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YLE AR S) )17 (hydrodynamics) 17 A ¥ 5 5 2L [A]
R BUH Ak, LB 4 SRR T S R
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B Be: AE [V A B AT IR, R AR KT
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NI FHER S ATIR 1 Sy (U PR Lx{?@JTjQE
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BAR O ) BRAE 2 . TR HI A SE B AT 5T 4%
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e (surface force apparatus, SFA). T 37 S A
T RITRL el 45
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P EAR KL AT RS, AT A 3L 1A U 3 1 4 B
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I L A S SUTAIE S D) 52, AR ke T 2 AR A AF 9
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WM I B LR LM EE (WLE 1(a).
Stokes?0l ff1ic %%, 1Z W &bl )53 2] T Du Buatl?7]
H1 Coulomb8] fry a6 U 52, (H [ i 18 21 T 24 i
Hofth— 22z g RO8U fyexf. Hodr Girard®O Fil
PronyBY Ak € [ A KT _E T REAFAE— & R LM
AR JZ, BN 2 N A L [ AR SR T TG AR XS iz 3, B
TE T 18 & 2 (stagnant layer), T 45 1% & i J2
LRz S A AR (L 1), BT
Rl 2 00 )5 R WAk L [ o 5 T R i v P (R
TEPE) A3 00, Qi /KAR /8% B I P i v ME S i b, &6
T 2 R A A F B T Navier29) ) 7€ g s
P T MBI R KB R, BN NIER
TR L R B U1 AE b, B
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1(c) AR, v, AETEARAT [ R RTH o 77 17 (1 1) 1A
WKL, 2 U AL 7 A ks, X (1) #RR
2N W K JE R (slip length model, SLM),
T o N H, X (1) W ROy PR R KRR
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TR, T 2 Navier BT BB, SEBR Pt 44 2
TE TS0 5 J2 300 2 a0 25 M T B K RE R TR BT R B 4 A
[l A 2 1T 7= AR M #, RIS SR H >4 i e oG 2 ) S 50
MR T B Al A LI H 7 A X 4y, AN A ) — L
Gy 18 D) PE Y 33~351 R A [ v ST 1
(AR Ak, [ S T A o T AAE C I L B
JSCH R R T 2 R [ R R T e R R e R
X JLFR A 2 1) A2 4.
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19 2l 30 4FEAX, A7 R IE AT A KR B4
TG 2R3 AR R AL Stokes K& T 7K A
JKARAE 5% 35 5 v it sh s i B8 5k R H Teig B il
F4AT, Whetham[®7 | Couettel®® Fil Ladenburg[®”!
S N FF R A, {2 Poiseuille*) | Darcy*!,
Helmholtz Fl Piotrowski*?, Brodman[*3 2% A ¥
AHARSE T JC T 8% 0 FE 45 A1 AN 7 1) 52 56 UF g,
AN XSG T2 Y N AR, kg R
g%, =2 2% {5 BinghamM4,
Goldstein!?l DA Jz Neto %5 A 11 e B4 (1) 1% L6 ff 5
TAEFRBEAT T BN VE 4 1 0] o R VP i

