
U niversity of A lberta  

Investigation of Nanofluidics Using M olecular Dynam ics Simulation

by

Cunkui Huang

A thesis su b m itted  to  th e  Faculty  of G rad u ate  S tudies and  R esearch in p artia l 

fulfillment of th e  requirem ents for the  degree of D octor o f Philosophy.

D epartm ent of M echanical Engineering

Edm onton, A lberta  

Fall 2007

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Library and 
Archives Canada

Bibliotheque et 
Archives Canada

Published Heritage 
Branch

395 Wellington Street 
Ottawa ON K1A 0N4 
Canada

Your file Votre reference 
ISBN: 978-0-494-32979-5 
Our file Notre reference 
ISBN: 978-0-494-32979-5

Direction du 
Patrimoine de I'edition

395, rue Wellington 
Ottawa ON K1A 0N4 
Canada

NOTICE:
The author has granted a non
exclusive license allowing Library 
and Archives Canada to reproduce, 
publish, archive, preserve, conserve, 
communicate to the public by 
telecommunication or on the Internet, 
loan, distribute and sell theses 
worldwide, for commercial or non
commercial purposes, in microform, 
paper, electronic and/or any other 
formats.

AVIS:
L'auteur a accorde une licence non exclusive 
permettant a la Bibliotheque et Archives 
Canada de reproduire, publier, archiver, 
sauvegarder, conserver, transmettre au public 
par telecommunication ou par I'lnternet, preter, 
distribuer et vendre des theses partout dans 
le monde, a des fins commerciales ou autres, 
sur support microforme, papier, electronique 
et/ou autres formats.

The author retains copyright 
ownership and moral rights in 
this thesis. Neither the thesis 
nor substantial extracts from it 
may be printed or otherwise 
reproduced without the author's 
permission.

L'auteur conserve la propriete du droit d'auteur 
et des droits moraux qui protege cette these.
Ni la these ni des extraits substantiels de 
celle-ci ne doivent etre imprimes ou autrement 
reproduits sans son autorisation.

In compliance with the Canadian 
Privacy Act some supporting 
forms may have been removed 
from this thesis.

While these forms may be included 
in the document page count, 
their removal does not represent 
any loss of content from the 
thesis.

Conformement a la loi canadienne 
sur la protection de la vie privee, 
quelques formulaires secondaires 
ont ete enleves de cette these.

Bien que ces formulaires 
aient inclus dans la pagination, 
il n'y aura aucun contenu manquant.

i * i

Canada
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A b s t r a c t

In th is  thesis, m olecular dynam ics (MD) sim ulations were applied 

to  stu d y  fluid tran sp o rt through two nano devices (i.e., a  m em brane 

and  a  nanosyringe) and fluid properties in isotherm al-isobaric (N PT ) 

ensembles.

To m imic a pressure-driven flow through  a  finite length  channel, a 

novel non-equilibrium  m olecular dynam ics (NEM D) sim ulation ap

proach was proposed in th is thesis. T he m ajor feature of th is m ethod  

is th a t  th e  constan t b u t different level pressures in two reservoirs 

are generated  by using two self-adjusting p lates on which two ex ter

nal forces/pressures are exerted. T his m ethod has been exam ined 

and  found th a t  it works well. Using th is m ethod  and  th e  conven

tional continuum  theory, a com parative study  betw een continuum  

and  atom istic approaches was perform ed in a  nano-scale system . 

S im ulation results show th a t  the  Naveir-Stokes (N-S) equations un

der no-slip boundary  conditions can be used to  pred ic t fluid tran s

p o rt th rough  the  channel approxim ately if th e  solid wall-liquid have 

th e  neutral-like interactions.

F luid  tran sp o rts  th rough  two different nanosyringes were stud ied  by 

using an  injection m ethod in th is thesis. F irst, the  tran sp o rt mech

anism  of fluid in a sm all nanosyringe was investigated by using a 

liquid in which no ions were present. T he NEM D sim ulation  results 

elucidate unexpected wavelike liquid tran sp o rt m otion in th e  nanosy

ringe. Second, th e  effect of the  extra-pairw ise positive/negative ions 

on fluid m otion and ion distribu tions in the  channel was investigated
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in a larger nanosyringe. T he sim ulation results show th a t  th e  extra- 

pairw ise positive/negative ions have significant influence on bo th  

fluid m otion and ion distribu tions in the  channel of th e  nanosyringe.

T he NEM D sim ulation m ethod proposed in th e  study  was extended 

to  investigate the  fluid properties in N P T  ensembles by applying 

two equal ex ternal pressures on the  two self-adjusting plates. T his 

m ethod  was exam ined by perform ing equilibrium  m olecular dynam 

ics (EM D) sim ulations in two different N P T  ensembles. T h e  EM D 

sim ulation results showed th a t  th is m ethod works well. Using th is 

m ethod  and  the  approach applied in canonical (N V T) ensembles 

commonly, the  role of a ttrac tiv e  force or cutoff distance was studied  

in bo th  N V T and N P T  ensembles. T he EM D sim ulation resu lts ex

h ib it th a t  th e  a ttra c tiv e  force plays im p o rtan t roles on determ ining 

therm odynam ic properties.
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C h a p t e r  1

I n t r o d u c t i o n

Nanofluidics is often defined as the  study  and application of fluid flow in and 

around nanosized objects [1], T he developm ent of new technologies, e.g., the 

invention of new tools (atom ic force microscopy, scanning tunneling  microscopy, 

etc.) and  explosive grow th of com puter power over last few decades, have m ade 

the  s tu d y  of nanofluidics by either experim ents or num erical sim ulations much 

more accessible. M olecular dynam ics (MD) sim ulation is a powerful m ethod, 

initialed in th e  la te  1950s by Alder and W ainw right [2-4], th a t  has been used 

to  s tudy  nanofluidics by m any researchers.

