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Abstract The nanofluidic systems has great promise applications in many areas because fifdigite and economic
performance. During to the very large rate of surface and volume, the interfacedfslip will significantly influence

the flow properties in nanofluidic systems. The non-equilibrium molecular dynamics simulation was used to investigate
the slip properties as liquid flows past non-wetting solid wall which contains small amount of wetting impurity. The
underlying mechanism was also discussed based on the molecular kinetic theory. The simulation results indicate the
the wetting impurity (uniformly or concentrated distributed) show insignificant influence on density profile of liquid but
significantly alters the solid-like structure and slip property of liquid. As the percent of wetting impurity increasing, the
solid-like phenomenon of liquid near walls becomes more significant and the contact density increases linearly. At the
same time, the average velocity of liquid decreasing and the slip length decreases fast in a linearly way. The uniformly
distributed wetting impurity reduces the magnitude of slip more significantly than concentrated distributed at the same
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percent of wetting impurity. For example, as the percent of wetting impurity is 28%, the slip length decreases 50%
(concentrated distributed) and 56% (uniformly distributed) relative to the homogeneous non-wetting wall. The analysis
based on the molecular kinetic theory indicates that the existence of wetting impurity enlarges the energy barrier as liquic
atoms hopping from one sites to another in the first liquid layer. Thus, the probability of liquid atoms hoping along the
flow direction was decreased, i.e. smaller the slip length. In the case of uniformly distributed wetting impurity, the smaller

slip arbitrated to the decreasing incommensurability between fluid and wall.

Key words non-wetting surface wetting impurity, slip, molecular dynamics

51

oit

PRI RS R L m 3k G5 ST B 2
2 LB AR RS M ) A5 AU LA T 32 1 N FH i
5¢, W DNA S BT AT, 2990%mi%, 2 o & 1031,
TEAKT SN, ROBE 9N 5 350 BT 5 T # I 5
XTI BN ()5 Wi 5 8 2 (470 DRI S e R 4 K i sh &R
¢ v BE [ENE A B AR S Sl #% (flow slip) FTR]
MU PE (significant drag reductioB), ki 4 & R 46
B IR GOK B TE h AR R s, AT
AR [V T T PRI RS R AN AR AL B,

Gy 5 71% (MD) RE LA 1~ 2k B2 il i A4 A1
SALBE AR TR E, )2 N T 4K s i)
E5E. B MD BFFTR I, T8 A O T [ R0 W ARy
Pk, Vsl BIIE, [ R LA RG24
4. 19974F, Thompsorf Troian0 $& T —Fh i
WRBIA, s SRR T AE A7) B AT FH 58 B2 DA
MEE LT, WAL (slip length) 55 BYP) 5 2 (7]
45— A% 2. 2004—20114F, Priezjevas [21114]
7t Thompsorf&: i) TAERLRE I, JFJ@— R T i
FUR AR B R M WE S, 25t T 30 30 26 1
FHRE RS JUATRDRE B2« 20 T RE KT B8 10 BY DA ik
PE (1 5% B A

A ] T T AR M e 7 (S b4 T 4l K 3
IR &, Bk, 2208508 1)) 12 %0, 1990 42
2015 4F, KRBT 157200 Bk 0, 35 B K 5 b [
VR M 1R B ARG T 14 K. 1999 4, Barrat 25 191 Ji
TIHBKIEN Kubo 2AxUR MD BLRUZS H TR K
JEE 5 VAR A 1] 4 2 T A R IR B TR 1) 5 G R
20084, Huang® 19 FH MD AUl 71, BLBA /K
RRBNA T, 4t T R S AR M IS G R
b o (cost + 12, Hh b AEBKEE, 6. H/KAERE
T3 e A . 20114, PriezjeV* W57 7 4
WHPE IS T BEAH (R BE T | Couetteliish, 45H T
KM EAAT 5 BN 7 0 2 6] 1) I 0 e B R PR 5%

R [F)4F, Wang4s PH 42t T 1013l i
(molecular kinetics)tE 2, Jf45 H M JGHE# 21
(1915 S B D) 505 [ YRR AT FH 5 B PRI R ZBUHHS G .

