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The problems and progress in the experimental study of Micro/Nano-scale flow

Li Zhanhua, Zheng Xu

(LNM, Insititute of Mechanics, Chinese Academy of Sciences, Beijing 100190, China)

Abstract; The micro/nanoscale experimental fluid mechanics studies the fluid flow with the
typical dimension from about Imm to Inm, which is also the transition range from the macro-
scopic flow to molecular motion. The combination of the two classical theories: the continuum
mechanics and the quantum mechanics, pusts forward some basic theoretical problems like the
validity of the continuity hypothesis and the boundary slip. In the mean time, due to the coupling
of the liquid/solid/gas phases in micro/nanoscale, it is worthy considering the influence of inter-
facial chemistry and electric properties on the flow. Therefore, micro/nano experimental devices
should integrate force and electricity measurements, and require a nanometer measuring space
resolution, a pN force precision and a nano-second time resolution. This paper focuses on the
problems of validity of the continuity hypothesis, boundary slip, Brownian motion of micro/
nano-particles and micro-vortex flow, and introduces the progresses and difficulties of micro/
nano flow measurement by Micro/Nano PIV and micro/nanoscale flow visualization using trac-
ers. Up to date, the study of micro/nano flow is still following the idea of “miniaturization” of
the classical fluid mechanics measurement, however, the nano flow measurement urgently needs
new techniques and methods.

Key words: micro/nano flow;experimental measurement; Micro/Nano PIV;interface

1 HMKRIAREORESTEEMNS
a=
1.1 AR RESEE
WA AR B A R EE B 1mm ~ 1nm, BT
M RBE R 43 F REW) 6 DR R, £X
PN S0 L AR ) 27 T IIfe TR 6 By B () R 7 A, 25

R B 2014-02-21;48iT H#3: 2014-04-08
EE£TE: ERAKRF¥RS(11272322,11202219)

A 3 2 J5 Rt AL 10 o 0 AR ) T P O
U WA 3 2 5 ) T B i 5 2% APF ol T S i 51
FAF AR RE . I 30 1 B R A U A PR
il 7 AE /N A T R R Bl . 3 S TR (AR
TEEAE 7 25 B BE S — Mo/ T IOK RO S 78 75 MR
AT RLZ W T AR R A K B B T R AR
Tt o RUBE TR I AR 1 5 P Al 0 T A TR A 2 42

S| : Li ZH., Zheng X. The problems and progress in the experimental study of Micro/Nano-scale flow . Journal of Experiments in Fluid Me-
chanics, 2014, 28(3): 1-11. F# . A M. BAKRE T LB L0 G 3R LhgEy ¥, 2014, 28(3): 1-11.



2 SO W

® o

(2014)%8 28 %

NSZI0 A BE I UE T HETIA G fOK DL RO & B A 55
B A MF AT e (AR SR 2 ). HA0KR
BE (< 1pm) , KR J& 10nm ~ Inm 3 [ . 52 5 55 iF
IEFEHEAT . BRI AR HT  N-S O R OR FH 1Y i 22 1k
BB 2 55 T T 9% 1 K B s (] RUBE 54y 77 8h
S ROBE Z B4 B . BERK B St e R o, kK
TR AR 53 T 32 g B Rl R ©, (¢, ~ 107 s =
Ips), R AZ MR 28 ) RUOBE w0 3 K F O M B R
JE 1 (~1nm), 43F 2 J5 B B B0 T %
SRR A P REE 2 Inm™

H A WF 78 2% B % 1 o K R B K E N T
20nm , A X TRAE ROBEAE 2K S G DL F 09 2% Wi 3 »
PR LA B AT AN . (X S RO G 8l
W B B 5 T XE DL Z W . Navier 1823 4E4R M Ay #F

N J N \ N
%Jﬂﬁ‘%ﬁ: uslip :b i |w(uslip j‘jr%*zl%g U jj?}ltltj%

B0 AWK ARMER AN HhE K
b RS L i, B BRI A 5 58 B0 5] AT
TEWFTE A SCER 3 95 o

TERLAN K RUBE It gl v 2@ 4T VR FH 0 it sh A o
F1 5 W60 & 5 31 %o ol M VAR . AR AE e A 2 bR
() — BE AR AR RBE - X 2 SR FE A Dukhin KB /p,
XTI AK S 32 i L 1) o B0 2 5
Ap SR TR AR I LR R AR T LAY R A
B oA, R 1~100nm, Ap fUAlA T
YL A P 5 W) T 244 760 58 B A<<5pem L UK By 37T 3 L
%% R AT Y R . Dukhin KB 4, Hi3A T

BETHT FEL A7 1D 6 S S5 0 P AT T o 2B B 4, =

S| /oo Io, B Inm~1pm, HIF Y Dukhin
ﬁj‘] s Lﬁh Ztlﬁ»ﬂl] Du :/,)“/h N

0.1nm in 10nm 100nm 1000nm
L L L L L
T L T T L
Molecular I Length scale
m’ I
-
Debye length (1M~10-M)
: Dukhin length (1M~10-M)
Slip length Slip length
(water, 'simple’ surfaces) (micro-, nano- structured
= surfaces)

Continuum limit

Bl 1 5 A A O R I 3

Fig. 1 The typical dimensions in micro/nano flows
TERCAN L 3l il A T S A 7 FR AL BR 1R AT N-S
Jr R LASE B iz N-P J5 2  HL A 3 Al Poisson-Bo-
ltzmann J7 7 55 W 4 51 AR G SRR . 2458 AR — It
PR e 0 Al i Ak O vk SR BRI 0 B i T B
HHZHE KL BZ R RE T s 4,
W BNGESE T S ) 73132 8l K U5 K — S8 T Y S5

Gyt R AT B
1.2 HMRzshNENEENERFE

T WL RUEE B 3 I SR PTV HOR L 38 i
FRAERE K F 1mm, & 045 B 7€ 100nm ~ 1pm 5
il 7 B ROSF 100nm ~10pm, S 1 il 8 i 44 oK
FUBE )3 3 s e 2R T/ 9 RUBE R R 3 R 52
Micro/Nano PIV il &= % 1 J1 ) SFA/AFM DL S £
I AL VR A p A H I T A S A (L IET 2)
SRR T

« MicroPIVE il & 04 BE Y5 Bl 0 lpym~Imm,
FE A BE R T 100nm, 7R B3 KL B A2 5 Oy 100 ~
500nm, MG E A 1pm/s~10mm/s;

» NanoPTV" & ) K BE S 5 10nm~1pm, 7K
-5 1 7 A BE S 10~ 100nm, 3E 5 J7 1] & v A% B 7]
ik 10nm ., /RERF EAEN 10~200nm;

