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Research Status and Progress of Bionic Surface Drag Reduction
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Ningbo 315201, Zhejiang; 2. State Key Laboratory of Mechanical Behavior of Materials, Xi” an Jiaotong University,
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Abstract: Bionic surface drag reduction is a very promising drag reduction way at all drag reduction techniques. The
bionic shark skin drag reduction and bionic superhydrophobic surfaces drag reduction have currently got more attention.
The fabrication of the bionic shark skin structure focuses on two styles: shark placoidscales directly replicated and simpli-
fied riblet structure. Research advances and progresses in the world on bionic shark skin drag reduction and bionic super-
hydrophobic surface drag reduction are introduced in this paper. The development directions and emphasis of bionic sur-
face drag reduction are proposed. Superhydrophobic surface usually has a rough surface micro structure and the low sur-
face energy, however, not all superhydrophobic surfaces have the drag reduction effect; thus, the drag reduction effect of
superhydrophobic surface need a metric.

Keywords: bionic; surface drag reduction; shark skin; superhydrophobic

0 51 B T VP 22 T U8RI 3 [ B b & 1 A T AR
G FRE T 2 TR B O 0 I 2 Tk 2 W LAT R B0 38 A7 3 R RN R IR U AR R R TE M
TR E WS . AR L 0 2 v AT PERE I B 38 bR 38 17 o B U 8 A AT R

KRB 2015-10-12; EE B H: 2015-11-20; LM HE: « HEX B KRB 23 4 (513350100 ; Wi 714 H 4 B £ ] 57 I A1t H
(2011R50006) 5 7 3 i1 BT A1 AT H (2011B81001)
BIREE . WEMA982—), BQO, W56, Wt MEAE . B AT AR A% 5 05 £ W FH ; Tel: (0574) 8668 5809; E-mail;

zengzhx@nimte. ac. cn

PR EE: 2016-01-30 17 : 09; ML HARMIUE: hitp://www. cnki. net/kems/detail/11. 3905. tg. 20160130. 1709. 004, html

SIcA&s: AT R, WA, WO, S AR R R BRSPSk LR 2016, 29(1) . 7-15. MAF L, ZENG Z
X, GAO Y M, et al. Research status and progress of bionic surface drag reduction[J]. China Surface Engineering, 2016, 29
(1. 7-15.



8 2 EH X W L E

2016 4F

Al BB LT FE S U B MUAT IR 1 S Be ) BB AT
JEAS o TR AT AR B 32 AT B R RE e T AR R BR T
55 % s HLECRE AR A, g5 32 B0 5% e R 2l 2
AT AAAE W K AT B A B

VAT AR 38 AT A AR XY v T S IR A B
BLFE - D% B 7 < WUAT U AE K T AT 3 e
T 24 U R TR B0 BHL s @ W B BEL T s 4K
Z RS BT K B R TR A R R ) 2%
T B BEL 3 5 O BE 82 L Ty - WL AT AR 7E /K vh iz 8
B AT LA (Rl e o A R LA — 2 K
FT A B BB — 2 32 2l T 45 2 7K 0 R /R
) o 2Z 6] 45 7 A= U0 R 0 A S 3 i el O 4 7 O
7™ A U0 1 7 s 6 AT A2 shJr ) B A
PR WCAT VR BESEBEL Ty o ZEARAR SR B0 F - 2%k B
F1i5 10%~20% IR B A1 7 1026, EE 4 BH J7 5
7026 ~80 Y0 5 7 i MY % 0« 24 PR K 5004,
TR ILBE Iy o 500 BEHERE ) o5 4520 ~50% ., Hrr,
24U BE 7 A A R KR P S TR 5 TR
By S AT R IR R R B AR G, HL N
B4 /N o G Hp JEE 4 B X 0 AT AR 11 R R R
A 45 5B R W LT g R T A AR Y

20 g 70 AR AR AT A ML R 1R A A5
BB T WA B A . &l 2SS
T1 5 F5 I i A FE S Y A R 6 A D BEL 17 B3 A
I FHEAS T 28 B a0 R . X U R R BT R
Fide BETE il £ AT TR AL L A 2 1, B oY L SR
THT 445 #4915 % 1T 1 B (50 35 % THT B L 2% 0 T B 2L
LA 2R 1) B R L R R B 4 4y LR 25 H 3R
T S B 1A U L i 20 VA 7K B g 2 v A AT
JE R AIG REFE 3R (1 G4,

2 AUAT AR 2 T O O W A R OO R AR A R 4 B
T4

Rf:jrds [@D)]
r=u5elio )

Hop R W EESERH S, N ¢ RN
Pas;o . m/s; p KRG Pa » 5y 0 %
ARAT VR Y 3 BB B9, ms S S WL AT 1 5 7K 2 ok TG
Blom™,

BESIEFH, TTN ¢ voy S X LA T T &
Foo X HURE 0, 0 LR LR 8 RS
T8 /N T 00 ) JEE B R R X )2 O i A 5 )

A 0 AN 115 24 KRS B 0 B2 R A 25 A8 K
I JBE 482 B 0T 7 12 A D' T 3% T 1 R 4 BHL T Ak |
B —AME IEMH AR 5 HURS it i K T30 52
JEL P L BEEERH 1 8 IE(E AR 838 K Tk i E i
(Y EEEERE T s I 8 T 85 YA AT 1A 3R B A R
TR EE R I, HL 7= A i BE AT I RUE IR A 1T BE R 21 9
BEL 11 3550 58