IR A B T BB T KB R
BREVE. SRMIAESEpr b LI EE Y, MR & &2
RN R U AR s g, BRI, TR
JTUAIR AR TH Fe B 7L R 3l A AR 1 AT 9. AR SC LA
Poiseuilleliizh A X &, KHIAEF-fif MD B8 7%,
BFST T I T BB T 3R 2 VRN /D S SH i A MO0 BE T
WM. 5 Priezjevi™ (BT FUA ], 1X L
FORVESR M 28 i b S oA TE =X (8 R 35 4
20) X AR R SR, AT Tl ER
g T H AN,

1 S FRANFERTZE

AAWFR RN, 48 MD BN AAE ) B3R 50
rhn] S LR Bl B A 221, i EDGE TR Al
G R Am s TR G 5 FR 5 LI &
(12 5L 1237241 PR, 3 LR FH 2T e 4 JE AR 221 g —
Yt MD A5ALL 7 VERASAEL P TG FROSPAT P ) 78 53
Ji& Poiseuilleffiz)). 7 MD AL, A J5 -2 A1 fFIAH
HAEHIR T4 L) Lennard-Jones(LJ) 16 AR ek B
B AZFBERIIIY I T @K sl ) MD AL, 3

r r

wo-|@-(7] o

o, e Al o 20 R BUR TR RAAE e SRR RE,
PR SR 7 2 (R E . TR, 3mSR,
WHE LI BREIIENTEAE re = 2507, BIF YA 7]
PEBSOK T#R B ~ AR I, DA R IX AN SR 1~ 2 [R) 1 95 R
FERBAL LA K 1 o, o, 250
FI NI T, SO R SRR T, PR
() AR T, BIE K L = 507092, I FEEH



94

LR B 5 RLVRURE T b SRR ST T RS A P 5 813

JEJE D = 3457 4, MMIETE/E B= 17439 7. [ FHEE
T35 312 AN 4 JS T O ST G584, itk i 5K
1.152 5 WA R 36 5124 [ 2 T8 AH ELAE A AR
LI126 B HR, HAFEK Y os = 0.867 3. SR
FF R FAEREI R 2 FAE TR A e 1 1(a) A
Bl 1 (b) s, A0SR 2% I LS iy s E BE T
J2 ERA S, %07 NS AR R B (elec-
troosmotic flow)MD &L Hf 78 BE [f] 32 ) Hi A7 5 H iR
F B AR . SRR R T G o 8 SO SRR
JE AN B T A [ A DR 7 2 B AN e T
1 @~ 0.24.

I
%o 1g8
]

150

o oo °oo°°oo°— 29

©6%°,° 0, %6 4-2.9
o

°o°°° 60 O -=1-59

° °

1838

o,
o,
&
o,
&
o,
&
0,
o,
o,
0,
&
o,
&
o,
0,
o,
&
&
&
0,
&
o,
0,
o,
o,
030,
o,
&
o,
&
0,
&
o,
0,
&
o,
&
&
&

e S e e 1~ 11.7

L J-147

() SRR T R o A

(a) Concentrated distributed of wetting impurity atoms
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Fig.1 Schematic diagram of flow in nanochannel with wetting impurity

atoms. The vertical coordinate axes are shown in right side of figures
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HF SIS YR 2% O 5 5 W30 R P TR e i AN B I, K]
2(a)tny LAE iz A,

ARSI 2 o A T X N ALl 25 ORI, 4R
RIS 5] 43 AT 0 I (AR 53 A J LT EL A, ]
3@, Hh o =028 hE EfliE —H W E R, X
BT 2T 2 Ap Bl o (AR IE R,
Bl 3 (b) o, Jor AR BRITUA -3 % 5 2 5 R ik
A B A LOAE, R ZEER 0 Ap; IIRRUEZE, P35 % i 2=
Ap JE SR PR T A AT T 6N 2 P 35 i 22 11
il FI41H.