« SFA/AFMM S K EWEE R 1~100nm,
FEASLRGEE /T Tnm, 355 0. 01~100nN;

© pA LI — T I R R AR AR 1~
100nm A9 IE N 1Y i 0] H i (streaming current) B
B L Gonic current) , Il 544 B — R 7E 0. 1pA,

R U e AN A Y 32 5 P R A A 4 AT
Z Bk

— .. Tracer size
Positioning precision
B== e 45 10um
lpm— [+ ~ :r:’;'ﬂ!‘}t;x = S
T00m=-| ™ MicroPIV 100
NanoPIV nm
10nm~ SFA/AFM . o
1 Pico amperemeter
nm-
L L L L L L L L Typical
Inm 10nm 100nm lpm 10pm 100pm Imm 10mm System
dimension

2 B RUBE Ui 2y 2 S SRR A R R R
Fig.2 A schematic diagram of the major measurement devices in
micro/nano flows and their characteristic parameters

R A% TR A A A 4 R TR MR 37 3 1) S G BB
A LLF LA D5 T B SIS oE . (D) 5 2 AR
A 2 3% S P A5 38 P A S 06 0, R T ORI
V345 T 0 S 2R T — S SR AR A 1 4 ok R
FETHSEmEE R (2 H3WHEBARZMENT
U0 R K L R ) T RN G HE . A8 T
Micro/Nano PTV U] # (1% i/F J& Fl ) #5 5 (3) 565 4 5 )& 56
F AL FAETC AT M Z R T iz sh: (D
555 WA E A E N B A A RE RS T R
Yy Kok 2 345 22 ) B 6 i 3 0V o HE VR R D 1Y
L% LA SRR BE eI 5 (5) 55 6 3 1) 1 13 40 o s i
A SR b HE R R Y T 55



55 3 0

RS . B R RUBE T 3l 52 B BT 9T Y ) L ok 3

2 WMREERESEERINERE
2.1 AR

FeF % 224 R ) Navier-Stokes 7R U

M V=L vp tyviutrLF (D
It e e

Horbu UG . p NIET] .0 My R AR
IR EE L F R RB Ty AR i 2 A i ik, H%
TR R Lot K TR OoT RE 6 . A 2k AT N-S
TR SN . H Y U B AR ROEE BN B ROK B
/NG N-S 5 R A IS W7 WA vk R )
BN E Q SIS Ap MK AR, 54 My i 2 Xl
DA HEAT HEH5
2.2 WREERER

K # Hagen-Poiseuille A3, B2 d B i
EQTI\@?%E!

_ nd'
QT]\7128}II1

WS 0~30MPa & E R L& 7454 3
~10pm (50 N 2 R SRR IR E T E KR
AT A B 5 B K LA AP B a7 BB < S OB O S8 A Bk 55
FE AR IS T3 R 5250 0 B Qo T B BB W i Quo H
WA PR PEBE T 18 = e Cp) s TG ARG 1B
ER R prapy = poe” o WOK R B 18 NI s A AR A&
Hagen-Poiseuille A3, Bl C* = Qn/Qup =1, K 3
T 2004 AFEFITAS [R] 52 55 3 4R 15 19 1ok A8 18 TG 2 49 FHL
T FHE Re By 224k . vl LUE H 0 6 25 R AR 4 40
B M FRATTAE Re= 0. 5~100 i i #Y 52 56 25 3R (20 (4
RS O IR B 28 HL RIS AR AT SR8 .

Ap (2)

2.5,
aWu&Little % Sharp et al. [
sPfahlerl  a LNMEXP o o2
2.0 °Pfa.hler2
« Pfahler3
+ Choi soaa aa,
15] eYu g ’
. 4 Wilding . L 5 &
R Y R S o
1.01 —g st i "
R Y Dl At w“:;-w R o3l
0.5
0.0
0.001  0.01 0.1 1 10 100 1000 10000

Re
P 3 Ok RS A5 T W9 O 3l JC 18 W BHL ) FR 00 (B Re 5053 i 5

Fig. 3 The variation of measured dimensionless friction
coefficient with Re number in microtubes

i F Poiseuille A iR &5 HAMN 4 IR 7 UIE
LU L 45 TE AR I AS B R 6 2 SR AR K
L E HAE KT 1opm B, U 5 A 8 2 AN T

4.5% (YT HAR/NE 3pm, W B A2 B Ik
13. 4% o [AIE o 5 B2 0 i i g o Bl A5 A2 0/ 4 IR
Ty GG . A SN RO TR s 5K 3 ik
ES VBN 31 PN pi
2.3 HRERINELZERZERANE

MU A RO I/N B g0 oK gL 2 TN i 2R
7 FH R B8 1 5 R 9/ N R R RO an i Y 5~
10nm 76 47 WL F U & 7 o5 . R B O IR 2 BT
FRST B2 43 38 0 BR R o DAL IHG ok 26 45 5 Y 19 000 2 7
B R . O T REARIK S T I
FHAK B A . 2005 4F Majumder 455 Fi ] B
& Tnm 1) Z BERR 9K I (FLB L 5X 10" em ) 7E 1
ARAET W& 7 WAK G, & B85 i 3
Hagen-Poiseuille P W AE 5 10" B9 BB KE
ik 3~68um, 2006 4F Holt Z Hil/E T4 42 /N F
2nm [ 22 BE FRURE R 44 2K 4 [ 51 5 5 ] 40 Kk 1~ i
TEM M0 K4 H AR AT 20 B & 1 <4k il
R E R R R B K B &k 0.1~
lpym, 2008 4F Whitby %" fifi F A2 20 44nm [k
WS 10kPa i J 3K 2 7K« £ BT 5 8 A5 AR i AT
SEUR . AT A PR G R 40 A% XN I RE K Y
30~40nm, SCEG R WIE ARG IN  a H N T
finfe g H-P IR i A, 2011 K E =¥ Qin
SRR 7 B K i AN TR AR (0. 98~ 1. 10nm)
BRI Il 2o H A 5 A DN A, & I U A 4 o ]
ik 100 & LA b xf B B 4K BE 24 5 ~50nm, 2013 4F
Kannam &0 T 0. 81 ~10nm H#2 BY B4 I &
I 45 5 (I 4D R I A B D 4 43 FC7E 1nm~
10pm 29 5 S EE AL BN . AT bk D i 45
ML e EEER . (DERRFmRER2ZE. H
YR KA T R A1) 1 LB 58 R Al D 3 4R T L K A Y
B B FEARMEAL TE L 8 FF N O T b I L
B 5 (2) Jit SR T H 2 A6 00 v 1) o |l T 40 3 Bl AR
FUBE 55 0UH, SRR AE ROBEAH Y WA U 3 5 B I B AT 3%
T LT i Is R I S R AN 5 Xy . R R
Tt 2l I R 5k R R o A B 20 A Ak