1.1 Fluid Transport through a Finite Length Nanopore

Fluid  tran sp o rt th rough  a finite length nano channel plays an  im p o rtan t role 

in m any n a tu ra l phenom ena and industrial processes [5-21] including protein 

translocation , DNA transfer across nuclear pores, gene sw apping between the 

guest and host bac teria  th rough  pili [5-10, 13-18], m em brane separation  of m ix

tu res [19, 20], electrokinetic m icron size channel b a tte ry  [21], etc. T he tran sp o rt 

p roperties of fluid in such sm all confined channels, for exam ple th e  size of chan

nel less th an  10 m olecular diam eters, deviate from their bulk behaviors and

1
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the  continuum  or N ew tonian hypothesis m ay not be valid [1, 22-25]. In this 

case, MD sim ulation was used as a powerful m ethod to  stu d y  various phenom 

ena, such as DNA and RNA tran sp o rt th rough  finite length nanopores [5, 7-9], 

liquid tran sp o rt/d iffu sio n  through  m em brane [11, 19, 22, 26-32], C ouette  flow 

[33-41], Poiseuille flow [24, 25, 34, 36, 42-49], etc. Using th is m ethod , m any new 

phenom ena have been found, such as oscillatory d istribu tion  of density  in the 

direction norm al to  solid wall [24, 25, 34-38, 43, 44, 46, 50-52], fluid slip w ith 

solid surfaces [33, 35, 36, 43], stick-slip m otion in boundary  lubrication  [53], etc. 

B ut there  are still huge challenges in th is area w aiting to  be understood.

Several non-equilibrium  m olecular dynam ics (NEM D) algorithm s have been 

developed to  deal w ith  fluid tran sp o rt th rough  a  finite length  nanopore whose 

ends are connected to  two reservoirs. T he approaches m ost com m only used a t 

present are the  external-field driven NEM D sim ulation [26, 29, 44] and  dual- 

control-volum e grand-canonical molecular dynam ics (DCV-G CM D) sim ulation 

[19, 27, 31, 54-61]. In the  first m ethod, an  ex ternal force, such as gravity-like 

force or electrical force, is exerted on each partic le  (electric field in the  case 

of charged particles) and causes them  to  be tran sp o rted  th rough  th e  channel. 

T he pressure fields in the  reservoirs (located a t the  front and  back nanopore), 

generated  by th is m ethod, is not a constan t b u t a function of d istance in th e  force 

direction. Zhu et al. [29] used th is approach to  generate a pressure difference 

across a m em brane and  investigated the  w ater tran sp o rt th rough  th e  m em brane 

by either applying an ex ternal constan t force to  all w ater molecules or only to  

those w ater molecules located outside of the  channel. T heir results show th a t 

the  flux of w ater th rough  the  m em brane for the  first case is 1.6-3.5 tim es of 

the  second one, i.e., th e  flux is no t a unique function of th e  pressure gradient. 

Therefore, m ore research work was still needed in order to  m odel a pressure-

2
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driven tran sp o rt th rough  a finite length channel accurately. T he second m ethod 

(DCV-GCM D) utilizes the  difference in the  chemical po ten tials (or densities) in 

two reservoirs to  induce fluid tran sp o rt th rough  a channel. For th is  approach, 

there are some deficiency. F irst, particle insertion and deletion is required to  

m ain tain  constan t, b u t different level chemical po ten tials (or densities) in the 

two reservoirs. Inserting  and deleting particles would d is tu rb  the  dynam ics 

of the  system  [27], especially for a dense system . Secondly, there  is an  open 

question on how to  assign the  velocities of molecules which are inserted  in the 

control volumes. In lite ra tu re  [54, 55, 58, 59], some au tho rs added  a stream ing 

velocity to  the  therm al velocity of newly inserted molecules in order to  elim inate 

the  d iscontinuity  of the  flux which would occur a t th e  boundary  of th e  control 

volumes, while o thers did not. Theoretically, adding a  stream ing velocity to  

the  molecules which are inserted in the  control volumes is reasonable. However, 

the  stream ing velocity in the  control volume depends on th e  position  where 

molecules are inserted. Actually, the stream ing velocity is an  unknow n value in 

the  control volumes. Using the average value calculated from th e  flux by some 

au thors is a reasonable approxim ation, b u t still induces some uncertain ties.

1.1.1 A N ovel Pressure-D riven N EM D  M ethod

In practice, fluid tran sp o rt th rough  a finite length channel driven by a constan t 

pressure grad ien t is one of common cases faced in science and  engineering prob

lems. T he m ethods described previously, however, are no t su itab le to  describe 

the  process of a pure pressure driven flow. In th is thesis, an  a lternative  ap

proach [62, 63] is proposed to  mimic this practical situation , i.e., fluid tran sp o rt 

th rough  a finite length  nanopore (e.g., nanopores in a  m em brane) driven by a 

constan t pressure gradient. T he m ain feature of th is novel m ethod  is th a t  the

3
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constan t pressure fields in the  front and back reservoirs, which are connected to  

the  inlet and  ou tle t of the nanopore, are generated  by using two self-adjusting 

p lates on which two external forces/pressures are exerted. T he advantages of 

th is m ethod  are th a t  it overcomes the  disadvantages existed in th e  external-field 

driven NEM D sim ulations and the  DCV-GCM D m ethod, and  functions well for 

dense system s. This m ethod  not only can be used to  stu d y  m onatom ic flows, 

b u t also su itab le  to  investigate m ulti-com ponent flows, such as d ilu ted  DNA or 

polym er molecules suspending in a solvent being tran sp o rted  th rough  a  finite 

length  nanopore driven by a constan t pressure difference or a  com bination of 

pressure difference w ith  electrical field.

To dem onstra te  th is novel approach, non-polar liquid argon was chosen as 

the  working m edium . Sim ulations w ith a fixed upstream  pressure and  four 

different back pressures were carried ou t under th e  sam e solid wall-liquid in

teraction . T he detail description of the  m ethod  and results will be provided in 

C hap ter 3.