HErr oot 2 25 T UL E R A
I BH 77 75 AL 3

(1) Jl/h S, BPREARG R — 7K S PR i i fL . 7E
FE AR BRI TE SR S R D AT IR S
TR M T BB A M B IA T s R A
) A 2 T ) 36 A A 3 8 ek L ) sk S L HL R R
I A0 1) 70N B BEL A 0 5 A2 T 19 R AR TR 1Y IR
JZ i sh &5 # LAV /D B F7 . Marston 28 ) F i #4
1) 4 J@ BRF M FE K L LR IR)Z . 3-8 T 85401
P BEL A . ot A o E R Y T X bl A [ R
T AL ) 3 e SR 5 AR o Ik Y i
SRR . — HE R, = AR R R

(2) W/ oo BDREAREE 4 8T VI 1 Jy . AT A
J5 T T 0800 i T B 7 A ok A R A )2 R AR
5 2 K R B R AR AT R e 1w
KIWEEH T

@ A 0 7 A E T RS R L B2
JELRE R K AR 3 B8 0 B8 1 s R 6 . H
RO E Sk A R L TR Y, R
PERE I R MR RE— i o — J2 W 0 SR R 2 B BUR
TS JEL U L 1% 5 B ML B o T R 12 N i
TRAGHE o VR RE S 2 SL2 77 AR ) A0 Uk Bl L A i R
J2 00 05 Sl A i L iR R A 00 S 2 T AR T S
BOM S5 2 D A8 Ry i A 9T X L 1) R i EORE B
R G B W5 50 gl 2 U, 78 A [R) 19 75 o 501
BT A AT RE B FE 8 AT A 2 TN i IR
A MR RERER AR N E RS BiRE
10 200 2 B B /N T AR A S B R
TIRIREAR . ek IR AU & L FARAT 2 3 i )
R . HJE, TR 2 A R m HaE P
e — BB L, 5 DU R AS ) s BEL A M A .
A TN #4300 25 I 3 K IR B 1
1 C o R B REAR 2% B0 1 X BE T in #40k
FHE 3R 2 A5OR BTG BEL 7t Al A A0, 224 2 T IR 4
E] 25 C 22 A7 B P W BGA B 4.5 X 10° ~
3.6 X107 i o X AR AGE FF /N AR



%1

AT R L AF AR SR T R A BE T BUIR S R 9

@ FEAR T B2 R IR T2 K A 3 E - R IR A 7
AR S TR 7P TR RS R e 2 T K 1% 3 R . AT
R AV B A B RN BE R U N Jy . HBT EZA RS
PrasmAI AR R TR B AR . RAWE A
Je T 31 5 X P T — R R R RS ) B9 s )
FACG W H T B A U REL R A K T
55 0T SR TN R B Y R 3R AR L0 A L ol TLAT IR SR
T 7E 7K B AR R 22 30 0 9 i T2 B HL A 26 1 B 1)
AR B 2 1 Rl S K Y 25 5 T AR N 5
ZKFY A X 3 B2 4 o o DA TR S B S R B E
A6 BE BV IO T3 B AR« 3l 7 3 AR AR 5 24 b 2
PO Y R, RR T REH AN RAERZ T EIA
ik IRAF R AR I RE VG 3R o () I 48 IR < vl fiE TG HL IR
FraCH PR IR T RE TR T2 A B K 4 (4 BE
115 7K AN 2o 7= AL AR SR Y 2 6 1 T A D/ » A
T DB/ B 149 6T) 2 107 77 o (5 - i IR 300 5
JEREEAR R A » AT R A2 Zh B TT

(3) 5 AL VBB « DA AE 5 7K v 3 47 3R TR
Y 10 JA e AR L T 2 A B AR T RE B
BT . & f LU LA RRE S R AR —
SE T AR A A8 SR S 3 B o3 A 35— 5 W9 I N 5 AR
e #0133 JERRAIE R R T AT 31 1) 12 AR Sy 1) 48 U B 4
AR o A e TS B K B AT LATE K L A
Fh PR b Sl T AS 9 B A G B K B R
KRR T ) R K U B R

FEXLE 7R 5w, 5 28 B R FL AT DB AR
LIS o4 i R WS T O I DV E R S
HHAE— /MR frar P A . HNsh K
T A 3% ek BHL P A 5T IR A0 A SR T R A
SC AR T A Dk BE B e R BAR BEAT T 25k T
A R Ayt S Dok BEL R 1 A it K 3 T B
X475 £ 2 THT IR BEL A SR 1) 26 Jg8 5 1) R AT T e B

1 ffe&akimEkE

V2 B 2% (0 TR TR) A i e i AR 2 — A
Wrie) B AR At op 2 i ad R . K TPl Sh RO R £ AR
PR TR i DR (EL R 40 2l A o B L PR e L B R — R
PiE A PR A Z — . 18 AT 1% 58 8 4 vh
WA W A TR R 2 BRAES  BOE L I8 4 9 TR AE
Ui A F iz Bl I A BH 7 /) {FUR S8 o X e R
TSR 5 4 B . % i Bz % ThD S 095 A0 28 L I 4
R AR e T T 198 45 A e 858 320 R 7 1) -5 405 3 5 1)
FAT o AR 2 Y B AR Y A R R R A RS R A