B 70 O 1 G R A IR A WS S A I AR 1
1% iy R RO % S M B . HL AN T S 2 61 i R B
CHiE 280 . Vinogradova ™ 3% ] SFA il 42 B /K
THT 22 B) 1% BEL g i, & B 9 IS B2 A 1~ 2nm {8 H
WS KAT SR DR S WL RO R B RGP R . 3 4h, %
FREAH R LR REO LR th R, 1 F
LAY A A 1% i o B A 08 L A TR OR
ROBE W s AR5 FH . DA H FiSE g il & 7 i e 2l



= 32

4 B VA

® o

(2014)%8 28 %

B AT LUAE] 10nm BB AR 3l . 52 56 J5 1 1E
TE I BN R 5557

100000 5

100003

AN T 0 H S B A 25 SR o3 BOfE JLAS 98 K 2L
AMOK Z 18] COL L 700 B R AR SR T MicroPTV
I35 W I A5 R A AT A 22 5 DR OB 45 R e R AT
TR I R — S 28 M AT S 6 45 R

i

08091 2 3 4 5 6780910

D/nm
Pl A4 BN RAS o I B I Tk S 0]
Fig. 4 The slip length measured results in carbon nanotubes

3 BBRKESZEEMNNE

3.1 BBBREH

W B R R R T B ik . (H
el RUBE i 2l o o 24 0 3l A A R 38 i i il B K
JE AR IEMR B . HETE AR s
K Navier 1823 4- 42 H iy 11 A A ALY

_,Ju
Uslip =0 E ‘u' (3

BS54 HTIEEBESEBHAJMFENER.ES
(a) W TCH R 3 5L 45 B 5(b) Sy 1 0 5 45 10 1%
B 5 [ BE [a]A — L 25 5 (o P ik 5
[i] B 2 ok LT — T RS B w0 WU w, A
K . W R A SR i e R R
KE b,

VA u oz u 7i u
e y
r — >/ _»/
7 — r:/ Uip
/// /// b
(a) (b) (©)

€5 Navier 42 i1 #9351 f 1)
Fig. 5 The boundary slip model proposed by Navier

X TG R L 41 8 ) (MD) B 25 )R AL
TOREOK A 0 XTI RS K R 0 /Y52 (I A
6O R 0 58l 0 R INTF KR b oc
(1+costh ™ o X JGHE FEAK KM (<< 907, HEH K JZ
b £ 0. 1~1nm & 2% ; B %t F 6 5K £ i . 0 A
HJy1~10nm, HE{GH MW EEBKE 0 W5 EA MW
Fh: (1) MicroPIV/NanoPIV K 1 7~ & Il £ 7 3 3
J&5(2) SFA/AFM R . (B2 52 55 0 £ 45
AARK B 43 BOE - AE SR K R (0207, IR K b

20 T T T —
O Diamond ]
L|aSA ]
o SB
Lo SC i
157 45D ;
e SKS-UA i’
[ | = OPLS-UA i
g + OPLS-AA /
£ 10| & OPLS-UA flex P
o) v OPLS-UA eps L
- | * LI(100) e
== ~(1+cosf)? /
5k “?i’ #
W
0 e *-L--,—E?———-ﬁ“"WI
40 60 80 100 120 140 160
0./(°)

Pl 6 MD BT B B BE o Bk fih 1 0 8 fE i e R T

Fig. 6 The variation of the slip length b calculated by
MD simulation with contact angle

10° ¢ o | & Tretheway & Meinhart (PIV)
O Joseph & Tabeling (PIV)
O Huang & Breuer (PIV TIRV)
* (Craig, Bonaccurso (AFM)
A (Cottin-Bizonne, Baudry(SFA)
10° ¢
g o o
£
B
o *
10' F » Large deviation
A
A MD simulation a2 -
100 b = o = ™ =™ | N
0 20 40 60 80

6./(°)
7 MicroPIV 5 SFA/AFM 5250 & 1 5% K
FEA [F) 2 T8 e i ) T 19 43 A F20)
Fig.7 The variation of measured slip lengths both by
MicroPIV and SFA/AFM with contact angle

3.2 MicroPlV i & & & il £

RIS B, 25 7 AR PR 2 1) B A K O Bl SE O 5 B R
M EA 200nm F 50nm 75 kL F-lll 1 7 PDMS 4 E
UL T8 B T JES B B O = << 3 Y Bl P A4 K OF )
MY, ZEREILE 2=0. 25 pm (7 E, ] 200nm KL
T R B FE O A K 93, 100, i il
50nm HE T Al 4w 25 TR 50 %0, TR 3 ST R R )
R R R AR R T R

M Navier #5828 28 (3) L MR 4 7 [ 3 )% 51 1 Al
B RKE. A 50nm k8, 1K R G E 2
N 6=75+17 nm, WE 7 Frx MicroPIV il & ) i
MK E LIS WK, PIV B MicroP1V Hi 78 B ki
T EGIH R A — R, Rk 88 1 R 1Y
W SRS A . S T B R W A A



53

RS . B R RUBE T 3l 52 B BT 9T Y ) L ok 5

45T B RE T A5 40K R BB T 69V B 4
PR T3 BE 5 B Boltzmann #5800 1 (WL & 8)14,

4 (o) — 7‘1/;99(Z+)
¢ (27) exp( LT ) (4

TE =" >5(2>250nm) i [l K T 3k B 215 5] 5y
AR T VT RE DXORL TR AR F . MicroPIV R & T B2k
FR BT . — B BB 1Y W 4 £ - 1 R ] | ot

o, =M | 2. 162”’+dp fEVE L M 100x/1. 35

NA? tan
FR ) B ) o A T R 2y 1. Spem, B 2o 98 BR IR
FERL TS5 07 VA W AL B FRATTAT 2 A0 £ S 1 R E fe v 2
9 0. 5pmtH L PR HAE I RE B D) i 5 v R OB 43
A AN 5], (A5 78 £ - 10 J5 B rp SRORL -1 2 B I
JZ R R T 5 5 SO S R R (DL )

z

Velocity distribution Particle concentration Lorentzian distribution
u(z) distribution ¢(z)

of particle intensity

0 T . L v
RN % Az2
o Effective focus
T plane thinkness Az
g x

i V4 / 7 At / S /

& 8  MicroPTV iz B It i, BY U1 3 37 L 7 e B Al 2y
) Gy A1 AR - TS PR S T S 00 e R AR A2
Fig. 8 The shear flow, the non-uniform particle concentration and
the focal plane thickness result in larger measured velocity
near wall in MicroPIV measurement