1.1.2 Effect of Solid Wall-Liquid Interaction on Liquid Transport

T he effect of solid wall-liquid in teraction on fluid tran sp o rt th rough  sm all con

fined channels has been stud ied  by m any researchers, for exam ple, C ouette  flow 

[33, 38, 40, 51, 52, 64] and  Poiseuille flow [25, 34, 37, 42, 64], In these papers, 

periodic boundary  conditions were applied on the  stream -w ise direction, which 

implies steady  s ta te  flows in infinite length channels. However, th e  effect of 

solid wall-liquid in teraction  on liquid m otion th rough  a  finite length  channel 

has received little  a tten tion .

T he pressure-driven NEM D m ethod [62], proposed in th is  thesis, was ap

plied to  s tudy  fluid tran sp o rt through finite length  channels. T his m ethod was

4
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im proved by m odifying the  form ations of two self-adjusting plates and  applied 

to  investigate the  effect of solid wall-liquid in teraction  on th e  flow behavior in 

a m odeled cylindrical nanopore w ith  finite length. T he m ethod, results and 

discussion will be addressed in C hap ter 4.

1.1.3 Effect of Entrance and Exit on Liquid Transport

In m any earlier MD works involving C ouette flow [33-38] and  Poiseuille flow 

[24, 25, 34, 36, 42, 43, 46, 47], periodic boundary  conditions were typically 

used. T he results correspond to  a steady  s ta te  flow th rough an infinite length 

channel. Such an approach, however, is not su itab le to  describe the  process 

of fluid tran sp o rt th rough  a finite length nanopore due to  th e  effects of the 

en trance and exit of the  channel, and the  changes of fluid properties in flow 

direction on fluid tran sp o rt not to  be taken into account. Zhang et al. [19] 

indicated  th a t  the  entrance effect of fluids into pores plays an  im p o rtan t role in 

m ass transfer and  separation  process for m em brane separation. However, there 

are few articles published on th is issue. Actually, th is effect on fluid tran sp o rt 

th rough  a  nanopore increases as the  ra tio  of length to  d iam eter of th e  nanopore 

decreases. Therefore, studying the  m echanism  of fluid tra n sp o r t th rough  a 

nanopore th a t has sm all ra tio  of length to  d iam eter, such as a  nanopore in 

a m em brane, is im p o rtan t for researchers to  b e tte r  understand  m any n a tu ra l 

phenom ena.

To isolate the  effect of entrance and exit on liquid tran sp o rt th rough  a nano

sized channel, two different approaches were applied in th is thesis. T he first one 

was th e  im proved pressure-driven NEM D m ethod  proposed by au th o r in this 

thesis, which is applied to  carry out the  fluid tran sp o rt th rough  a  finite length 

nanochannel. T he other is the  external-field driven NEM D sim ulation which

5

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



was used to  calculate the  fluid m otion in an infinite length  nanopore (using 

periodic boundary  condition). Two different solid wall-liquid in teractions, one 

weak (the energy scale of solid wall molecules is sm aller th a n  th a t  of liquid) 

and the  o ther n eu tra l (the energy scales for b o th  solid wall molecules and liquid 

are sam e), were sim ulated  by using these two different approaches. T he NEM D 

sim ulation results will be discussed in C hapter 5.

1.1.4 Com parative Study between Continuum and A tom istic Ap

proaches

T he classical continuum  theory  based on the  Navier-Stokes (NS) equations as

sum es th a t  s ta te  variables do not vary appreciably on a  length  scale com parable 

to  the  m olecular m ean free p a th  [65]. However, significant fluctuations in fluid 

density  have been observed in the direction norm al to  th e  solid wall by exper

im ent [66] and MD sim ulations [35, 36]. Consequently, the  assum ption  in the 

classical NS approach breakdown. However, MD studies on Poiseuille flow in

d icated  th a t  th e  classical NS behavior can still be a reasonable approach for 

m odeling channel sizes of 10 m olecular diam eters and  g reater [23-25, 64], Todd 

and Evans [48] carried ou t the  NEM D sim ulation for a fluid confined to  a  chan

nel w id th  of 5.1 m olecular diam eters, they  found th a t th e  stream ing velocity 

d istribu tion  was consistent w ith  th a t  predicted by the  classical NS theory, while 

a  different result in the  sam e size channel was found by Travis and  G ubbins [25]. 

Qiao and A luru [65], in a s tudy  of electroosm otic flow, even found th a t th e  con

tinuum  flow theory  could be used to  predict bulk fluid flow in channels as small 

as 2.22 n m , provided th a t the  viscosity variation  near th e  wall was taken  into 

account. From  the  above studies, one sees th a t  the  applicability  of NS equa

tions for m odeling nano channel flow rem ains an  open problem  as m any system

6
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param eters rem ain unexam ined.

In conventional NS sim ulations of m acroscopic system s, density  and viscos

ity are two bulk fluid properties th a t  are functions of tem p era tu re  and  pressure. 

Moreover, no in term olecular in teraction  between th e  channel m ateria l and  the 

fluid exists. T he channel wall acts as a physical boundary  a t which the  fluid 

velocities norm al and tangential to  the channel wall are typically  set to  zero 

(im penetrab ility  and no slip boundary  conditions). In C h ap ter 6, th is conven

tional approach was applied despite the  scale of th e  system  being m odeled. T he 

objectives of this s tudy  were to  com pare the  results betw een conventionally 

applied continuum  models based on NS equations to  those based on NEMD 

sim ulations for the  proto typical problem  of liquid argon flowing th rough  a fi

nite length nanopore th a t connects two sem i-infinite reservoirs. These reservoirs 

were held a t constan t, bu t different pressures, to  establish a  steady  s ta te  flow 

situation . T he basis of the  com parison includes th e  gross m easure of the  to 

ta l flow ra te  th rough  the  channel, as well as the  m ore refined descriptors, such 

as th e  d istribu tions of pressure, density and velocity in axial and  rad ia l direc

tions. T he variables m anipu lated  in the NS and NEM D com putations were the 

pressure in the  dow nstream  reservoir (for a fixed upstream  reservoir pressure), 

and th e  m agnitude of the  interm olecular po ten tia l between th e  liquid and  the 

solid, which m akes up of the  channel wall. T he conclusions, though  restric ted  

to  the  tested  case of a finite length cylindrical pore th a t  has a  d iam eter 2.2 

nm  and  length 6 nm , highlight general principles under which th e  conventional 

continuum  m ethods are suitable or not to  predict the  liquid tran sp o rt through 

nanopores.