HEN 20 AT, AATT— Mol o BT 2 5 #
FEAE, M2 AR TN, 4 I R S8 56 BOR T Bem
T ARA TR AT AERA I, T HL Gt/ )i S
XU AR ISR 1 A AN 25 7 A U I 5 ), K e
T AL S 6 A1 2R W TG 1 % 30 S A e S A A T L
FE FoRIERR). XFORGL— B RFLEE] 20 HA 80
EAR, DI TE W B 1 A A AT e R A2 0T ) 2
T R sE bR, BLECTAE LB AT i Ak g 2 M
W 71 20RH LR B 0 S, Bl Bl A 4R
BB AN B P9k A i A 4. {E R
oG ik, X R AT — L84 O il S S 1) R 5
HiE. W Traube Al Whangl*0l & HLZk & v 45 BE A
£t yMiE (oleic acid) o H &M AT ML AP b BE
Jii, LEFR JIARAR B, ZK 9t o AT 48 3t A I (1)
Hf%. Weber Fll Neugebauer? WX Bl % 1 8 T
IKAE G T R R AL B A RE T bR AR T RS, 1956 4F,
Schnell 48] (#5256 3 /K AE 2 - F L - SURERE 28R
Ab ) B A0 B AR T R B RS, 1959 4, Debye
SN B LEWE SO A I S AL G e 2 FLYE e SR
eH R Bl I R B S 5 B N 1R &G RE L 0 ML TG T R T
TR TNEL R A7 A5 22, TF AN S8 # 0t 3 80X
i 2 1 W] BEJR IR 22—, 1984 4F, Churaev 45 A [50)
BRI FN K AR AL A3 Bt 41 T B3 8 vh R AR L A,
WK EWAE 30nm A 70nm A A7, 1 HIE A
FrE i B . AR RERT T 5% 1) f BEK R, 4]
TG T B AT REN. PO AR 2 7 2 () il
[#i] 05 5 1 53—~ 2 (B AN W] Be 7K 52 T6 95 N (R B I3 4 H,
DAt BRI Bk, HEEEYP) 2 208wy, B =R 2 i
KIS BY) 77, 5 2 6 v e [ 53— 18] AR AR B AT
FT = A2 e B M Fi L0 PR, MK FR AT T W] 7
PRI RORE RGN % 30 S % 1 5% . e AR HZ B 1
AT TRIBR 2 TA), BY 7] 2 0 S ARORH Xz By i g i A I
e L7 ) 1R )58 2 TA) PR BT, 98 a8 s /D i 4

)5 R RE AL BT DD FR 4R . PR W RRE T R
ARG R B R, T/ 9K R SR
Gy IR

R R SR T 9 AR i AL FRR R HE
BPE, (HERAITI T NP IRG R Z A a M E 7R, Bl
b, et YK B AT ST AT R, e A R T A i
(— R P 2 fioh A DK AL, 45 ok A K R s Bt i 1 2,
18 8 5 1 18] PR AR EL AT P AR T B 58) %t 0 5 42 1Y)
e R M WA AR A AT B . S BR E R I
DU 7Ry 72 57 3 B e A 8 R A A Bt i M R R R
T 14248500 R A AT B 0T op A A e o B
AER ] A2 THT P 988 30 P R 3R AT B8 W S PRy 3 7+ L
%, PG T VFZ AR AT ROCAIT TR Bt

3 HMRBBEXEE ORI

20 2R, AN AL R/ A oK ) 3 4R A2
BET U8 K BT 5T O ) s Rk ke, T
T S P AT /g oK TSR o BB % S
A FUAT SR AT AE A T, O — T I
QU — SR L B vk kR R T RS
FAT mn RBORE L ORI S i H B,
AFMP3:54  SFADBS NFVLDS | -PTVET, A7 5%
R °F (quartz crystal resonators microbalance,
QCM)B8 | 1l ¥ (micro-channel) $f A [11.51,52] 47
Al IR LB L HE AR e A 0 L I AT DL S R IR A
VLB AR 12 5 I R T S O R Aff £ S 56T 9. L A,
o B I ERR AR (1 1957 4R B KB Alder F
Wainwright®% 5 T T 0T 78 A4 R A R &S 07
P LAk, B T LR AR BED, I b 2 AR 3 ek #
e il By ke, ©awe) iz FT-WE 98 & T 4 2R
A2 ) 60 AR IR SR, AT DRI AR B 1L A
T A% 100 LI 73 5 3 ) S A 40, T T A SR K3
O Rk B, A N RS 0 ) SE B T ST
Iy T8 DR TR LR ILA IS WET
G 1 AR AL ER DL K & T DR 3200 1 5 )
e TR H . e Ah, BUE R o 2 L
PRI R AH G ) @ WE 5T ) — AN LT 1, RS
1 5 B () BB DA B 3 5 B 0 R Bl 2R S Ui
KB J1 54T e, DA DSIRAR R G Bevt T
ARG H R AR IR T BT =, L8, 013
JIEE R UL K B 53 AT & WF 5030 50 # A 0% 1) i
() 3 AN ZLTT I, =& Z [A47 4 B AN W] 43 1R
H T AET B 3, AR SOR AR I R IE R S 4> 13D
J)E R — I LA 24, T I 5 B A Ok 1) e
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IR BT AT Ol o — /NI A 4.