22 [8 B T BE L T 1 B 4 A 10 AR 14 A0 4 ok £ S E
JE PSRBT 2 3 B A S, 2 T G TR
Wt
J'z“m"zu(z>c<z>dz

2, —Az/2

= )
J c(2)dz

Forp R w (o) |y =4O O R R R 4
MRSy A (o) 1 Boltzmann 43 i s . AR4
T3 PR 2 9 B0 I B BE AR 25 Aw () = o (=) —u
() DI B aen, () P 530 5% I 32K AR 22 5 19 248
EHE us, () 2H

Uexp (2) =ty (2) — Aul(2) (6)

H & 1E S5 50nm - [0 5 1 5 43 A 15 2 6
KB RT MR KL 17nm, MicroPIV [yl
HEER S SFA/AFM [ I & 45 RS A — 20, B
WoRKRM B RKERKASEIT 50nm(E 9,
3.3 NanoPIViEEFEESHNE

ST HE E D i RE X B Ay A, iE— 2 R A
NanoPIV £ A , H] 50~200nm 73 5 hz I 5 2% 7K 3 5

;/(Z()) -

RETH BT 100 ~ 600nm i Bl 4 19 3 B 43 A . &l 10
Y5 T NanoPIV il 45 5 55 MicroPIV il & 45 52 1) te
B 45 42 W . NanoPTV & 9 3 & 3% i He MicroPIV
T 2 455 B 7 3 BE IX (=<<500nm) B 45 4 F 16 33 7
DUAEL , SR /R AR 7R B3R F- 808 /)y NanoPIV (#3515 IR
£ AT 2 G T RE A A A B (2 ~100nm)  {H H A
() A A28 19 7 SR - ) 0 T A 3 BE (2 <<100nm) 4k
FHi6 K. NanoPIV 5 F fo 2k i Ji B (= 0L B 5¢
(2))  BETFEME G IR 1o 9328 35 X0 4 2 A 2% ) 37 B
SEMAAR R, — S OC A I o B R TE 78 el

0 Zheng & Li (PIV)

00f | # Zheng & Li (PIV, revised)

o Joseph & Tabeling (PIV)

80} | ® Joseph & Tabeling (PIV, revised)
o Huang & Breuer (PIV)

707 |  Craig, Bonaccurso (AFM)

601 4 Cottin-Bizonne, Baudry (SFA)

<

E o
£ 50 re-analyze the
=40 measured results

30

.

20 o !

10

% 5 10 15 20 25 30 35

6./(°)
K9 &IEJE I MicroPIV Wil # ¥ B K & 15
SFA/AFM {1t ik 25 R LA — g 120
Fig.9 The revised MicroPIV measured slip lengths are in
goodagreement with the SFA/AFM results

— Theoretical V'
600, TIRV, 200nm, zp=340nm [
a TIRV, 100nm, zp=340nm °
500k © TIRV, 50nm, zp=340nm °

+ MicroPIV, 200nm °

x MicroPIV, 200nm e °

400 - s

300 2 $

z/mm

200 b o

100

LSV
o

0 " " " " 1 "
0.000 0.025 0.050 0.075 0.100 0.125 0.150
ulu,

10 MicroPIV, NanoPl1V it B i 2 ] £ 2%
P55 0 1B B AL 1 b )
Fig. 10 A comparison of the MicroPIV, NanoPIV near wall meas-
ured velocity profiles and the no-slip theoretical prediction

I Bocquet 25 A1 B /0 M, % B4 T 4%
SR E MM B K E 0 ML ERRN: b ~

; TynD N = s o .
G bk R BB AT B
€

BE.D R AR 7Y BUR K C g RAL I 5 905 LR
BER LT R g R AR B 1 22K 5 s o BRI o
oy F AR AE ROBE »e D 3801 1 T VR I RE . H RIS
B2 ARG8T 8 TR P AR o e 1] AR 2 T T
RN N R lIE



® o

(2014)%8 28 %

4 MARKFIEIHIN=E

TN K RUBE L Sl B 58 6 R R 1 T A BT 3B A A
it S5 R R ST R O ) B R R 328 3 ) — e AR
A LEHATOITE . A E S50 4T85 5 il
KL T35 Bl o AL 45 G KR4 B2 2l A Janus BOKE A
PHOKZh LRI AR JE YRR Z R TR F iz 5.
4.1 KK F R BAIEEN

T8 T8 S i A vk 5 A B0z g 1 T HCR HORT i
Stokes-Einstein A3 R0,

kT
767:/1(1 (7
BB F i Bz sh 7 00 HE 2R % T 2 =
%ﬁ‘[zﬂz
_ 1 AL
P(Az | AD —mexp( wm) (8)

A4 T B AR 50~500nm ki T 15 W15 5
PHEABLE 1D, & 500nm Fl 200nm R F 1§
AR D 5 Einstein 24X AR R 1 50nm i+ 1)
PHURE D SR E A 2200,

WER M 1/ Do FEH AL AR FAT R B8 B 2
50nm I8 2 500nm . X W AR AR AR A K T 4 8nm, X
F 500nm R 5. EAAN I 8nm I A5 ¥ H R
A 50nm k. F I 215 B % . KRN EEL
Wbl R MIF G A TR R R G ™4 1K
Bz, B E AR /NT 100nm Bk, A B
BRI R R ER

101
~ 9} X + Experimental
:“,-” st ¢ « Theoritical
g 71 . Average_Exp
=
5 6
£ S5t
8 4
£ 3
2 2 ¢
a 1t ®

0 s J

0 200 400 600

Diameter/nm
12
—=— Theoritical

1.0 —&— Experimental
08
g
< 0.6
=
£ o4

02

0.0 - : .