DX 530 7 o Rl A ) D 288 %) 28 £ AN () 7 8 1Y) ) 1 4
S A D B B TR] B s R Dy 3 R 5 ) B A A
Al % O Ak e 0 A 3 U 1A 300 3L )2 1) I A 5 A 0 o
FIIE R 253 14 & A= A R0k /)N 8 £0 7 i 3 I K A
{01115 A R

HHT 77 222538 AT AR 07 2 1) R BE X & 10 2
JE 8% 235 A 1) DR PELAIL B AT T R B . Chol S8 774
R 485 b el BHL 1K 3 v & B, T 0 R Y ) B AR /N
IR SEE 3 8 7 1] 3 Bl B AR ) 8 T VE B R T A
(] B, A58 1) 10 i 2 RE 55 VA Rl AR T & AR /)N T AR 4
fik o ER] SHb Y5 8 235 A 1 A S /N T X I R P RE
MBS PR 10 % 25 4 1 A7 A 0 BE 1% BEL A B
[f) 908 € » 4% A1 % ThT E 4 B J177' . Chernyshev 5
Zayets B 58 & I, I 5% 45 ¥4 19 47 76 RE 4% By 1k i 1A
Sy BT LA U T DR e a4
T4 BB % 52 BLALAT A D RH

[ei] B, O T4 T £ 2 Y A8 ik BEL %) 552 5 7 F 9T
WS TR KRR, Wlash S50 (i ik zh ) 2
I ] 7 i AR U B AR T L VR A R
AT P D BEL A SR v 3k 8 06 . e £ B 1) 3 A 45 A
WS JUKAR A8 T a5 7 T AR AR AR Tz 1
FI . NASA 22 F] .0 7E Learjet B KL E I &
AL R AT IR B0 7 L VR R 2R T A DR PHL B 2 R
60 . 7E 1984 4R [ A2 WL BLIZ 23 F1 1987 4R 11 3 UM
B 1o 3M 2N ) AR 7 I T8 R TR N T S5 A £ 3%
M b A —E R EE 1A B 32 I BAARAS T BT I
i, et Wiz o b 24 58 [k T JE 2K B AT ek
Wiz %L sk I Speedo 28w AR 77 1 HA 16 18
SER R IKAC TR T AR KA 5& 1 . H Al Flok
KAEMGARAT 3 %0 ~5 Y0 WU BEL &k SR

H AT 475 % a5 ek BH 32 22 00 S w5 AP OB 20, —
T B 45 52 20 f 1Y) 3 TS 25 A L O Ab—Fb
IR (7 0 7 %) T 98 25 A ofe 15 T & R Y A

1.1 FEEREER

TE A W) 05 L 6% 245 /) 4 52 ) 1 3 LR
Az T A W R T T A T R A AR B
N R eI CIE S 3 N

W EESE N A B A R A e AT O A
S PR A T e B SR R B 1 R
R B 52 1 e fa e ok R AT T B S AR A L R
A S e Fe L PR R R BRI 4D KR
BH 77 356 22 BH L 1) i 0 0 BHL 5 Bz 1Y) e K 08 B 26 ]
PLIEH 8. 25 % P33 B3 6. 91 %,



10 2 B X W L B 2016 4F
Heat the substratel PMMA (7)) || PMMA (7)) |
'
AAAAAAZA

Pressure

VWV F g i
4

Demould

v )
=~
BoodiBecd

Replica template

Booalt o

Replica mould

Lateral view

l i Bionic shark skin
bbb, el

Portrait view

T AR Bk A e B T TR
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raphy method*

P SRS o ik AR A AR 5 I L T 3R T S 1)
M7 g5 R R 5 A e A . LR AR
S8 18 B 75 3k 3L IR R DL R S
DAEAR 38 A A [R] 4 T 3 ek R AT A2 20 L Bk
REAE 15 2 B RN B2 10 %t Je 254 TN A4 T 0
SNPIRP TS I S B AT FOp R i L5

1.2 ha&amiagtE

Lt AR 52 220 T 2R A 2% X TR
R N o A7 A — S BRI 52 B9 A i 3%
T 720 25 440 1) J3 A o 0 e £ 5 3 T 1Y ) A 245 A st



%1

hAF R LA A A AR T RRE Y BIF 5 IR S 0 11

frifl A 1 83 B AR A 4% 098 L 86 14 T LA
L B T 1 3ok 26 iy Rl 25 0y B8 1 25 B TA) W O3
i o M4k T 09 18 R IR N EE R o A dn &3 By
ARV B X I R A R Y T T A L AR R
8 7 YA W R R T T A B AR L I T L K&
#E LIGA ((Lithographie, Galvanoformung, Ab-
formung)) 3% AR 4,

Geometries
(cross section views)

Configurations
(top views)

Blade Continuous
s
H t
274 e
W]
Sawtooth Aligned segmented

TAAA

Scalloped Staggered segmented

N
—

Skt

S
AN

Flow direction Flow direction
A =

(a) Riblet geometries (b) Riblet configurations

Bl 3 BT AR B I A 1 43 A
Fig. 3 Distribution of the groove shape and groove

structure 2%

Hire 55500 4 7 300 Al R s ol 4 FE AR
HRMIZLZEIET 20 mmX2.0 mm # AlMg;
2k o AR AR 3 S A TR R I T 5 T 3 A AR )
P&t — il g 75 i I A A0k BEL 1 fiE 7 i Y ok
— 5T . Denkena S50 4 T 46 ) Bl 2
eyl &5 T 20, B0 22 48 B0 IS 1 ik o %7 ¥R A i 4 P
URTR: RS € MNP Vi o S W PP i BB L
T2 RE M ARAT R Y 0 T A 45 4 L 5t ) 2 A
Fl FUZ SR T — R s A A T 1 B O
BHL 77 T8 14 B 5