1 AR BREBMAKI S F 3 FEBHR
R 2 PR R TS IR N i o
GNP SN SN 1R N [E1E 7205 =
e A% S SO 2 W i B R T vk R R A ] AR K
AT A B S VAR 53 1 R U Bl 2 B2 g, AT e b ok A
Wr & 15 AR T A DAL RS KR, T p-PIV
FR BLOT62  NFVLIPG-63) | 4 Py i 5 9¢ 6 58 11 Tk
SHA (total internal reflection fluorescence recov-
ery after photobleaching, TIR-FRAP)I64:65 I XY £
R 98 A < 1% (double-focus fluorescence correla-
tion spectroscopy, D-FCS)66] 25 77 v # & T~ 28 B
P20 4 1 SN RS I 5. R IX LR O i i FHAX
A B AT T 20, AR LA T B R s il A
VAR I — 8 Bk 1 PO6 UL, 18 1A [R] (4%
RAGH IR B DX 3 S UK 1) 3 2 B, O HI KA AL
BT AR o PR S AR, R TR N
M Rk 2 W, A R T 52 9 6 UKL ST L 0K )
PGS B UL 5 75 A% B K50, HORS FE
7% (>~50nm).

R EE AR h =R Pl BU R S R L
LR FA ), ARG LA TR AR
fiff LA B 2% 1 10 ST RS I 1) B R BT 45 AT LA,
AT ) 2 40 W i 7 A A T TR A DA ST RS R TE.
AFMI7~T1 (SFAIT2~76] F1 QOMIT7 78] vk #R g Tt
R [E M w77k KM AFM Rl SFA B T0 A0 #
DNt i, — o 0 1] 2 B BROE 5 TR R 4¢
RIA ARSI s B T By /NS ho 1] 5% 5 H
2, ARG L & TC IR B R 0 1B S B R
Ivh S 4 AT LA, 1] 3 Firas & Zhu S5 A (791 )
HI SFA ZRAG K45 R, 9256 B AR+ 1Y
Bt (C14Hso), 14453 530 4 ST 2= B2 1T LA S TR AT
TP = LA IR RS E (octadecyltriethoxysilox-
ane, OTE) W)= RELI, 73 il % W 1 o 1) [ 1 2% T
i, MEECPT7n 28 SLTo i # BRR . Jlad B BT
LUR 21, 4Rk 6 = RER TR, R SRR ARE)
FE B D75 2 R B AR V) &, R WA A
M RER G A B, 02 A IR i
AR N T 29 150 nm LU, AR 28 OTE 4L 2R )
= RERANN, 5 Ho 5 AR IR A4 30 s BE g A8 TF 463 O 129
2 MG BB AR, Wk T LR, T H B
PR JE ) B — 2D Dy, 30 501 B ) 56 Wi R
BN, QCM J7 ¥k ) FE A J P R IR0 L [l 4 3

T FR) PR T 1 5% W0 2R 0 A iR AR 8, T[] v 7 T
RIBEHERS I R B R AR TL P AT O, &
R 28 48 LR 1 70 2 A0 MR 10 T 465 2R 1) EE 4R
ST LY 90 AE ] AR 2R T W ARG, B B
TR, TN T ) AFM A SFA U5k
FATIR & (0 3 A2 R 23 HERE . (O 7 3 mT LLIK
I nN F & pN 8=, B2 HF W LA 1nm /&
A1), T QCM J5 i[RI FUAT B i ARORS 12, HLWT LUAH
X% Ty M RAT AR H v R B D) A AN 3K 2 [ 4
PR AN LR SR, ARt S iR 45 R
Y I ik 56 A R T L PR A A LR, PRI I 3 5
% 1 7L PR P B AR 23 B 6t T SR T VR T 5 AT A
LRG0 5 RS B B A 2 B BOR B R
WAGAEAE — DT R R REMIBT B, R /N R X it
InELVEAR A 2.