— 19 1y
—_§ -—_E 1_,2
Ap—n i Ap|—n i o — P 3

1.2 T T T T T T T

—x— concentrated
——o— uniform

(a) PaFh A1 T 3 TE A VAR B 20 (a = 0.28)
(a) The density of liquid as wetting impurity atoms were distributed

uniformly and concentrated(= 0.28)

Ap/poulk
<
.
.
[ ol
—-—
.
-
—
——
.

-0.02

-0.04 - b

_006 L L L 1 L 1 L
0 005 010 015 020 025 030

@

(b) PRI oA 1 P24 B 2 5 SRR B EE K R R
(b) The average elierence of liquid density between uniform and

concentrated wetting impurity atoms affdrenta

Pl 3 Wy A1 T 385 B 43 A1 LR AR
Fig. 3 The comparison between fluid density profiles gedént

distributions of wetting impurity



94

LR B 5 RLVRURE T b SRR ST T RS A P 5 815

e, pb M p? 3 0 A SRS SR R A 25 T 28
| BRI L. BT ol AN p? 12250 EAA DAL i
PN AR 7 DI, XSGR IN i RS M 7 o AEE
T 25 B A3 A (K 365 2 /ML AL 3(b) AT UL, Ap
FEANF] o BUEINIIHEE %, LI RSB i
P, 2R R R R ) AT, WA B A58
3 RIZR A 1 AN R A A B A LA
22 BIKEE 5 HIE
B 4 2R ot b R 0 A1 7 AN [ I AR
FESETE A (IS 3 A1, b AR bR N T, A7
&/os REARR N THIE A AL, AR I AR IE 0.
FH VR Y T P 0 AT v AL TE oA A 1 s ox b
P, & 4 B A AL RN 4 SRR TR T A
IR A I 9K TE N IR o A il 2. I @ = 0.02 4K
R AW T, BATERB A A4 2,
DM A5 P e A7 P IEE B A it 2 0% 1T oLy
ZOAR. FLIGI th T2 o AR/, X3 LT
s, UM S @ = 0 CRAlGLRRETT) FaA
HE.

concentrated 9 uniform
1.0F 02993 g b
09539%"
GAV%'
gas3¥
0.8} oge¥
-~ 0s83*
N A98
- g "o
: o
5 06r oage T *ogka
< o023+ +3%8
™ 8= =0 23
EN 25" a= o a=0.11 "8
04k % 1 3
g B - @=0.02 a@=0.20 3
. a=0.07 =028
02F 4
H

0 1 1 1 1 1 1 1 /|
-10 -8 -6 -4 -2 0 2 4 6 8 10
ylo
Pl 4 SRR Ll B 3 A1 A T FBE 43 A1 1) 5% 1)
Fig. 4 The influence of percent of wetting impurity atoms and its

distribution on velocity of liquid

BUAT o HIIN, PRk 2R AT T 0T XA
(3 P 0 AT T AR, W] o PR T 2 Dl 53
WA TSR, HAHR o B, 39594 SRB AR
o NP BB o0 A 2 LU AR Hh A A I AR Hyitt
R, TR R 1) L O AR PR 2 IR AN A7 AE
FLIRIIR R AR, B 1 RS IF A AR 1
T2 10 5 AR

k35 R G RIS TR 7 R K S
Bl 5 g T AN ISR AT b e oA 1 s i
MR (Ls). Forb, HOROh MD BEHUEER, L

WL Ls = Ba + LA UATHE], XF L K a=0
I A KR I S i ml DL, ASIRISEIRAY o 5 A1 T
I, Ls ¥IBE o DAERPERIA IR, HAR AR
USR5 o3 A NI A FE DR IMG AR, e o = 0.28
i, R VRIS A 43 AT ISR A A Ls LU R Al it i B
T 70 I BRAR 2 50% FiT 56%. X 22 W /b5 S5 W 2% I st
OB R T PR A AR B R, HLSR A
B5) o3 A e T RS SRR 5K

45
[y = concentrated
4.0 F R e uniform
- - - concentrated
35k uniform
b
=% 30
3
25
201