7

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1.2 Nanom edicine: Injection Flow in a N anosyringe

1.2.1 Flow M echanism  through a Nanosyringe

A pplication of nanotechnology for trea tm en t, diagnosis, m onitoring and  control 

of biological system s has recently been referred to  as “nanom edicine” [67, 68]. 

Research in th is area focuses on the  identification and tran sp o rt of precise ta r 

gets to  the  appropria te  nanocarriers to  achieve the  required responses. W hile 

active research is curren tly  underway for the  former, the  la tte r  on tran sp o rt 

m echanism  for nanosyringes is rarely found [67, 68]. In m ost earlier MD stu d 

ies, th e  geom etry was a confined channel w ith  periodic boundary  conditions; the 

driven force was a gravity-like force which was exerted on all fluid molecules. 

This implies th a t  molecules in the  channel are dom inated by two different kinds 

of forces, i.e., one is a constan t external force and the  o ther is th e  interm olecu

lar forces. However, a fluid in a nanosyringe is only governed by interm olecular 

forces. Therefore, the  conventional MD m ethod w ith  periodic boundary  condi

tions is no t su itab le for the  study  of fluid in a nanosyringe.

In C hap ter 7, MD sim ulations were used to  m odel th e  tran sp o rta tio n  of 

Lennard-Jones liquid in a nanosyringe by using an injection boundary  condition. 

This procedure mimics the  physical operation  of liquid flow in a  m acroscopic 

syringe. To the  best of my knowledge, injection flow inside a  nanosyringe has 

not been studied  by MD sim ulation. Hence, it is th e  focus of th is  work to  ex

am ine th e  liquid tran sp o rt properties in a nanosyringe w ith  a  constan t injection 

velocity boundary  condition.

A circular geom etry is selected, due largely to  its ease of m olecular form a

tion  and sim ilarity  in geom etry w ith physical system s [69]. In chap ter 7, bo th  

isotherm al and ad iaba tic  flows w ith constan t injection velocity were examined.

8
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T he NEM D sim ulation results and  discussion will be presented  in C hap ter 7.

1.2.2 Effect of Extra-Pairwise P ositive/N egative  Ions in a N anosy

ringe

M ost solid substances acquire a surface electric charge when th ey  are brought 

into contact w ith  an aqueous m edium . So, electrically n eu tra l liquids have a 

d istribu tion  of electrical charges near the  solid surface. T his region, known as 

the  electrical double layer (EDL) [50, 70-75], induces electrical phenom ena. For 

long-range Coulombic in teractions in a system  w ith  periodic boundary  condi

tions, the  m ethods m ost commonly used are the  Ewald sum m ation  [13, 76-79] 

and re la ted  techniques, such as the  particle m esh Ewald m ethod  [75, 80, 81] 

and th e  partic le-partic le  particle-m esh m ethod [72, 82], D aiguji [83] used the 

Poisson-N ernst-P lanck equations, a continuum  theory, to  investigate the  ion 

tran sp o rt in nanofluidic channels w ith height of 30 nm, and  concluded th a t 

when the  channel size is sm aller th an  the Debye length  and  the  channel surface 

is charged, the  channel becomes a unipolar solution of counterions a t a  concen

tra tio n  th a t neutralizes the  surface charge; the  co-ions are essentially repelled 

from the  channel. Q ian and  A luru [84] used the  continuum  m odeling based on 

Poisson-Boltzm ann equation and the MD sim ulations to  stu d y  th e  ion concen

tra tio n s  and  velocity profiles in nanochannel. In their studies, only counter-ions 

are present in the  channel. They found th a t the  Poisson-B oltzm ann theory 

fails to  pred ic t th e  ion d istribu tion  near the  channel wall accurately  in a chan

nel w ith  a height of 3.49 nm, and the  continuum  flow theo ry  breaks down in 

th e  entire channel for electroosm otic flow in a channel w ith  height 0.95 nm. 

Thom pson [85] also used th e  MD m ethod to  s tudy  the  electro-osm otic flow in 

a charged nanopore of d iam eter 4 nm. In the  channel, only counterions and

9
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m onotonic non-polar solvent molecules are present. In practice, extra-pairw ise 

positive/negative ions m ay exist in the  channel. Therefore, studying  th e  effect 

of extra-pairw ise positive/negative ions to  understand  th e  m echanism  of fluid 

m otion th rough  nanosyringes is im portan t.

In C hap ter 8, four different cases, i.e., no ions present in liquid, only counte

rions present in liquid, counterions com bining w ith  low concentration  of extra- 

pairw ise positive/negative ions present in liquid, and counterions combining 

w ith  high concentration of ex tra-pair positive/negative ions present in liquid, 

were carried out. T he Coulom b’s law and 12-6 L ennard-Jones po ten tia l were 

used to  govern th e  in teraction  between ion-ion, ion-liquid, ion-solid, liquid-liquid 

and liquid-solid molecules.

1.3 Study o f Fluid Properties at Equilibrium

1.3.1 A  M ethod for M D Simulations in Isotherm al-Isobaric Ensem 

ble

In practice, different system s are often subjected  to  different conditions. The 

typical system s encountered in science and engineering are th e  m icrocononi- 

cal (N V E), canonical (NVT) and isotherm al-isobaric (N PT) ensembles. The 

first two have been well studied  by m any researchers [86-95]. For th e  th ird  

ensemble, it has been regarded as the  m ost difficult to  create as th e  sim ulation 

stra tegy  m ust be able to  sim ultaneously generate instan taneous kinetic energy 

and pressure fluctuations. Therefore, developing a m ethod  th a t  can im plem ent 

MD sim ulations in th e  N P T  ensemble easily and robustly  is desirable.