R T R T i A S AE AR RE IR 1
LIS T o TR 3 SO B 3 A R O RLRE L A
Gy I8 B A X HL i s P b Tk K 2 W Vg 5

SFNUTHR TR I ME LIGA JUE £ R il % 16 18
FE M AR A & R Bl it T
MEZER 10 . LIGA BB AR X GIR B EZ] T
2 W TEMME N TEMES . B
YRR 38 AR R A AR A ) ORI O
AR LIGA BB £ AR il 28 R 00 19 Bk T
ZRUTE 4 2O EEUEOL K © B K&
Q) RMEEMLMABE: @ LR LTZ. KK
B (R 25 SR H T I R A R 1 AE AR AT TR
4 Bk Bl s BELAS T Ji O 5 & ok R AR T O U R
FR SR B L B 8 T i U8 B I R E L I AT B0
Uit EE A5 BH ) IR BE AR

TR 2 K B AR AR 8 BT R 4 1Y) A R D B 28K
F SRR T HO AL ER N R A S —. H
T T 960 1 45 4 ) D BEL AL BT A 1 19 U - —
JEE IR RO R mETREY, R
TUOWRHE I WAy V) R T 50 1] A R T T A i
XA EAE AR AR R AR AR R
K EA RN 55 T H AR 45 LA K i b AR T R A
FRIRE 775 B AR T i A 0 4 R EE L R T i R
mikE R e, KEMARIZN SN
I AH R W 55 . DA T T B0 TR R 45 BHL ) 1 B IS
Robinson™ " () 18 5 11F 52 1 4 1 2 160 2107 JR K Y
REAF AR ot R m 2, ar L, o5
A HE” V0 G T VA Al 2% v D BEL AL 3 A0 e B 2 LR
iy,

G R B R i 1A R % T 2R e 3] 3RO Ak A
B AEF T A BB . X BEE A  AE  H  E T
T VAR N TR B 4R Ay Sk B T BEL L 1 R
S A TN T R RENEE. A
WA R E R T W R LN m . 5ok
T AL 5 VA R T ) A 1) A R e 9 R B R —
V6 R 2 T 1) 58 L e B LR ) o8 R R Y
1) 3 A 3 V) R R T N L Q0 DL KR 43 T B
o0 T BEL AR & T 24 9 1) A U A A R R s D)
A X AN I — 8 43 T 2 B BEL o DT BT DL SIE B
V) R 3 T O A 1 3 1 BEL VA A S 5 DR 6 A 1)
TR S JE R R R iR 5 2 22 B A L R
W BELRS T E 3 332 Bl g | RS 1 I e A 0 & A I
LM VA A 2 T R B T 0 2 P R A i U A Ak D8
55 5 DT fof G JEE 48 /N i 4

2 (FEEBBKRERE

H M Barthlott I Neinhuis™™* # i& T fif i+



12 2 EH X W L E

2016 4F

ONSREREES SR NI i B 4017 2 & 3 DR O T
PPN (MR N P L i o TS W o
KA o H T 2 TR S 2% B A 5 4 L O B
AT — 7€ WO HLRE FZ 5 75 for -3 TR EL AT K
A 1 S IR BRI A B4 i i &L (Lotus —
effect) , 78 FE AP B AR O L5845 1 2 T A& W
R IFAE IR B RN O ORL SF A AE B T2
5 R

R T 7K 2 THT 2 4 5 K A i A R T 1507, 9F
HRFM/NT 107/ R im0, s KR — R EA
R 1) 2 T 135 48 2K 445 44 FIAIG 1Y) 35 T80 RE - PR Ot o
JK ST H R SR — et 43 S W AP 1 S R AR S TR Y
B E R A MRS 25 4 . 9K 5 X MRS 45 44 i 1T
R T R WPk . 00 T M e K R R e g
AR TR X R g K 3R TR A5 A 4 )RR e K
AE A4 $2 w2 7 T B AE B T 5T B 1 B i K 3R T
SR N 5 45 B i K 3% TR T AT R U RE T
S AR A TS A A T R AT AR AT Y BH 7 e
/N5 T RE A8 $ i UL L, 53— 5 T X T U0 BE U
HABW A ARE LR E X,

2.1 BRAKBERXREG &5 E

Zhou Yali B i FHAR 5 2 07 #F 3% 385 LK
A T KR . XRD 4T 7R B A
FETH B A TR A A A 2R T kAR DR B
F 5750 154°F0 77, WF 5% 0 BELPE BRI, 16 BT A
— RIS BB B, — A P AR B SN 4 SR g K
FEMT — AN K HE vk BH X 55 2% B B A B e K &
THT 119 3% 365 BR 52 20 BH S BU A A4 SRR % K 2 1w 1 48
O BE I RS 2h i P B K 2% T HL AT 0 BHL 1 BE
X L /K 2% THT Y A SR 5 1 e P A H At IS
s B EE R R AR A