15 1 1 1 1 1 1 1
0 005 010 0.15 020 025 030

@
5 SRR VTt o3 A R A BE (K 5%
Fig.5 The influence of percent of wetting impurity atoms and its

distribution on slip length

2.3 FRIRF R E T B A 38

Lichter 45 U ROBIFFTUE W], 178 AOA T 55—
WJZ I B R, SR 2 SO E T 2
B PE AT RS — WML Z TR DX, 5 — SR
5 H 52 BB R UIE S RE I 2 R T AR SG f He
REf AR, M 20— R 7 2 TR B R IX
J5U T RIS A L A P de sy sl BRAT AR I A

AR ST R O 2, RICHE RS . UL
R M A K300 ) (ORI, 5 SR WA 1
GBI A 2, WL RS . Wang?E: 121 5T
RIS TR A 1 RIS S

ke TF, ( AE). (’FAS)
Vv, = 2——— exp|-——= | sinh{ —
Vg = S hFg ke T 2ks T (4)
0, VS<Vf

Horh, kg HPURZEZHE, h Y H S, T W4
XHILEE, By A1 Fo 730l AUk A AP i Al 73 pR
S JIUTHL I 5 WA AT 1 P AT R R, A
DN ATIRIS I AR St~ A S T L, T A Tt o 4 B 7] B
J3. AE AAAEAEGBNIN , 57 BRIE P it e IR ) RE

BYVIN 3 R AEAE SR — WA 2 - i R Pl



816 Vi 2% 2 Ej 2017 4F 55 49 %
PRI AE R S T TAS/2, TSR0 1 BRI I %
RIBINT TAS/2, T S EUE TFHA ) BT Ak i
TG R X bR AR (8) T vy ikt 60F
. Y v KT3I T 3G 3l P ik 4ot
V& (i) I, SR L, U ) LA A S
TRIIHIZZ). 201
W FL R Fo A4, HSC bR AR E) Jy 347 or
FEAAE, NI, ksTF,/hFo A1 TAS/2 . k] a0l

PR [0 RN T AN EAE TSN I i~ R P 5 v
R BESR AE. 18] 6 Jhy [ o 2 ) Ao 1 7 8 B A AT R 58
—AMRAE AL, BE T BV AT I8 E Ty T ) A8 Ak
Mk, b AR bR A FARE, BEALKR A IR TE J7 ) ()47
B, ORI R T, SO R SRR T AR
BRI RE th St U nT  WORE A RE 2 AT AT BE TR
J7 W AR AL, HAE A2 R AT T
AR AT B RE T AR A B,
R TAE T A AT SR AR o, TS 3 AR
F R T IS DL, a0l 6(a) FToR. 1Ml 2% A Y AR
TEUT, AHAB PR AN S5 M AR 5t i 1~ 2 ) ) PR B 4
KA 75 T 55— AN SRR o s I A he it £,
wikd 6(b) i

YR S A SR AR TN, TSR M AR I A
Z TRV B AH EAE B BEROK, DR B8 — A )2 IR -1
PR SRR R I 5 v IR B R ) e 22, B0l R 1R AR
PRAT (P2 1 [ AT S RS k). 1 B A SR v D 1
o7 EEIE I, ORI BE S 70 BE T AR S e b () o b
hn, P, 8w B

BARSRIAR I T A A o AN, B SRR
FEAE R R 22 JEAAH ], (RIS Ay, BT S A
AR SREEANR], SRR 15 A 2 AN B R
TR AR /M A TR FE 2w T AR AR A

8.0 concentrated

6.0 |-

40r

Ule

20F

O_

_20 -

1 1 1 1 1 1 1
-40 -30 -20 -1.0 0 10 20 30 40
x/o

@

1 1 1 1 1 1 1
-40 -3.0 -20 -1.0 0 1.0 20 30 40

x/o
(b)
Pl 6 Sz BRI rh o3 A I BE T 35— 2 I 17 AR I 34 R 23 A
Fig.6 The potential distribution of first layer of wall as the wetting

impurity atoms were distributed uniformly and concentrated

] A J 2 TR R B B A, IR A0 PR T R A L ] 4
Z A IAE 2 B 1 (incommensurability) M i 754 7
HIR/N (OCHR [10,20] BIIESERAR AR A B TS 25
BN R R, SR A A TR AT, SRR T
FHARHES ], S5 [ 2 T R 2 BE M AR /N (IXAESE
WOR UL G AE A7 5 ), BRI, 4959 30 A 1) 2R R
FeFAHBL T AR v o A o5 it — B AR B RGN 72

w

%z’