DN %, . Y,

B 2 BRSO A

I
150 g WiAk: b
§ - MRS TR
okt O JLRENERE
- i}%f % OTE KhITE)Z RERT
N
O . o
0 50 100 150 200 250 300
ho
Kl 3 55 He I8 it A 50 s BH 1 I B /0 0 4 I TR (1) A 4k,

i 25 173
B L3R LR VA AN, fomE (B E) SR
R 77 i (11,51,52.79,801 g 3ok 22 5 HISKHIE SO AR S B0 1)
LR B Ty k2 — & T E R R EOW, 1 H
Bt SO B A E 2D, DR J8E AR W] LA 2R
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Fe PR KT, A5 HG N SR THT A A0 B R N 43 R 42 561 1%
T WME s, T H - SBOR RE SR BT U R B S
W, %7 WL TR N E BOR G, (O FLA%
N e 220 SRR RS (g Uy vk (162660 g et e 5 3 PN AH
LI s P - ik il £k, O L BB R HEAT LA BT,
3 A [ 0 2 3 S RS 1) T ik [TO~81,

AR, T FTE RS ) S E SR DA 3R AL
TR SRR R, 0T IIL FE R
FRAN T B AR 1 T T B Lt T [ R R T e
R BEAF BRG], ST & IR 5
T RS (10 52 W0 J AR i A JRR AL 481 2, HEL i JE X 6 T i
T AT A R 182 AERIT SO i A
PRI 5% Wiy I A9 AN A9 AN 25 R LR 2 0 5% ), 3Kl 45 5K
6 v ] A S T PR A % LA B S8 445 SR 2 B L e e
KT R MR AN, SE 2% 11T 22 00, BLAT
LR A A NN S, AT R A
AR L 1831 G g RS ™ AR T S 1) ) BEATL I
KT B ME. 731 3 I AR TS R ST
TR WL o) TR NS A L A
TR DA [ 9 S R PR HEAT N D B, BE AT Al
FEI N R U FE e, XOT 2R
FERSWNEZXNLAER OGN, Bh T2 H
i v SEHLVE 5L 6E 7 LLK S R R BRI, 2 1 3h 7
FRAUINVEIE AR — L KT R IR R Gr it 4T
(LEVNE Stilai

BT Rl LA RIS RS (R 52 56 9 1 B
T3P EREAUAT TSR, JAg YRR LG

(1) AR HE 52 56 s BR AR AN, 34 53 % il 1
S UG AIE T TR AR T 53 D9 B R )42 0 1 PR,
LR BT IR, ARATIAT A A B PSR R, e A 5
Bl ) R TS i AR R W ST ST RS A R 1) R
o H T B

(2) AEW/AKIL T, WA S IL T2
FERELE AT N SE R AFAE R, 10 HL 3/ 9 oK R
ARG AR S T AT AT AR R,
W] UL RN BB Ty (15279800 RN i A ) P
Jy 16567707876 A UG W SR W, WA KL
AR B LK EE R B E oK 79800 R4 X
TR A AL TR R X B oK RUEE T AR R S
BE & 11 4 TSR, A8 2% 0 S i SRR
H L.