0 200 400 600

Diameter/nm
B 11 @50~@500nm i1 B is gh4™ # 5 o it 27

Fig. 11  The measured results of the diffusion coefficient of

Brownian motion of @50~ ®500nm particles

4.2 Janus K FiEzh
Janus 05 A6 2 Pk TTAS [ B 5 A28 3RO 1, =
M R P 2 e A A ON L TE R S DR A
FERGRE o R 3 e BE A BE , Janus KL 77 2R B T EL
UK Bl B B AL 2 B A2 Dy BB RE A9 I R B Bk . 5
B i % B, Janus R0 B A S0 BCR B R B AR
PR A Y B R BOR 1~2 B R (LK 12)2
T SE I WF 5T & B, Janus B Fi8 34 D T fa B A6 B
iz By 5 A R A B2 Bl = A B B, 7 ] B B
HY TV B2 AR B B HE AR A Janus KL FiB 3 &
TR HE ) S A I v U R 7 R AE R T A ) L
R S (B 1305001 LR 1 D % i AS 2 Bl AL 43 A i

A B PERY .
6
'/‘\‘v ....................... -
-’  \Water |
~ 41 — Water
:,n " ——25%H0
_§L , S%HO
= . —--IOA)HO
® }
B L
a'/’
v
0-
0 2 4 6 8
At/s

Pl 12 Janus R A0 RCH HOR B Gk 25 1 08

Fig. 12 The measured effective diffusion coefficient of Janus micro particles

0.06

> Water
=004 -,
3
z
IS

£0.02

O005(7 25 (7 25 50

Probability

-20 -10 0 10 20

Pl 13 Janus 3R {37 B M 256 25 J3E B 43 A 20
Fig. 13 The double-peaked structures of Janus micro particle’s
displacement probability distribution

4.3 ZRMMKRNFIEE

YA AL 7 T BE X O AR A I s 8 35 )
Wb A2 g S AR 7 S5 AR AN TR A5 ) B
R Ia g ¥ 2 R . AT 35 2 A I BE A
5 Saffman J797E T - RLSCR 1) H S5 R 520

4 Y 18] B T KO 2 T FE A I 2 TR
YER . (93 an T BE I 5 6L 1 (8] f) A1 5 i o A

all30]

He



55 3 0

RS . B R RUBE T 3l 52 B BT 9T Y ) L ok 7

) _ kpT |, . ay o
P (2) =16ea( g ) tanh(/l/eBT)tanh(MeBT)e

9

Horb s o Ty 5301 DAy BE THT 5002 - 3 THT %) 2% THT FR,
P HEIFRKE e AW HE ¢ HPRAIHT, —
FC R 8 A #5 F A T 0 90 L ORI RUBBE 24 Oy
1~100nm %% .

Saffman Jj J& - 17 BE [ iz 2 /) kL T 7 35 BE 5 1)
WAEF T Z 2 0 M 1) Jy . 7E U RE BT VI 2 BOR E
Saffman Jj 5 # L J7 2 [6] 52 me) 44 oK kL + 19 42 3.
Saffman Jj ik R,

F=12.70-% 4Py 2h—2 = (4

7 dx z

i B BE TR HL A 3 gw A 40 ~50mV kL KT
B gy K 10~20mV , BE ] 5T ] 7E 2000 ~20000s ' 3
B AR 2 C9) F (10D At S # s J) Fe Fi Saffman
J1 F, A6 REIX 59504 (8 14) . fE =" <<3.5 Ju . hr
TZEH IR £ MAE = =3.5 JiH, Saffman
IR £ 5. WARTEILRE 200nm 5 [l 4, 2 1] L
JIRZWR S T B RE I 200nm 5, 55 VIR 5 19 K 3
JVEM S B . [FE, 78 Nernst-Planck J7 2 b %
F& Saffman il [7] J3 F. , f#45 Saffman Jj 5 Jy3t
[/ F T R ¥ B2 23 A5, X Boltzmann 434 i T 1%
EP

n(z) _ _ e _2C
P TRt
[Vh—z Jrhhzi_zfx/ﬁarctanh(%)]}

(1D

10M T ==-uo =

L F, at 19000s™ shear rate

% Ll F, at 1900s shear rate By
5 h
= 1018
102 | |--- Electrostatic force F',
— Saffman force F,
1 2 3 4 5 10

P
B 14 ¥ 5 Saffman J7 9 22

Fig. 14 A comparison of the electrostatic force and the Saffman force
FE T 2 30T RE T A9 Y (1~ 10nm | 2%) . iR 75 2
% AN RORL T 3 B BE T B4 A8 AR AR TS v ~—

A ofr Ay Hamaker %40 1549 1 B

GURERES N L P AR S i
R Ja v SR 1) B B . AR T 7 R Bl H A T

VWL B 0 A T R AR R 5 RE T ) 0L )2 R
ALY Hs 0 9K Bl 25 70 45 T8 P s A V80Tt 1) 2 A 1) i 3
(streaming potential) , ¥ ] HL # Al iy F 2 3HE S .

__dp(eite Ceeo L]
E = dx( op )[1+ 20ph (12)

LU A a1 SR AR T SV A R 7 G 2 8
R
et fhade, — 6] dp

aluz dx

WL S BEBE dp/de=10°Pa/m . i F I BE [ 32
LA ¢, A o 3028 50mV Al 20mV, i F-2f 48 a
=100nm , HLfff BT W L A7 95 T 6=5X10° S/ m, | Hy,
VKA A F wupy=0. lmm/s . B0 HELHE
FE R AR R S R kG R & . RS 2.3 R
R K T I S 3 AT DAGE o I A T N
T ) FEL A 5 1 R R 5 B T LUK B
5 MAXKESEENRI

TN K S 48 TE A R o 450 i 2l s R 2 —
BARE RS S HRIR A& SF D RE, A I N i B
WAL IKE) T = A B . TEMANE B LS 538
T B U AR IR S, 3l 5 B vl 3 06 B 3 o 2 3O
WP B e e, Ik Z W IE R F X R
FHEP R 2K TIERE .
5.1 ZHBERIIRIEE

SN E G 1 RS P> PDMS B A
CHEBRTE 100pm X 20pm, 9mm ) , 5 — A4 g0 K L
1) PCTE i/ 6 ~8pm &, 44K fL 48 50nm , L% &
8X10% em ™ ) ALK =R "R E R g (WK 15),

(13

ME(Z) -

Microchannel(PDMS) A
7 \

Grounding

40X
A=0.