T he m ethod  m ost com m only used to  generate N P T  ensemble is so called 

“extended-phase-space” approach [92, 94, 96-100], in which ex tra  degrees of
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freedom  are in troduced into a system  in order to  ensure the  tra jec to ry  generated 

follow the  sta tis tica l d istribu tions corresponding to  the  desired therm odynam ic 

conditions. A ndersen [94] was the first researcher to  develop such a  m ethod. He 

proposed a  Lagrangian in which the  volume V  acts as an add itional variable; 

pV  as an add itional po ten tia l term  to  the  Lagrangian so th a t th e  tra jec to ry  

average of any p roperty  is equal to  the  isoenthalpic-isobaric (NPH) ensemble 

average of th e  properties. Different from the  Lagrangian approach, Hoover and 

other au thors [96, 99, 101, 102] proposed the  use of H am iltonians to  perform  

MD sim ulations in N P T  ensembles. Recently, a non-H am iltonian m ethod  was 

developed by Tuckerm an et al. [99, 103] In troducing ex tra  variables into a 

system  can achieve fluctuation  m athem atically, while the  real physical m eaning 

is not clear due to  the  fact th a t  the m otions of molecules described by such 

equations do no t represent a real system . Moreover, in troducing m ore ex tra  

variables results in a com putational system  to  be m ore com plicated. Berendsen 

[89] developed a simple and efficient m ethod, called weak coupling to  an external 

bath , in which a constan t pressure was accom plished by re-scaling partic le’s 

positions and  coordinates a t every tim e step  by a  factor.

In th is thesis, an  alternative m ethod based on a physical phenom enon ob

served in m acroscopic system s to  perform  m olecular dynam ics sim ulations in an 

N P T  ensemble is proposed. T he m ajor advantage of th is algorithm , com pared 

w ith  o ther m ethods, is th a t  no ex tra  degrees of freedom are in troduced  to  the 

system . To te s t the  validity of the  m ethod, two system s w ith  different num ber 

of molecules (one w ith  5,150 molecules and the  o ther 10,406 molecules) were 

perform ed. T he results show th a t an  N P T  ensemble can be easily created  in 

which th e  energy, pressure and the  system  volume fluctuate  sim ultaneously.
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1.3.2 R ole o f A ttractive Force in M olecular D ynam ics Sim ulation

T he W CA theory, a p e rtu rb a tio n  theory, developed by Weeks, C handler and 

A ndersen [104-107], has been applied to  stu d y  liquid s tru c tu res  and therm o

dynam ic properties by m any researchers [108-112]. In th is  theory, there are 

two key assum ptions: the  first is th a t  the  interm olecular po ten tia l can be split 

into the  short-ranged  repulsive portion and the  longer-ranged a ttra c tiv e  por

tion; the  second is th a t  the  effect of the  a ttrac tiv e  portion  in determ ining the 

liquid s tru c tu re  is negligible. As a result, the  liquid stru c tu re  and  its  therm o

dynam ic properties are determ ined by a radial d istribu tion  function go(r) of a 

repulsive reference liquid th a t  is related  to  the  hard  sphere liquid. Weeks et al. 

com pared the  go(r) ob tained  from a repulsive reference fluid and  g(r) obtained 

by m olecular dynam ics (MD) sim ulations [113]. T he agreem ent between g0(r) 

and g(r) is excellent for th e  system  a t a high density. At present, th e  repulsive 

p a rt of th e  interm olecular po ten tial proposed in the  W CA theory  has been re

ferred to  as th e  W CA  po ten tia l and used frequently in m olecular sim ulations 

[25, 44, 48, 112, 114-118],

T he m ajor difference between the  W CA po ten tia l and th e  Lennard-Jones 

po ten tia l is th a t  th e  former does not include the  a ttrac tiv e  p a rt, while th e  la t

te r accounts for its effects. Travis et al. [25] studied th e  Poiseuille flow of 

Lennard-Jones fluids in narrow  slit pores. T hey calculated the  stream ing  veloc

ities in the  pore by using the  W CA po ten tia l and the  Lennard-Jones po ten tial 

(tru n cated  a t 2.5<r) separately. T heir results show th a t th e  stream ing veloc

ity d istribu tions ob tained  by two different poten tials are no t consistent, which 

was in terp re ted  as th a t  ignoring a ttrac tiv e  forces in th e  W CA  p o ten tia l im pacts 

the  fluid tran sp o rt th rough  the  narrow  pores. To gain fu rther insights into the 

effects of a ttra c tiv e  force on liquid properties (e.g., density, tem p era tu re , pres-
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sure and  th e  relationship am ong them ), two ensembles, one canonical (NVT) 

and  th e  o ther isotherm al-isobaric (N PT) ensembles, were applied in th is  thesis. 

T he results for a high density  N V T ensemble show th a t  th e  a ttra c tiv e  force has 

an insignificant influence to  the  radial d istribu tion  function g{r), which is con

sistent w ith  the  assum ption used in W CA theory. However, th e  corresponding 

pressure calculated  from the  NVT ensemble was found to  be strongly  dependent 

on the  a ttra c tiv e  force. Ignoring the  contribu tion  of the a ttra c tiv e  force on the 

pressure calculation will lead to  incorrect results, e.g. pressure calculated in 

NV T ensembles and  density  sim ulated in N P T  ensembles. T he results obtained 

from th e  N P T  ensemble indicate th a t  all p roperties of a liquid, including the 

radial d istribu tion  function g(r) and therm odynam ic properties, depend signif

icantly  on the  a ttra c tiv e  force. I t m eans th a t th e  W CA theory  is no t suitable 

for use in N P T  ensembles.

