer, while heating had the opposite
trend.

The analysis by FIK identity indicates that there are two ways to reduce the skin friction
drag in spatially developing turbulent boundary layer: blowing away the turbulence near the wall
and suppressing the turbulence near the wall. The control efficiency, which is defined by powers
to drive mainstream and control input, was discussed. It was found that net-energy saving was

achieved by uniform blowing, while not achieved by cooling.