B 15 WAk E A R0
Fig. 15 The hybrid micro/nano-channel system

TE= AN G R G SR T AR U &
PG WRAE L E N AR o ROR 5O
00 T T O R T ST G P 2 AN 25V R R
I 7 b OO T HP AT UWLEE B 7 58 S B i A
HI SR 5 SRR HICIX 1) P A L . A S — D B
BB E . B 16 45 O I8 T A A



8 SO W

=5

® o

(2014)%8 28 %

B R TR B 28 A o vl T U (B3R 78 45 5 3B T 487 1 5O
A PS5 AR BE DX N7 2 AR AR, AR DX B B ] 2
WP A o PR s Y v B Bk BR DX ) AN R . FF N-S Oy AR
5 Poisson 7 # M Nernst-Planck J7 #2570, {5 4k
I 5 R HIC X R BE R S AL 4R T A
aC, aC,
dx dx
Xog— s e, C % M FlE w2
VLI 2 B TAB Y F R R e R
TIEBAGE NN . 22 214D IR BE
e LA 3 7 AL R IE A 16 th S R RoR
(FETIX 4 e () 3L . i Bt [B) 3800« A X Uk
18U L o~ e AR A AL R L (& 16 b
£,

0 (14

+ Cu, + = Fp,E)

Gray scale

Bl 16 35T G I 9 e FE 43 A4 WA 9] 725 452
Fig. 16 The temporal variation of the fluorescent concentration
distribution in ion depletion zone

5.2 WAMASEEFHRRIED

oo 52 & % 8 b ik WS B g iz sh.
200nm EERL T Won T = 4R B 5 E 45 A )
D 2% ol (pH = 9. 2) H A e iz 8l (I 17D,
R H0 BB LIS [A] 30ms . 9 Mg vt 1] 5] Ff 29 100ms . iy
50 Wi S 4 (9 18 Fr B iy . P&l 24 s i AE b
A A — X e TP . e % b AR 5 A E
] A —Xof A i » HL e e b o A7 4K T

B 17 =l 54 4 G B iR 3
Fig. 17 The vortex flow in the junction of a hybrid
3D Micro/Nano-channel

TERL G WS T A S5 A3l P o A 42 i B
FE 1983 T e s 37 Chang 48 AL T 44 K 4%
B A i £ ) I O AR ST TR 28 AR A R i A

JRCE R AT U A i e Oy R UL T R
PR AR I
g _ 9%

aé’f 79"01' 2 .

ds EY "u]ﬁ—a@-ﬁ—vvg-i-gi (15)
H g B it o W E KR g =

curl (F) =V (c) X V() , REGIREVe SR EY

¢ 10X T FH T WAL,
6 AFMENEHEASRE

AT B S 4 % 2 VAR s T PR G R
YR B2 3 A GURE I 92 Bl S I, A BT M-
cro/NanoPIV 7 4 it 3 i 7R 55 5 AR W T T e
TS LI P A R S A, RN AL SRRk
Z /D AT 10nm DL E AR AR 30 7 Bk R Je
AT BERL - BT Y A &A% 23 A % MicroPTV il £ 25 2R
SR 2 ROBE/IN T 100mm (1947 1~ 3 T 4RF 14 X6 A7 B
VLR BOA HEE 0 ; Janus B T8 30 W B A JE
e 0T AR 5 T RE BB A AR I TP AN R 13 3 1 5 IR BT
PR 2% 100 L ) AR AR T 45 X R AR A2 Bl 1Y 5 0 5
TERRAN S 45 48 T8 P B Bl It 23 77 A A% 1 e i 55 2
N FIRE . MK RE T s &9 g 7 &
LI AR T 2R N A 51T R R T B
MicroPIV ,NanoPIV K AFM/SFA &, 525 ) 23 8]
K BE AR 2 10nm & 9% . Jy 19 I 5 A% B2 3K 3] pN. B[]
S PEERIR B ns, /bR BB 8 E A TR LA
nm, XEEHFFR K FE/ T AL G0 ST AR I
Ao AHHHEA — L 0] A 58 . a0

(1) Tl ROBEE S AR 3t 2l D) o

T8 ROBE SR Bl 76 e TR 5 P B8 Uk 220 0 )%
WTUAE AT R KA S 58 PM2. 5 (IR &5, gl R
JE AR I Bl B AR 8] AR S A AR 10
~60nm, %15 3 78 R B e /AN AE RUBE . TR IR EE
TR B B 25 R B R R

(2) 2 AH L 1A 5 T )

T RUBE It 3l Bk B AH 3% 28 3k 2 A1 5 Ko g [ 7t
Vo BB AU A R A 22 R U Bl AR AR O AR A
EHAR I EWNESE . TEMARE T W/
(A A7 S A 250 S5 AT S O/ S/ BD WA
& T H X 28 5 Z% I AR S T DX I o 3 A R

(3) 7l Ak 2 g 1 it 7 ) i
ar B3l 77 .0 APL 43 3K 5 Janus R0 55, {27 fE
() 7 Bt 0 BT 0 e 0 R P S TR S, IR 4. 2
5 Janus R P 48 A [l 32 Bl IR 2 B AR A D PR H 3k



53

RS . B R RUBE T 3l 52 B BT 9T Y ) L ok 9

T 5 B ) 2 A -5 S Uk ) 2 T 7 A1 0 HL 5
Pz g,

KL B N B AR B K R L Bl g R 15
K B AR 50 . Bl K R Sl e 4 i I R 2208 i Pk
A AL —FPHLIE . AT R Sl AT SR i
SRR Ty 2 D /N AR Y SEL B O T RUBE Y
I R R A SR T R S ORI — SR
2 JLART TR AR A Jo H 00 3 50 194 e 2 R A S
KRS p A1 Q ARG . TRAA BTN L /R
) W% OB Y 7 B ) B 38 R 0 T R G B ) TR
PR R G I E I AR . S RRAR Ty 2 AR
1 34 LA o B B 38 R R BR (~ 1nm) A1 A5 10 5L
AFIE R R F W AR SIT A N LA .
FRATARAE Tl RUBE 52 96 L 1A g 2 7300 4 B 34 B A
16 AN BT 42 T MR A

H TR WA B B K SO B S MEMS 23 F
BT BEAT W B [ A ROAL 30 5 T AR R A 9T 45 2R 1 R
SUTL A BN H T 2% M R,

B % A

MARRAHEENENFZNFEESHERENA

(1) MicroPIV ##{F ZGEal N Ry 2 75 M PIV 5575¢
6B BT A A CILE AL o JHJRUEE AT AR 2l o
718 B KL 575 45 7€ I [R] A i 2 4% 3R A5 3 B2 R R B A
2% (auto-correlation) 8§ H. #H 5% (cross-correlation) J7
o R A 5O BB LS (40 100x/1. 40 W)
B2 o PR a6 Z50R Fl 9 6 KL T, HAZ 100 ~500nm,
MG E 1pm/s~10mm/s, Re=0.01~10, AT
I 7 1 0 AR ] A TR R U DX 20 A T AR
#i Navier $2 R iYLV BRI IRTH 1B B K .