(3) 1 et I P Xk 140 I RS AT A L i, fH
AU DPSRE S ST BU O Vil PN AV | G/ R
%ﬁ‘;‘&” T?ﬁv‘*%; [84/\490]7 %ﬂ::‘h@;% [56,57,74,91~93] %%ED%

2 5 ¥ A fe Ae AR M R T R A, {H )2 Bonac-
curso A5 N 16869 1y SI UG 2 W A4 RIS 7 56 4 i Vi
(1) ] 4 9 THT . B & ZE 5 #2. Joseph 4% A (621 R HILK
1 R 1R 39 3 2% T AR Be 0 R AR W B, (DR AR T
28 /K AL BR 5 O BT AT B 1S, X i 2 B R T
WAL R S B IR BRI R, T
i A&, Cho A5 N 04 5 & L AR AR A4k 1
A L TR PR AT O, AR PR TR A v A L R
T L JE Ok, ANadt AT 22 () S0 45 oK
TATIA R A 200 5 7% 0w B 8 S T A FH 0 1)
g5, W T o R A R ST A A A S, T
WG P 22 i R i SE A A TR AR S, T H
Gy 18 1 2 E R 95~981 L ORI K M R
MW, fR/KERTAZEE.

(4) 2 THTKE RS J52 A2 55 o (o] 80 7 1T 3 % 45 M 1)
Ty mER K, Pit 4 05 Zhu %% B761 Hervet
28 61 DL Léger!®9) A5 TA Jhy 2 THIKE A J52 1 384 hn 41
HE ¥, 1M Bonaccurso 25 N (691 [y szus 1 52 W &
TRE RS 2 59 ] DA gkl A #%. 53 4F, Watan-
abe %% [79:800 Ou %% [ DL Choi 25 A B2
S AN, 0 3 A [ A4 S T A ) K A
GU. TR s R SR P Y 3O /K R T (ultra-
hydrophobic surface) 200 GE Ayt 44 7= A= AR K ()30 5
W, I DU it sh 4 B BH ) 8 25 FR AR, T 2 13
75 BERIIT 5B A7 A2 A [F] 19 45 18, Cottin-Bizonne
A6 N ROL2020 ) A K R T 2 33 B8, 17 Kopli 4 (109
Fl Jabbarzadeh & 104 {1y f5idul 45 LA b 2 TR K
JERNHIE R, Galea 4% A [105] I Priezjev &% A [106]
PNSE IR R BB e s AR AT S-S M R N
g3 NS B 3R T S5/ T A 4 I e #, B
i sl A R R AW . B2, A% T7 ik 7
HE— B,

(5) M4 Navier (1928 P B K B 1R (29,45,107)
WHKENIZAN T, SEPELKR, HHREH
BAKEANE, WAEEKNTZR8 U4 #

LR RYE RS, SLubsgug [62,64.65.68,72,88,80,02)
Hitdiw MHwa, B AERR ) A — s

iy [3.67.71,73,75,76,81,84,108~110] 1y 5 1 K1 1 Ik A R,
B B K JEA W S 2 S B RA k. Tk,
Craig %% N 167, Zhu %5 A\ [75:76.84) Pl K Sanchez
SN DU RN RGP (B8 )))
Ik B AR BR A S A TR ah R 2, AN ) [ T
AR R NA R, BB R AU AR K
FEL B D) A SRR ) AR Z6 1 O R, Thompson Al



270 71 4

b3 i 2008 4 i 38 %

Troian!''?| Priezjev &5 31141 {15y -f 5 Jy 2E A 4
7R Navier ¥ # K R K AT £E 1K B §) %
I AEH], 9By ) TR B U) R DU,
R A BEAN T A, T A2 L B U S AH K. Ak, Na-
gayama 55 A B9 I Olgun 55 A B0 AN E 1
7 A 2 M R TR A D 0 i 46 R X SR o
WA B (1) P i 7% 1K REARE Y £ JE L8 i
N (U A B U) A ) W] RE TGV A A A
LE AR R T AT L.