T he organization of th is thesis is as follows: In C hap ter 2, th e  theoretical 

formalism s used in MD sim ulations will be in troduced briefly; In C hap ters 3 ~  

5, the  pressure-driven NEM D m ethod  proposed in th is thesis and  applications 

of th is m ethod  used to  study  different situations will be addressed in detail, e.g. 

the  effect of solid wall-liquid interaction, the  im pact of en trance and  exit on 

liquid tran sp o rt th rough  a finite length nanochannel. In C hap ter 6, th e  results 

ob tained  by th e  MD sim ulations will be com pared w ith  those calculated  using 

the  continuum  theory  (Navier-Stokes equations) and  the valid conditions under 

which the  conventional Navier-Stokes equations can be used in a nano-sized 

channel will be ex tracted . T he fluid tran sp o rt in nanosyringes will be discussed 

in C hap ters 7 and  8. In C hap ter 9, a m ethod, extended from th e  pressure-driven 

NEM D approach th a t  can be used to  perform  equilibrium  m olecular dynam ics 

(EM D) sim ulations in N P T  ensembles, will be discussed. C h ap ter 10 will show
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a system atic s tudy  of the  role of a ttrac tiv e  forces in MD sim ulations. F inally  a 

brief sum m ary and fu ture work will be in troduced in C hap ter 11.
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C h a p t e r  2

T h e o r e t i c a l  F o r m u l a t i o n s  u s e d  i n

M o l e c u l a r  D y n a m i c s  S i m u l a t i o n

In MD sim ulations, th e  m otion of molecules is governed by N ew ton’s second 

law. T he in teractions between two molecules, e.g., liquid-liquid, liquid-solid, 

ion-ion, ion-liquid, ion-solid, are dom inated by either the  L ennard-Jones 12-6 

po ten tia l or th e  C oulom b’s law. The equations of Lennard-Jones 12-6 po ten tial 

and C oulom b’s law are

where and  <f>̂ are the  Lennard-Jones and Coulomb poten tials, respectively; 

Uij and £ij are characteristic length and energy scales; is the  d istance between 

two in teracting  molecules; qt and qj are the  p artia l atom ic charges; e0 and  er 

are the  dielectric p erm ittiv ity  of vacuum  and the  relative p erm ittiv ity  of liquid. 

If molecules i and  j  belong to  the  sam e com ponent, e.g. liquid, cr^ and 

correspond to  an and  £u, respectively; if molecules i and j  are of different types,

( 2 .1)

,c
QiQj (2 .2)

47T60 e r T ij

15

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



e.g. one is solid and the  o ther is liquid, and eid correspond to  ais and 

eis which are calculated based on the  Lorentz-B erthelot com bining rule [119]. 

To reduce com putational requirem ent, a trunca tion  algorithm  for th e  Lennard- 

Jones po ten tia l is used in all sim ulations.

For each molecule on the  wall, a stiff Hookean spring attaches it to  its  lattice 

position w ith  a po ten tia l of

0 spring ~ ^ K WR  , (2*3)

where K w is th e  stiffness of spring and R  is the  distance of th e  wall molecules 

from their la ttice  sites. To keep the  displacem ent of wall molecules a t low level, 

a large constan t stiffness, K w =  QOOOeia^2 [51], was chosen in th is  work.

T he equations of m otion were in tegrated  using a Velocity Verlet algorithm . 

To prevent a pair of molecules from overlapping or passing th rough  directly  in 

one itera tion , two criteria  of tim e step  were adop ted  in NEM D sim ulations: (1) 

dt =  a x r ,  where a is a coefficient and can be selected betw een 0.001-0.005; r  =  

(mofjEmax)1/2 is the  characteristic tim e of the  Lennard-Jones poten tial, where 

m  is th e  m ass of molecule; (2) dt =  bx(aTnin/vmax), where b is a  constan t and was 

selected between 0.001-0.01; vmax is the  m axim um  relative velocity betw een two 

in teracting  molecules. T he second criterion guarantees no in teracting  molecules 

overlapping or passing through  each other directly  in one itera tion . In NEM D 

sim ulations, th e  sm aller one was chosen as the  effective tim e step  and  its range 

was 0.1 — 1 f s .

T em peratu re is one of the  im portan t issues in MD sim ulations, especially 

for NEM D sim ulations. If a system  has a periodic boundary  condition in the 

flow direction, it can be in terpre ted  as a steady  flow (or tim e independent flow)
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in an  infinitely long channel. In th is case, therm osta ts  have to  be applied to  

release th e  ex tra  energy added into th e  system  by the  ex ternal force and  also by 

error accum ulations, such as gravity-like force used in NEM D studies. In this 

thesis, Berendsen th erm o sta ts  [72, 84, 89] or Nose-Hoover th e rm o sta ts  [90-93, 

120, 121] were coupled to  the  system  to mimic isotherm al flow (i.e., constan t 

tem peratu re). In the  B erendsen algorithm , the  instan taneous tem p era tu re  is 

pushed tow ard the  desired tem peratu re  by scaling the  velocity a t  each step. 

T he scaling factor is given by the  following equation

where dt is the  tim e step  used for num erically in tegrating  th e  N ew tonian’s equa

tions of m otion; t t  is a preset tim e constant; T  is the  instan taneous tem p era tu re  

and T0 is the  desired tem peratu re. T he instan taneous tem p era tu re  is calculated 

from,

W here kb is the  B oltzm ann constant; N  is th e  num ber of partic les in a  system; 

N f  is the  to ta l freedom  of the  system  (e.g., Nf — 3N  for 3-dim ensional problem ); 

T?* is the  peculiar velocity of ith molecule.

In the  Nose-Hoover therm osta t, N ew ton’s equations of m otion are modified

as

where m , and  \q are th e  m ass and acceleration of th e  ith particle; F* are the 

to ta l force acting  on th e  i th particle; £ is a friction term  in th e  equations of

a = [i + - d ?  -  d p
T f  1

(2.4)

(2.5)

TOiVj =  F  i -  £rrii V (2 .6 )

(2.7)
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m otion; Q is a  param eter of the  m ass of heat b a th , and control th e  speed of 

response of th e  heat reservoir.