B Laser
Bl A1 MicroPTV i &t J5 3 R 75 e (1)
Fig. A1  The schematic of the principle of MicroPIV measurement

(2) NanoPIV |l & & % r] 1A N & MicroPIV 5
EG BB A T T D BE 25 BE T 500nm 3 [l
VIS T 1 o B2k T 1 D 2 o MOk 25 A ot
555 1] IG5 A0 S5 I AN 2 2ok B 36 55 1) 7K L FE B 5 K R
T Kb A A SS9 7 A T 7K — A% 1 1 B 2k 18 (I
A2) . BRI AT DL RR 58 T RO 5 A TR 2 200

~500nm., T BT B R SO SR T 5 AR RO

I(2) = I, exp(— =) (AD
Zp
o 5 E R E v, Hez, = %[smae —
TN

<Z—;>2]*% KLy Ly KA RIS R A Uk

K, 0 W A A . S T W R R BE TR 1E ¢ kL
TAERSZEEARUE T o, DU o5 U 30 I s B R+ 1 52 B L AR
PG5 P8 B A X CAD W8 R BT 1) = 7B .
WA B ER R AR KA = BRI ., H
AFRATT I R ) e R BR R AR 20 ~
200nm , I # PR EE AT 29 600nm LI .

Exponential decay of
evanescent wave intensity

Aqueous solution

Glass Interfacial total
(n,=1.518) internal reflection

B AZ R R R B

Fig. A2 The schematic of the principle of evanescent wave

(3) SFA/AFM T Jy I &AL/ J5t - I3 B 35D
JEAS P T 2 1 0 A R sl L 5 vp om0
P A HE b BRI BE T IR AT /N BRI P AR oK 3l g 2
B3 F, RSB IE AR LA A3(a) ),

2
F/‘ _ 67[‘;1(1 uf»% (AZ)

Hooa /NERAEAR L 0 RAR S 1RGP A S/
BREN BB o R BRI F AR L . W RSB IE

g e e oy N N
WFh . f —2><6b[(1+6b>1n(1+6b> 17,11

J7 BB A n] 5K 10nm %, RSBk R A
18T 7 B

T34k s AFM JECT ) i Aol 58 e A 1 36 T LA 7
ORI Ak Y [ S T BRI R P ) A AR T (BT AS
(b)), #4E DLVO Bt B SR B 52 2 1 5 J1 0] ih
FRER

o Ai TAEK
Fovo(h) = =55+ =000

[2¢n ¢ — (¢ + @) ey (— ) ] (A3)

Hrp, A Sl Hamaker 40, a AR IKRERE AN

S A R 81 RIS 1 B S s o T e 0 i) SRy S A R T B TS
1) 2 T FEL A e D TR K I (B4




B

10 SO W

=

® o

(2014)%8 28 %

(b)

B A3 SFA/AFM il % 5 7R & g Lol
Fig. A3 The schematic of the SFA/AFM measure-
ment principle and setup

Ptelectrode 2

—_—

Teflon tube

Teflon tube

Pyrex wafer

Silicon substrate

B A4 pA LTI LI 1) R R
Fig. A4 The schematic of the streaming current measure-
ment using pico-amperemeter

(4) pA HLJLTT T D o H ik 5 325 Y0 30 B #L A
iz . TR A1 RAOR 2 AT A ROBE T B A
A G b Y Bl AT %) O AR A 81 A ]
TERIES TR . W R 1, e TE R K 3 T g
P57 OUH, J2 N v A 33 Sl e AR WL A4 AT R
Hit& .

~ iﬁAL—pA (Ad)
fl

Hodpr, ¢ R EBEH zeta H# L, Ap HEIBET)
R, L ?@”¢ HER A NS BRI, B L, 0
EAE R VIR T B T 0 8 1) s TR O

{ﬁ[ﬂ

sVA
L

Hrh o BEENEBR MR T,

TE A CA4) 2 524378 1] H, 3 ) 75 2200 2 — &R 51
B s Ebn T RCH 2 L 55 F 3AAE L A5 )2 7 A — i 1 iR
2. TEGUORREFR S, Wi & A Wi 2 2 &, (Ad)
KB AIEH . DI 8 R fE i 0 80 2 8K 7. Poisson-
Boltzmann J5 #E I 81 N-S J7 #2 3R fi# 1 50 i iz 19
R S A R A W Sl B e s A R
TR, 25 B R ) s AT R S AR A T
Vitg 23 T G 1 WL U, e R 7 31K 8l 7% A= 14 3 1) Fl 3
I [r) H 3 ST Y 8 f I P B CAD FTCAS) X
BT R AF CAS A i L B O R 1 R34 U

~ L ap (A6)
§o

I, = (A5)

T 16 FEL AR 1) L 9 1 0 o Oy 9 2 ), LR B
Ad ) pAHLTE T BB AR Y HL R U T
A AL T R A 1 N Sk R A ) E A Y AT DL CE SR A
T

i 1) MicroPIV ,NanoPIV W] P #2 I 4 ik 44 1% 3l
PR N HSR B 20nm 9 7 Bk 1, 0 R 7
ﬂi‘%i&lﬁlﬂ*&ﬁ 1onm %47, FIH SFA/AFM 1] [a] £
MY s R iE RE/NF 10nm, I H pA i
%frvﬂ' S T PO AR RE VT 1) R ey s o A AT (] 2
e Bl

B A SCRAMRE 2013 AE E ) R SRR 4y
B Rl 2 E SRR AR S B RS
o5 LT G o ST 36 A A 7 2 ) 2% 7 o R 3 114 24 AR 8 AR S
WA BB EHE. SCP Ir R A4 T E 25 973 T H
(1999033106(99/04) ,2007CB714701 (07/11) , [H 5 A sk Bl 2%
$:45 10272107(03/05),10672172(07/09) ,10872203(09/11) ,
11272322(13/16),11202219(13/15) %15 H & 3% L #5 . v 44
LN AESINT Lk TAE 78 0k — I 30l

SE WK

(1] Zffe, SRR, SIER, % SonsEt R Pk nsiCM].
e BHA AL, 2012,

[2] Bocquet L, Charlaix E. Nanofluidics, from bulk to interfaceds
[J]. Chem Soc Rev, 2010, 39: 1073-1095.

[3] Sparreboom W, Van den Berg A, Eijkel A. Transport in nanofluidic
systems: a review of theorey and applications[J]. New J Phys,
2010, 12 015004.

[4] Meinhart C, Wereley S, Santiago J. PIV measurements in a mi-
crochannel flow[]J]. Exp Fluids, 1999, 27 414-419.

[5] Huang P, Guasto J, Breuer K. Direct measurement of slip ve-
locities usihng three dimensional total internal reflection veloci-
metry[ J|. J Fluid Mech, 2006, 566 447.

[6] Cottin-Bizonne C, Cross B, Steinberger A, et al. Bounmdary
slip on smooth hydrophobic surfaces: intrinsic effects and possi-
ble artifacts[J]. Phys Rev Letters, 2005, 94;: 056102.