(6) BT bk JLFd DR 38 0 i 5 7% A o
RO Ab, TARRERE L A T SR AT BE A AE 1)
YR Al A A2 T~1200 5 BR] 2 0T Ui A4 9 B 1
LR AT N AT RS, H— Ol b Ak
R REIE 0 A AA SR T G OK A AR R AR A
AT R B2, MR ZE LR
WS S, NAZ LSRG ISV, W ik — 2
TR
3.2 A EBBEAMAERKES T

120 G F 0] 8P HE U B 2 BT A R R ik
TE il RS T L B, RO S
LGP AL T EAR R T T A L HEA AT AL
FEHE RS 16 A BRASE Y it 200 53 % 1) il B O R B 4y
BT A B RS A, ) B o S T ORI R R 1
R) 322 B 77 9% (1 AFM. SFA. QCM J7 %)
IREEAH.  BLAN, TR AL S R R R A A 5 4
AT FRATIXT 32 5 # 1 AE LRI GR. B
IR Ak By RIS = I SR O S I E T
Pk 1) 2 1k 1 # K RE RS 1Y (Gl 5 1 R T K R A
70)[29.32:45.107) FIAR (R BTN ) (M F) B (limiting

shear stress model, LSSM)[121~127],

3.2.1 TU I g i A BAR Y

ARICE 2 N AR K TR ) e AT T
ROK, FEHATEOE. A0 AT RAA S 1 HAAE
[ AR T R B B o — M “ELSEHITERE (true
slip, WKl 4(a)), IBAIAF—Fl “EKMIFHE” (appar-
ent slip, LI 4(b)). HELSLEB AN, KWW~
ERE RS ACTE b 2 P AERAT A, & H T AR R TR
B 30T 98 A 0 A A e By (1071112801300 iy 5 1%
RV ZH)EE N 6 (W 4(b)), FEEN 75,
WARZERE N np, A4 AT 20 LR RN

b=0(np/ns — 1) (3)

ROV L TR AT A4 L5 X Fh &M

TERAT H Ay o8 D2080182 RS BUSI T R WL Y
¥ JAT AR R A 5, B b TP #R 5K (1)
X AL A R REAT F IR, P LAAE BEAT A SR AR BN )
S M ISP B R AEANEO™ A% X 50

Z A Z A

(b) FU

K 4

RIEH R R R4 (WK 2) & AFM Al
SFA JivEhacwi G —Millk &4, T (1),
Vinogradovall07 £ 7 2% JE 1 FL & i W R 2 [H]
AH E A i AR s s BH . X T & 2 Frs 85
JET) L (ho < R), 75 L8100 545 7% 5% i i) 1R A4 )
FEBH Ty (BRAA S R AR E 7)) N
_ 6mn R

ho

Hb - R\ IR, SRR &R S
o, HARILA N

S CONCO RS

AR H A A RIE BN, HRIEA N

SIG 1 GO RER)
(5b)
Moo= 10, X (4) AT EAE 133 Rk
[ MBRR A AR R, R S RIS
R I R G AR BT L ToHE A I 3R K 27 () AR
KADFEEE, <1, Bzt 4). X (5a) Al (5b)
RGN, A SRR AT 2 s B R R G2 K i AR Bl
T BH A7 FRAK. AFM FIl SFA 77 2% 42 30 5ok 0 5 552 B (1)
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A REVIEW OF THE STUDY ON THE BOUNDARY SLIP
PROBLEMS OF FLUID FLOW"
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Vehicle Engineering and Mechanics, Dalian University of Technology, Dalian 116024, China

Abstract During recent years, great progress has been made in the study of boundary slip problem of fluid

flow with the development of micro/nano test technologies and molecular-dynamic simulation (MDS) technology.

In general, boundary slip problem is studied through experimental observation, MDS, and numerical analysis.

Experiments and MDS are usually used for discovering the boundary slip phenomena, revealing the physical

mechanism that triggers boundary slip, and investigating the effects of various factors. Numerical analysis is

used to study the appropriate constitute model of boundary slip, computational algorithm, and the impact of

boundary slip on the hydrodynamics of the flow. In this paper, we briefly review some early research on the

boundary slip problem, then review recent work, and end with a discussion of future work and prospects of the

boundary slip application.
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