KHARF MD B35, WHIL T 5 A AR
VB O AR B TR 2 KB T A AU S AN RS
ERIEAUER

HT 2R o WA T AT ELAE K
SRR T KA A S 38 i B ] A T P SRS [ A B
Gs IR B SR8 T LEIE I, WA KSR [ AR DL 5
SIS, FLVBOPACAE [P AR 3 TR P2 Mk S 52 5 21 % ot
b FE SR VRO T AR [ SRR i U A T AN
SRR SR A 1 SO IR 35 L 20 Al I E R

SR T o LE AN A T 2O A PR3 0 A
AN PR AT 3 25 S AR 2R % LR A
I GAES WA E BB 2R % 5y LA
[10E2 54 27 RN = TS B DR ol B i N N R 2 N2 R
(RIBEBR. /D B S W Tt o o B I i A2 7 7 B 25 1
SN, T 9k 5 R 1T B (IO Sl EHL T f) e

SRR A BE T ) P8 23 B I0 5 — VUM i 1 A
REBRIEAT N RE A2, T FEAREETT HT RS . AR
TR A, ) o AT SRR R T R 2



fifd ¢ P45 . VR T SRR AR ORI RS R PR 5

817

VR 2 L, S5O0 T A e P R BB )™ T
Z % X M

=
1 Spikes H, Granick S. Equation for slip of simple liquids at smooth

17

Physical Review Letter2005, 94(5): 056102

Voronov RS, Papavassiliou DV, Lee LL. Boundary slip and wetting
properties of interfaces: Correlation of the contact angle with the
slip length.Journal of Chemical Physic2006, 124(20): 204701

8 HANFH, FRES, xdigoc. g9Rimil mia s B alg. wet

solid SurfacesLangmuir, 2003, 19(12): 5065-5071
2 Priezjev NV, Troian SM. Molecular origin and dynamic behavior of
slip in sheared polymer film&hysical Review Letter2004, 92(1):
018302
Ma MD, Shen LM, Sheridan J, et al. Friction of water slipping in
carbon nanotube®hysical Review F2011, 83(3): 036316
RATR TR, TN A AR RBE R SO BT P IR b B R
KBWHRAE. T ERE BREL%, 2016, 46(2): 120-126 (Song
Fuquan, Zhang Xiang, Huang Xiaohe, et al. The flow characteristics

19

20

of shale gas through shale rock matrix in nano-scale and water im-

bibition on shale sheet§cientia Sinica Technologic2016, 46(2): 21

120-126 (in Chinese))

Ramos-Alvarado B, Kumar S, Peterson GP. Hydrodynamic slip

length as a surface propertyPhysical Review E2016, 93(2):

023101

RATRC, FHERE, SRt WIS, Bk S R R 5 rh 258 TR IR

HIFFIE. KBTS R A 4, 2016, 31(5): 615-620 (Song

Fuquan, Tian Haiyan, Zhang Shiming, et al. The characteristics of

deionized water flow in hydrophilic mlicro-and nano-flow micro-

tubes.Chinese Journal of Hydrodynamics 2016, 31(5): 615-620

(in Chinese))

Liang Z, Keblinski P. Slip length crossover on a graphene surface.

Journal of Chemical Physic2015, 142(13): 134701

Martini A, Hsu H-Y, Patankar NA, et al. Slip at high shear rates.