Dong Hongyu % A 1 72 AR 7Y s 2 17 il
KR E U LB B . M B K IR 2
il &t B 4 FrR. HEEA 0.03 mm 2
i LA iAE HAWCL o 30 min, JE UKL RS
18 2% TR RN 45 4 o SR ) e A5 T8 3 ot Ak 2 SOAR DL
FREAT AR 2% 18 BE 2l P, 7 5 2 BT AT 1 mL
IET T EE— R AE 30 CRY T 12 hy 5T
il 8 T B K Y R . A 1Y K 2R T
FIRF) 159, 7°, 78 KRS Hh i AT 9 el BH 1 56 3% 0
532 3 % 10 AH EL 5 88 8 7K 3 T 11 5 Kk BH % 1T LA
BE49.1%,

Zhang Songsong 5 A" ] 2% THI 18 7 /K 1 ¥

Substrate
Wrapped with
copper foil
Copper foil
Deposition of gold
nanostructures
WM PV IR IMe IV s sty e IMp ke DM Sy MM
Copper foil
Modified with
SH(CH,),CH,
JLAAi LY
Copper foil
ﬁzﬁm&% SH SH SH SH SH SH %{Wi}*f“}
SRRRRARRRED

B4 g K 3 g 2 e AR
Fig. 4 Illustration for the fabrication procedure of the

superhydrophobic coating™®

K EASE TR AF 58 K AT A 1 U8 BEL P g . B K
W2 R B AN T < B SR U K R A Y R RS
B V. PDMS TR R R AL L 10 ¢ 1 9 i i e
BARJEHEFE 15 min, I AE LA £8 4 30 min,
LB, 5B P R R M PDMS IR G W) ik 7R
BRI b e P AR EE 1 b SR 5 P BB i Tl 7
60 CF PRI 20 min, $EF7 3 4 A SE 1L T8 i — 4>
RiPE R 55 = 20 J2 W 40RL Rl B 7 50 700 3%
.76 60 C TR 4 h, i 47 PDMS [y & #5218k .
W R [ b AE 3% 8L BN A TR BLK IR Z
HEAT I B S J 22 5 SCER 25 TR Rl LA T i
W B AR S B RSP R B T 15 %0,

2.2 BRAREBEMRES

R ) — B S 2% K 3 T Y TR — D
S L BIVE S A SRUHLRE T 98 45 4 . AR 5 R AT
R TR P . H 5 25 ik ) & 1 2o R A AE — 2t
BELTR o LU 2 158 45 4 ARG 52 2% o i) 4% B ) A X G
BEX A 1k () — S8 i 5, Zhu Xiaotao % AW
] BRI — 20 R AR T A% T 8 BUBE R T . K AR
B A MAE g B AR R AR UAE TN B . £ TR
EEFKPEE EHRE ER TR R EARAR
2.5 mol NaOH, 0. 13 mol (NH4),S,0; K 5HF
t 20 min, R J5 BUCH T 2 8 K OE Uk PR AR A
A 0.01 mol ¢ RI/KEW T 8 min, 5 1€



%1

hAF R LA A A AR T RRE Y BIF 5 IR S 0 13

110 CF 48 30 min, B il £ 1 4 BUSE 14 2 18
HREEEAK L SWH KR ER. M5
Wang Yang 55 M FZEBL 1 Jy v il 46 T #E i /K
)T . AT B U BHL i 0 2 Y < 8 i K 3R T H A
R A 1 9 L8RS AV BE T B 1) 3 T el BHL 246 3 3
40 %6 . e BE T BT V1) 340 B R U BH 255 3 20 %6, W BH
ROR 5 A 1) i 38 A % T 8 K v BEL A8CR AH
XPIE /N o XA ke B AR R B HE T W LA
TEIAS 1] 1) SE AR A L

A6 B oY 25 3R W] OB B K 2R 2 Y FH
ORI G o417 | T 4 W/ = U N e 2
ROR B Z — AW EARHE. Cheng Mengjiao
SENUVEE T R RGBT Ak B R s BEL 1 A o
AT & 1 3 Rl B K IR 2 R R B AY EEAT
TUBH G R T3 A AN [ I K 3R T RS B
T35 K B 3 008 8 0 9 BHL 38 0 — — X 7 19 . Bt ]
LR B 7 A0 A e BHL B o i A . A IR 2
JrE I K PDMS F[E A6 4% B i b 10 = 1 3R
HoHA T EBRAMW, R EREME B R
PDMS 1 B it I i — 2 3 51 B2 355 4 4
KRG B 75 K PDMS 2% . S8 J5 i — 25 T 1 [
b+ o1 F R H A B K M RUIC Y 2% BB, BT DA
B A T B KR 2 F)AE PDMS+Cu, |
FEAL B 1 45 T PDMS+Fe fil PDMSFe+ 5
1R 2l ) BB B 7K 38 )2 . PDMS+ Cu, PDMSHFe #
PDMS-+Fe-+ 35 8 Z| ikt 3 Ffr 3 10 1) 08 BHL 58 0 9l oy
26. 7% 18. 7% M 13.6% . 1fi 3 Flr = 1 A K Bt 43
R 1.3X107° 1.1 X107 f1 1.4 X107 N, 838 %
Fb i B o R B g 8/ sk BHL 28R g . B R RT A
R B 3 4 Ay 8 g 7K % T 98 BELYE BB 4 B A oA