T he self-diffusion coefficient can be calculated using th e  E instein  equation 

[122-125] th a t  is expressed as

which is valid in th e  lim it th a t  (t — to) ~ > oo. In the equation , Np  is the 

dim ensions (N D =  1, 2 or 3 for 1-, 2- or 3-dim ensional problem ); r  j(f) is the 

position of the  tracer partic le a t tim e t; T ^ to )  is the  location of th e  tracer 

partic le a t in itia l tim e to chosen in sim ulations; the  angular bracket denotes 

ensemble averaging. T he term , (|~ r\(t) -  T ^ io ) !2), is called the  m ean square 

displacem ent (MSD).

T he self-diffusion coefficient can also be calculated using tim e-dependent 

velocity au tocorrelation  function, known as G reen-K ubo re lation [28, 122, 123]. 

T he m athem atica l expression of th is relation is

where Vj is the  velocity of ith molecule.

T he stress tensor for a microscopic system  of particles is ca lculated  by the 

Irving-K irkw ood m ethod  [126]. In this approach, the  stress tensor com ponents 

consist of two parts , a kinetic p a rt and a configurational p a r t. T he equation is

where V is th e  volume of the  com putational box defined; N  is th e  to ta l num ber

(2.9)

N  N  N

i i j>i
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of molecules, including those in the images if the  system  has periodic boundary  

conditions; m* is th e  mass of ith molecule; uia and Uip are th e  peculiar velocity 

com ponents of molecule i in the  a  and 0  directions; r , jQ is th e  com ponent 

of the  d istance vector betw een molecules i and j  in a direction; and Fijp is 

the com ponent of the  force between molecules i and  j  in 0  d irection. In MD 

sim ulations in th is  thesis, N  is a m olecular num ber in an enlarged volume by 

extending com putational box in each direction one cutoff d istance due to  the 

tru n ca tin g  algorithm  used. T he first and second term s of righ t-hand  side in 

th e  above equation  describe the  kinetic contribu tion  and th e  configurational or 

p o ten tia l contribu tion , respectively.

T he constitu tive pressure is defined as the  trace  of the  stress tensor:

D ynam ic viscosity, according to  the  linear response theory, can be expressed 

as a tim e in tegral of a microscopic tim e-correlation function in equilibrium  stage 

[127], and  is calculated  by the  following equation,

cu lated  by counting volume fraction instead of an  entire molecule, i.e. each 

molecule is divided into several pieces by the  grids. Each piece for a signed 

m olecule has different volume fraction, b u t sam e velocity in different cells formed 

by grids. T he advantages of th is m ethod is th a t  it can quickly ob ta in  th e  density 

and stream ing velocity profiles, especially for a sm all system  w ith  finite num ber

p  = - ^ T r (aa0) (2 .11 )

(2 .12)

where /q, is th e  B oltzm ann constant; T  is tem peratu re.

T he tim e-averaged density and stream ing velocity in th e  channel are cal-
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of molecules. T he tim e-aver aged num ber density  is expressed as

(2 .13)

where i and j  are the  index num bers of the  grid in axial and  rad ia l directions; 

M  and N  are the  itera tion  num ber and to ta l molecules in th e  system ; /,*■ is the 

volume fraction of the  ktk molecule in grid i and  j ; (dt)i is th e  tim e step  a t the 

Ith itera tion ; VV,- is the  volume of grid i and j  and is the  averaged num ber 

density  in grid i and j  in period At.

T he stream ing  velocity is calculated by

Fij = E£,E L W W  (2, 4)
P i j  ^  t

where vkz is the  velocity com ponent of kth molecule in z  direction; Vij is the 

stream ing  velocity a t grid i and j  in period At.
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C h a p t e r  3

M o l e c u l a r  D y n a m i c s  S i m u l a t i o n  o f  a  

P r e s s u r e - D r i v e n  L i q u i d  T r a n s p o r t  P r o c e s s  i n  

a  C y l i n d r i c a l  N a n o p o r e  U s i n g  t w o  

S e l f - a d j u s t i n g  P l a t e s

[note: th is chapter is closely related  to  the  published work in th e  Journal of 

Chem ical Physics 124, 234701 (2006)]

3.1 M olecular D ynam ics Simulation and M ethodology

T he problem  considered models a nanopore m em brane (based on a  regular array 

of channels) of finite thickness th a t separates two sem i-infinite reservoirs. The 

pressures in th e  reservoirs were to  be m aintained a t fixed, b u t different, levels 

to  cause flow th rough  the  m em brane. To make th is problem  com putationally  

trac tab le , the  flow through  ju s t one of the  channels in the  m em brane was simu

lated. T he channel was a  nom inally straigh t cylinder w ith  dim ensions of 2.2 nm  

and 6 nm  for th e  inside d iam eter and length, respectively. Fig. 3.1 shows the 

m odeled problem  geom etry in the context of a  single snapshot of the  NEM D 

sim ulation. A C artesian  coordinate system  was placed so th a t th e  z-axis was
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M e m b ra n eF r o n t  re s e rv o ir

(b) (c) (d)

Figure 3.1: Snapshot of single nanopore in a m em brane, (a) vertical section 
through  axis of nanopore, (b) cross-section a t th e  middle of th e  front reservoir, 
(c) cross-section a t the  m iddle of nanopore, (d) cross-section a t th e  middle of 
back reservoir.

aligned w ith  th e  centerline of the  channel, and the  x  and y-axes were aligned 

to  the  centers of th e  neighboring channels in the  array.

T he fluid used in the  sim ulations was m ade up of 15,088 argon molecules. 