[7] Kirby B, Hasselbrink Jr J. Zeta potential of microfluidic sub-
strates[ ] |. Electrophoresis, 2004, 25; 187-202.

[8] Cui H H, Silber Li Z H, Zhu S N. Flow characteristics of lig-
uids in microtubes driven by a high pressure[J]. Phys Fluids.
2004, 16 1803.

(9] A, BN, WO RSRELT ] LR B
(4): 476-480.

Li Zhanhua, Cui Haihang. Characteristics of micro scale flow
[J]. Journal of Mechanical Strength, 2001, 23(4): 476-480.

[10] Wereley S, Meinhart C
velocimetry[J]. Annu REv Fluid Mech, 2010, 42 557-576.

[11] Majumder M, Chopra N, Andrews R, et al. Nanoscale hydro-
dynamics: enhanced flow in carbon nanotubes[]J]. Nature,
2005, 438 44.

[12] Holt J, Park H, Wang Y. Fast Mass transport through sub-2-
nanometer carbon nanotubes[J]. Science, 2006, 312: 1034.

, 2001, 23

. Recent advances in micro-particle image



53

RS . B R RUBE T 3l 52 B BT 9T Y ) L ok 11

[13] Whitby M, Cagonon L, Tahanou M. Enhanced fluid flow

[14]

[15]

[16]

[17]

(18]

[19]

through nanoscale carbon pipes[J]. Nano Letters, 2008, 8(9):
2632-2637.

Qin X, Yuan Q, Zhao Y. Measurement of the rate of water
translocation through carbon nanotubes [ J]. Nano Letters,
2011, 11. 2173-2177.

Kannam S, Todd B, Hansen J. How fast does water flow in
carbon nanotubes[J]. J Chem Phys, 2013, 138: 094701.
Vinogradova O. Drainage of a thin film confined between hydro-
phobic surfaces[]J]. Langmuir, 1995, 11, 2213-2220.

Merabia S, sheogin S, Joly J, et al. Heat transfer from nano-
paticles: a corresponding state analysis[J]. PNAS, 2009, 106
(36): 15113-15118.

Navier C. Memoire surles lois du movement des fluids[J]. Mem
Acad Sci inst Fr, 1823, 6. 389-416.

Neto C, Evans D, Bonaccurso E, et al. Boundary slip in Newto-
nian liquids; a review of experimental studies[]J]. Rep Prog

Phys, 2005, 68(28): 59-97.

[20] Zheng X, Silber Li Z H, Kong G P. The influence of nano-parti-

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

cle tracers on the slip length measurements by micro PTV[]].
Acta Mechanica Sinica, 2013, 29; 411-419.

Zheng X, Silber Li Z H. Measurement of velocity profiles in a
rectangular microchannel with aspect ratio « = 0. 35[J]. Exp
Fluids, 2008, 44(6): 951-959.

Zheng X, Silber Li Z H. The influence of Saffman lift force on
nanoparitcle concentration distribution near a wall[ J]. Applied
Phys Letters, 2009, 95(12) . 124105.

White F. Viscous fluid flow[ M]. McGraw-Hill Book Company,
1974. New York.

KB, fLisEE, AL, NanoPTV JEEESF R HUE M RICL. 2 9
JE A S s W, mE . R, 2012,

Sendner C, Horinek D, Bocquet L. Interfacial water at hydro-
phobic and hydrophilic surfaces: slip, viscosity and diffusion
[J]. Langmuir, 2009, 25(10): 768-781.

Probstein R. Physicochemical hydrodynamics{ M]. Butterworth
Publishers, 1989.

FL. PORR T Z R E LRt [D]. dta. PEF
B S WESE T, 2011,

Zheng X, Wu M L, Gong C L.. Measurement of diffusiophoretic
motion of Janus micro-particles[ CJ]. Proceeding of 12™ Asian
symposium on visualization . May 2013, Taiwan.

Zheng X, Ten Hagen B, Kaiser A, et al. Non-Gaussian Statis-
tics for the motion of self-propelled Janus particles: experiments

versus theory[J]. Phys Rev E, 2013, 88: 032304.

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]
[39]

[40]

[41]

[42]

Banerjee A, Kihm K. Experimental verification of near wall hi-
dered diffusion for the Brownian motion of nanopairticles using
evanescent wave microscopy[J]. Phys Rev E, 2005, 72(4):
042101.

Lauga E. Apparent slip due to the motion of suspended particles
in flow of electrolyte solutions[ J]. Langmuir, 2004, 20(20)
8924-8930.

Yu Q, Silber Li Z H. Measurements of the ion-depletion zone e-
volution in a micro/nano-channel [ J ]. Microfluid Nanofluid,
2011, 11. 623-631.

Silber Li Z H, Zheng X, Kong G P. Vorticies in micro/nano-
channel flow[C]. 9™ conference on advances in fluid Mechanics.
Split, Croatia, July 2012.

Chang H C, Yossifon G, Demekhin E. Nanoscale electrokinedtics
and microvortices: how microhydrodynamics affects nanofluidic
ion flux[J]. Annu Rev Fluid Mech, 2012, 44 401-426.

Silber LI Z H, Zheng X, Kong G P.
channel flows[J]. WIT transactions on engineering sciences,
2012, 74 533-545.

AR, AR, SREL, S BN S BLe RO LML dE .
B2z L. 2010.

B, K S R F LML b B L, 2012,

MOWAR. SRS L EIM] JEat: RBAE AL, 2013,

Zettner C, Yoda M. Particle velocity field measuremtns in a

vortices in micro/nano

near wall flow using evanescent wave illumination[ J]. Exp Flu-
ids, 2003, 34, 115-121.

Craig V., Neto C, Williams D. Shear-dependent boundary slip in
an aqueous Newtonian liquid[J]. Phy Rev Letters, 2001, 87
(5): 054504.

Audry M C, Piednoir A, Joseph P, et al.
elctro-osmotic flows by wall slippage: direct measurements on
OTS-surfaces[J]. Faraday Discussion, 2010, 146. 116-124.
Laffite G, Zheng X, Renaud L. Characterization of a surface-

Amplification of

charge modulation electrofluidic transistor by hydrodynamic
measurements[ J]. Int J Nanoscience, 2012, 11(4); 1240021.

=AM

ZEER A (1949 e Lt P E B 22 B g
W0 T AR 2k 1 T K B S B O 0L L T
o WHEEIT B RE S, A Mk
At 5T T AL PY R PG B 15 5 (100190) . E-mail .

lili@imech. ac. cn

(i F25)



	1 N˘N
	1 N˘N-1