H AT 58 42 0 T AR 2 i 4% 8 B K 2R 1Y
Tk & B I T AR v A 00 K R T
{18 ek BEL A R (HL 2 W00 32 ik BEL PE BB ) S B — > Y
N G I3 5 35 SOASTR] S Jir DA OG- 4 5 7K 6
T B IS e A 22 R 1 0 B ACR B = — A48 — 1) &
B TE AR I I 38 5 B G — 1 SE e = 4k
8T DA K 552 B 1 4% 8 8 a6 7K 2 T o BEL 12 R
D — A58 — 1 B S bR

AR B K D BE 8 2ok TR AR A 5 R X
K U BEL AL B A 98 ) R 1S B 5 — . B R
TTAR AN [] 1) 788 i 7K 1A R 3 8 T 4% B AH Nz 1Y) D
BHMLEE, I, Lb 5 28 i 7 A B R DL
s —J& Navier $2 i (1 BE I A ALHY . B ALIA

R A IR 22 K 3R TE B BT AR A i 2B
JSL T3 8 AKN T H RGN T BT OBE T T RS 1Y R
Pl T T bR R RS T BRI T A B
BT g AR T )2 T B T A i L (G
R o T 1) 2 3 i A S AR L g T 2 i R
4 JEE 32 5 () BsF s 7K 2 T A o A T 1 3 A ) T O AR
WESE TR Y2 R - K R S AR e A B R
F18  [R) V FH 7= 26 T B Ak SR

5% McHale #£ H 1y Plastron W AR, %
RERIIN Ay o 2 8 i /K 3 T 55 7K 2 i i 3 T T L)
[ — )2 28 ]2 R 23 302 0 BB AR L W 1
TR B A8 Shy S TR A T, A A
U /IN T VLT 2 fish ke 1) A8 B

3 ZLiEERE

LA 52 AW K s A AR A T DRk B RO T
A2 5 AR R AR T Yt e 3R T LR BT P R
e — Pl F 4R 20 % 0 2. 75 — Fh 2 05 & 1 B
(R4 4 o 3 1 R 7 2O 7 A 3R TG ) SRR
e TARZ Tk O AU T — 5 14 ek BHL AL
Ao AET AT LA e oK Fa TR ) i K 3 T R T
T IO T 3 A RS K 3 T A ) A O
I R AL 7K T 5 U0 AT AR Dk BEL P BE F) 0F 5 T
JEBIR 232 % T AT (AR Dok BEL 14 3 — 25 WF 58 H
AIRKEE RBCR

BT H i AR A R 9 L DA KX BR
A 3 BELEE A 9 45 R 3 AT 7 A % v s LR R B
RIEBHEALT 3 5. B, lH 3D ITEHE AR
CHLFR 3 B4 i 38D 1 e J s, Rl AT 3D 4T Bl
TR 5 05 2 0 R 22 1. BT 3D 3T BN R 5281
2/ SO S5 R B I . U LRI B 7 AR
BEL 5 00 9 A R 22 0 P — o B — B i BHL 7 3%, R
KA BIFTE 22 B — 114 i B D7 3K i) 22 7ok BHL D 52X
P TRIVE T HEAT 1 EL © A3 RE 180 1 s BEL A 09
B tip 1] D6k BEL BFF 5 149 S 9] . H5 22 b o BEL 5 32 A AL
(9 45 TE — 2 » 30 i BHL 77 % A9 DC T L 2 5045
S5 5 ) BELIORE B 3 55 B JE R R B ST ) — AT
@Y. AN H TR TR 0 B 5T ik E B A
E I BE SR BT 5 XoF T sk BEL AL B 483 75 77 T Y
WFFE B AR ke Bl 25 KL 5 BT I (PTV) R 48 1Y
AR LR AT Pz A I 1 3 3 1 D AT RLAR 3 b
FROLER X T 485 75 v BEL AL B8 A A ) R Ok i iF
T 2o Bf A T e B AL BT I R R . B



14

2 EH X W L E

2016 4F

PR R H 2 1R 55 T R D5 A R

IS5 3 A 55 18] 5

P F9 DR R ASE 7 Y 3 i 2

E2ER | UNAE P
S 2% 3k

(1]

(2]

(3]

[4]

(5]

(6]

(7]

(8]

9]

[10]

[11]

[12]

[13]

LUO ZZ, ZHANG ZZ, HU L T, et al. Stable bionic su-
perhydrophobic coating surface fabricated by a conventional
curing process[ J]. Advanced Materials, 2008, 20(5):970
-974.

RO, B, SIS, 5. BUSS I G K 3% 0 e B4R
PERUEBF L], SR, 2013, 30(1): 7074,

SONG B W, GUO Y H, HU H B, et al. Drag reduction
on micro — structured superhydrophobic surfaces[J]. Chi-
nese Journal of Computational Physics, 2013, 30(1): 70—
74 (in Chinese).
LTS5 RN
Ak, 2008.

HONG B G.

[M] Ki#E: KR&E#lFKEHR
Ship handling[ MJ. Dalian; Dalian Maritime
University Press, 2008 (in Chinese).

L 5SS R A SR TR B RE S AT LT . AR AL
A, 2010, 32(5); 11-13.

WANG S M. Biomimetic structure of the hull surface drag
reduction performance analysis[J]. Ship Science and Tech-
nology. 2010, 32(5); 11-13 (in Chinese).

MOLLAND A F. Ship resistance and propulsion[ M. Lon-
don: Cambridge University Press, 2015.

XILr. AR EEIMI. B bSO K S A, 2009.
LIU H. Ship theory[ M]. Shanghai: Shanghai Jiao Tong
University Press, 2009 (in Chinese).