Physical Review Letter2008, 100(20): 206001

Martini A, Roxin A, Snurr RQ, et al. Molecular mechanisms of lig-

uid slip. Journal of Fluid Mechanics2008, 600: 257-269

Thompson PA, Troian SM. A general boundary condition for liquid

flow at solid surfacesNature 1997, 389(6649): 360-362

Priezjev NV, Darhuber AA, Troian SM. Slip behavior in liquid films

on surfaces of patterned wettability: Comparison between contin-

uum and molecular dynamics simulatiof$ysical Review E2005,

71(4): 041608

Priezjev NV. Hect of surface roughness on rate-dependent slip in 28

simple fluids.Journal of Chemical Physic2007, 127(14): 144708

Priezjev NV. Shear rate threshold for the boundary slip in dense

polymer films.Physical Review E2009, 80(3): 031608

Priezjev NV. Molecular dfusion and slip boundary conditions at

smooth surfaces with periodic and random nanoscale textivas.

nal of Chemical Physi¢2011, 135(20): 204704

Barrat JL, Bocquet L. Influence of wetting properties on hydrody-

namic boundary conditions at a flyslid interface.Faraday Dis-

cussions1999, 112: 119-127

16 Cottin-Bizonne C, Cross B, Steinberger A, et al. Boundary slip on
smooth hydrophobic surfaces: Intrinsiteets and possible artifacts.

22

23

24

25

26

10
27

11

12
13
29
14

30
15

31

4], 2006, 55(10): 5305-5310 (Cao Bingyang, Chen Min, Guo
Zengyuan. Velocity slip of liquid flow in nanochannelscta Phys-

ica Sinicg 2006, 55(10): 5305-5310 (in Chinese))

Huang DM, Sendner C, Horinek D, et al. Water slippage versus con-
tact angle: A quasiuniversal relationshiphysical Review Letters
2008, 101(22): 226101

Thompson PA, Robbins MO. Shear-flow near solids-epitaxial order
and flow boundary-conditionsPhysical Review A1990, 41(12):
6830-6837

Wang FC, Zhao YP. Slip boundary conditions based on molecular
kinetic theory: The critical shear stress and the energy dissipation at
the liquid-solid interfaceSoft Mattey 2011, 7(18): 8628-8634

WIPIRH . T SE T A K HT e JUBE Sl S W K 205 ) ) S T
(B3] dest: W4k, 2005 (Cao Bingyang. Molecular
dynamics simulation of velocity slip and itgfect on micro- and
nanoscale flow. [PhD Thesis]. Beijing: Tsinghua University, 2005
(in Chinese))

Rapaport DC, Clementi E. Eddy formation in obstructed fluid flow
a molecular dynamics studfhysical Review Letterd986, 57(6):
695-698

Rapaport DC. Molecular dynamics study of Rayleigh-Benard con-
vection.Physical Review Letterd 988, 60(24): 2480-2483

Yoshida H, Mizuno H, Kinjo T, et al. Molecular dynamics simu-
lation of electrokinetic flow of an aqueous electrolyte solution in
nanochannelslournal of Chemical Physic2014, 140(21): 214701

de Gennes PG. Wetting statics and dynamReview of Modern
Physics 1985, 57(3): 827-863

R, BRI, M0, KSR RS M B 4313 J12# 0

9. w24, 2005, 26(2): 277-280 (Cao Bingyang, Chen
Min, Guo Zengyuan. Wettability of surface with nano-structures
studied by using molecular dynamics simulati@nhemical Journal

of Chinese Univsesitie005, 26(2): 277-280 (in Chinese))

Yong X, Zhang LT. Investigating liquid-solid interfacial phenomena
in a Couette flow at nanoscalePhysical Review E2010, 82(5):
056313

Yong X, Zhang LT. Slip in nanoscale shear flow: Mechanisms of
interfacial friction. Microfluidics and Nanofluidics2013, 14(1-2):
299-308

Yong X, Zhang LT. Thermostats and thermostat strategies for molec-
ular dynamics simulations of nanofluidicslournal of Chemical
Physics2013, 138(8): 084503

Lichter S, Martini A, Snurr RQ, et al. Liquid slip in nanoscale
channels as a rate proced$zhysical Review Letter2007, 98(22):
226001