KODAMA Y, KAKUGAWA A, TAKAHASHI T, et al.
Experimental study on microbubbles and their applicability
International Jour-

582-588.

to ships for skin friction reduction[J].
nal of Heat & Fluid Flow, 2000, 21(5);
CARNIE SL. The drag on a flattened bubble moving
across a plane substrate[J]. Journal of Fluid Mechanics,
2012, 696(4) . 345-373.

MARSTON J O. VAKARELSKI I U, THORODDSEN S
T. Bubble entrapment during sphere impact onto quiescent
liquid surfaces[J]. Journal of Fluid Mechanics, 2011, 680
(4) . 660-670.

CHOONGYEOP L, CHANG ] K. Underwater restoration
and retention of gases on superhydrophobic surfaces for
drag reduction[ J]. Physical Review Letters, 2011, 106
(1) 184-190.

ZHANG X Y. ZHU Y X. GRANICK S. Hydrophobity at
a janus interface[J]. Science, 2002, 295(555): 663—-666.
GESSER H D. LAFRENIERE D R T. A drag - reducing
water insoluble hydrophilic marine coating[ J]. Progress in
Organic Coatings, 2004, 49(4); 372-374.
CHOI C H, ULMANELLA U. KIM J, et al. Effective

slip and friction reduction in nanogratedsuperhydrophobic-

[14]

[15]

[16]

[17]

(18]

[19] MZ

[20]

[21]

[22]

[23]

[24]

[25]

microchannels[J]. Physics of Fluids, 2006, 18(8)
-087105-8.
TRUESDELL R, MAMMOLI A, VOROBIEFF P, et al.

087105

Drag reduction on a patterned superhydrophobic surface

[J]. Physical Review Letters, 2006, 97(4);: 044504 —4.
T B B S VB BEL I M R S kR (.

BT R SR %E . 2008, 11(1): 33-36.
WANG B Z, HUANG W B, LU M, et al. The up to the
minute research progress in the drag and noise reduction
technology[ J]. Modern Paint and Finishing, 2008, 11(1):
33-36 (in Chinese).

HOU Y, SOMANDEPALLI V S R, MUNGAL M G. A
technique to determine total shear stress and polymer stress
profiles in drag reduced boundary layer flows[ ]J]. Experi-
ments in Fluids, 2006, 40(40): 589-600.
JAFARGHOLINEJAD S. Experimental investigation on
drag reduction performance of two kind of polymeric coat-
ings with rotating disk apparatus[J]. Australian Journal of
Basic & Applied Sciences, 2010, 5: 143-148.

1 16 B2 YRR T it DA 0 S OBEL A BT Y LD . g R
R IE TAR KA. 2008,

YANG H X. Numerical study of turbulent drag reduction
over riblet surface[ D]. Harbin: Harbin Engineering Uni-
versity, 2008 (in Chinese).

s EREROF . BEAEE. IR SR AR R 2 09 e BH ik 5 BF Y
(1. k3 Jy 258 5 #E JR (A 48 . 1997, 12(1) . 27-32.
TIAN J, XU J F, XUE QJ. An experimental study on the
drag reduction of low surface energy coatings[ J]. Chinese
Journal of Hydrodynamics(A), 1997, 12(1): 27-32 (in
Chinese).

72, A e, A0SR 100 BB VA J28 J5E 8 X g M A SR iy s el (.
T2 558, 1998, 20(1); 13-14.

TIAN J, XUE Q J. Effect of low surface energy coating
thickness on drag and noise reduction[ J]. Mechanics and
Practice, 1998, 20(1): 13-14 (in Chinese).
TH 22, B L. IR 3% 107 RE U 2 R A1 UL 1k IR
[J0. BEFRRF2AR, 1999, 17(D): 114-118.
TIAN J, XUE Q J. The reduction of flow noise by low

AR 56 WF 5T

surface energy coating [ J]. Journal of Applied Science,
1999, 17(1): 114-118 (in Chinese).

RIDGWAY S H. CARDER D A. Features of dolphin skin
with potential hydrodynamic importance[ J]. IEEE Engineering
in Medicine and Biology Magazine, 1993, 12(3). 83-88.
BECHERT D W, BRUSE M, HAGE W. Experiments with
three— dimensional riblets as an idealized model of shark skin
[J]. Experiments in Fluids, 2000, 28(5) . 403-412.

PAL J W, YAN X S, JEN F L. Characteristics of water
strider legs in hydrodynamic situations[ J J.
2009, 25(12) ;. 7006-7009.

BIXLER G D, BHUSHAN B. Fluid drag reduction with

Langmuir,

shark — skin riblet inspired microstructured surfaces[]].

Advanced Functional Materials, 2013, 23 (36): 4507



%1

AT R L AF AR SR T R A BE T BUIR S R 15

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[36]

[37]

[38]

- 4528.

CHOI H, MOIN P, KIM J. Direct numerical simulation of
turbulent flow over riblets[J]. Journal of Fluid Mechanics,
1993, 255(10): 503-539.

LEE S J, JANG Y G. Control of flow around a NACA
0012 airfoil with a micro-riblet film[J]. Journal of Fluids
and Structures, 2005, 20(5): 659-672.

CHERNYSHEV O B, ZAYETS V A. Certain character-
tistics of the integumentary scales of sharks belonging to
different speed groups[]J]. Hydrobiological Journal, 1971,
7. 64.

WALSH M J. Drag characteristics of V-groove and trans-
verse curvature riblets[J]. AIAA, 1980, 72. 168-184.
WALSH M J. Riblets as a viscous drag reduction technique
[J]. AIAA Journal, 1983, 21(4): 485-486.

whaE, TRAERT, A, & KEBUE AR S A A
RH 2 i B 78 (). B384 . 2008, 53(7): 838-842.

HAN X, ZHANG D Y, LI X, et al. The drag reductionre-
search ofbionic sharkskin replicationsurface [ J]. Chinese
Science Bulletin, 2008, 53(7): 838-842 (in Chinese).
R, K. B a R RS TR R LR
2492011, 42(1): 229-234,

HAN X, ZHANG D Y. Replication of shark skin based on
mocro—electroforming[ J]. Transactions of the Chinese So-
ciety for Agricultural Machinery, 2011, 42(1). 229 -234
(in Chinese).
BIXLER G D, BHUSHAN B. Bioinspired rice leaf and
butterfly wing surface structures combining shark skin and
lotus effects[J]. Soft Matter, 2012, 8(44); 1213912143,
XNFE M, Ry, WO, T K A 2 R R T R R
g [T I TRER . 2014, 21(4) : 56-62.

LIUBS, WU W, ZENG Y S. Review on application and
fabrication of sharkskinbionic structure [ J]. Journal of
Plasticity Engineering, 2014, 21(4): 56-62 (in Chinese).
HIRT G, THOME M. Rolling of functional metallic sur-
face structures[ J]. CIRP Annals—Manufacturing Technol-
ogy, 2008, 57(1): 317-320.

DENKENA B, KOEHLER J, WANG B. Manufacturing of
functional riblet structures by profile grinding[ J]. Journal of
Manufacturing Science and Technology , 2010(3) . 14-26.
BIUES . BOMR R AR, SRR AE LIGA BUEHR
B SO B g e 0. i E AL LA, 2010, 21(3): 336-
339.

HU H B, HUANG Q G, JIANG X, et al. Study on
quasi—LIGA molding technology drag reduction experiment
of riblet surface[J]. China Mechanical Engineering, 2010,
21(3): 336-339 (in Chinese).

SR, WL, WA . S KRB R AR B S Rk T .
J12E R L 2009, 39(5): 546-554,

KE G X, PAN G, HUANG Q G, et al. Reviews of under-

[39]

[40]

[41]

[42]

[43]

[44]

[46]

[47]

[48]

[49]

[50]

[51]

water drag reduction technology[ J]. Advances in Mechan-
ics, 2009, 39(5): 546-554 (in Chinese).

TOAE RO, BRT K SR B TR BB B AR 1 5 3R
[J]. BE#E22#4, 2015, 35(4): 505-515.

MO M T, ZHAO W J, CHEN Z F, et al. Research status
of marine drag reduction technologies[ J |. Tribology. 2015,
35(4): 505515 (in Chinese).

ROBISON S K. Coherent motions in the turbulent bounda-
ry layer[J]. Annual Review of Fluid Mechanics, 1991, 23
(1): 601-639.

BARTHLOTT W, NEINHUIS C. Purity of the sacred lo-
tus, or escape from contamination in biological surfaces
[I]. Planta. 1997, 202(1): 1-8.

NEINHUIS C, BARTHLOTT W. Characterization and
distribution of water — repellent, self - cleaning plant sur-
faces[J]. Annals of Botany, 1997, 79(6): 667 -677.
WRAR , 4, (BRI, DR BT T S R R (T ). B
i# R, 2006, 51(20): 2353-2359.

DAI Z D, TONG J, REN L Q. Bionic tribology research
and development[ ]J]. Chinese Science Bulletin, 2006, 51
(20): 2353-2359 (in Chinese).

ZHOU Y L, LI M, SU B, et al. Superhydrophobic surface
created by the silver mirror reaction and its drag—reduction
effect on water[]J]. Journal of Materials Chemistry, 2009,
19(20): 3301-3306.

DONG H Y, CHENG M, ZHANG Y, et al. Extraordina-
ry drag—reducing effect of a superhydrophobic coating on a
macroscopic model ship at high speed[J]. Journal of Mate-
rials Chemistry A, 2013, 1(19): 5886-5891.

ZHANG S S, OUYANG X, L1]J, et al. Underwater drag—
reducing effect of superhydrophobic submarine model[]].
Langmuir, 2015, 31(1). 587-593.

ZHU X T, ZHANG Z Z, XU X H, et al. Facile fabrica-
tion of a superamphiphobic surface on the copper substrate
[J]. Journal of Colloid & Interface Science, 2012, 367
(1): 443-449.

WANG Y, LIU X, ZHANG H, et al. Superhydrophobic
surfaces created by a one—step solution—immersion process
and their drag — reduction effect on water[J]. RSC Ad-
vances, 2015, 5(24) . 18909-18914.

AUDREY S, CECILE C B, PASCAL K, et al. High {ric-
tion on a bubble mattress[J]. Nature Materials, 2007, 6
(9): 665-668.

SU B, LIM, LU Q H. Toward understanding whether su-
perhydrophobic surfaces can really decrease fluidic {riction
drag[J]. Langmuir, 2010, 26(8); 60486052,
CHENG M J, SONG M M, DONG H Y, et al. Surface
adhesive forces: a metric describing the drag — reducing
effects of superhydrophobic coatings[]J]. Small, 2014, 11
(14): 1665-1667.

GUL4n . #H )