T he solid su b s tra te  th a t  defines the  m em brane boundaries was constructed  from 

two layers of molecules w ith  the  sam e properties as the fluid except th a t  they 

(2,132 of them ) were more or less fixed a t their respective la ttice  positions 

using very stiff spring constant. B oundary conditions in th e  fluid reservoirs 

exploit the  periodic arrangem ent of channels in the  x  and  y-directions, while 

far field conditions were applied in the z-direction. Using periodic boundary  

conditions a t specified x  and y locations establishes some of the  lim its of the 

com putational dom ain, b u t also implies a prescribed spacing of channels in the 

m em brane. For all th e  calculations perform ed, th e  dom ain lengths in th e  x- and
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y-directions were set a t L x — Ly = 7 nm.  As a result, th e  m em brane studied  

had a  porosity  of approxim ately 8 percent, so th e  channels were essentially 

independent of each other. T he fluid flow far from the  inlets or ou tlets of a 

m em brane can be approxim ated as one-dim ensional and lam inar. T he approach 

taken  to  m odel these far-field boundaries was to  in troduce rigid p lates, oriented 

norm al to  the  z-axis, into each of the  reservoirs th a t  can move w ith  th e  flow 

in th e  z-direction. These p lates also define the  lim its of th e  com putational 

dom ain in th e  z-direction for the  NEM D calculations. T he fluid outside the 

dom ain was replaced by uniform ly d istribu ted  forces on th e  p lates equal to  the 

pressures specified for each reservoir. T he one-dim ensional and  lam inar flow 

far from th e  channel inlet and ou tlet was achieved com putationally  by allowing 

the  z-location of th e  p lates to  independently  self-adjust to  m ain ta in  the  desired 

reservoir pressures and densities. To reduce the  im pact of these p lates on the 

fluid around them , they  were formed from one layer of molecules w ith  the  same 

properties as the  fluid, b u t w ith a num ber density  large enough to  prevent fluid 

molecules from p en e tra tin g  out. To prevent these p lates from  d istorting , an 

averaged-force com ponent in the  z-direction on p la te  molecule i,

M  N

7 »  =  ( E E ^ + A P “ ‘) / M ' w
i=1 j=1

was exerted on each molecule in the  front or back self-adjusting plate, where 

M  and N  are the  num bers of molecules in the  self-adjusting p la te  and in the  

liquid, respectively; f zij is the  z-com ponent force acting  on ith p la te  molecule 

produced by j th liquid molecule; A  is the  cross-section area  of th e  reservoirs 

and Pext is th e  ex ternal pressure exerted on front or back self-adjusting plate. 

During th e  sim ulation it is im portan t th a t  these p lates rem ained far away from

23

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the  channel in let and ou tlet in order for them  not to  influence th e  flow through

the  channel. E nsuring th a t  these plates did no t affect the flow will be explored 

in the  results and discussion section of th is chapter.

T he in itia l conditions for the  sim ulation were established by in troducing a 

rigid, im penetrable, no thickness p late  across the  m id-length of th e  channel in

adjusting  p lates and the  molecules in the  system  were allowed to  move until the 

desired pressures in each of the  reservoirs reached therm odynam ic equilibrium . 

D uring th is  period, the  Berendsen th erm o sta ts  [65, 72, 89] were coupled to  

ad just the  tem p era tu re  of the  system  to  be Tkb/si = 1.1 (T  =  133 K ), where 

kb is th e  B oltzm ann constan t and £i is the  liquid energy scale. Finally, the 

separation  plate  was removed and the  molecules from the  two sides were allowed 

to  tran sp o rt by pressure differences. T he disturbances produced  by removing 

the  separation  p la te  was not large due to  the  sm all cross section of th e  channel 

com pared to  the  reservoirs.

T he m otion of these spherical liquid molecules is governed by N ew ton’s sec

ond law. In earlier external-field driven MD works [25, 34, 36, 42], there were 

two kinds of forces in N ew ton’s equation, one was the ex ternal force applied 

uniform ly on each molecule; the  o ther was the  Lennard-Jones force due to  the 

in teraction  betw een molecules. In this study, a pressure-driven flow which was 

only dom inated  by the  in teractions between molecules in th e  channel was m od

eled. T he in teractions between liqu id /liqu id  and solid /liqu id  are governed by a 

tru n ca ted  and shifted  Lennard-Jones 12-6 potential:

order to  separate  th e  upstream  and dow nstream  p arts  of the  flow. T he two self-

(3.2)
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where (j)(rc) is th e  tru n ca ted  Lennard-Jones po ten tia l a t =  rc. T he tru n ca ted  

distance used in th is thesis was 2.2a [35, 42], i.e., 4>{rij) =  0 if >  rc. In this 

thesis, liquid argon was chosen as working m edium . Its  length and  energy scales 

are cr; =  0.34 nm  and =  1.67 x 10~21 J [128], respectively.

To m odel a  molecule on a solid wall, a  stiff Hookean spring attaches it to 

la ttice  position  w ith  a  po ten tia l expressed by equation  2.3. T he stiffness used 

in th is equation was, K w = QOOOeiaf2 [51].

T he equations of m otion were in tegrated  using a Velocity Verlet algorithm . 

T he effective tim e step  applied in sim ulations was abou t 0.1 ^  1.0 fs th a t  

depends on the  m axim um  relative velocity between two in teracting  molecules.

In NEM D sim ulations, tem peratu re  is one of th e  im p o rtan t param eters. In 

the  present work, we m odeled an isotherm al flow th rough a  m em brane. So, to  

avoid the  effect of tem p era tu re  on the  liquid moving and keep th e  tem p era tu re  

constan t, four Berendsen therm osta ts  [65, 72, 89] were coupled to  the  system  

separately, i.e., in the  front reservoir, m iddle nanopore, back reservoir and  solid 

substra te . Four th erm o sta ts  m ade the  tem peratu res in each p a rt of the  system  

to  be consistent.

T he constitu tive pressure is defined as minus one-th ird  of th e  trace  of the 

stress tensor. T he stress tensor in th is study  was calculated  by th e  Irving- 

K irkwood m ethod  [126].

3.2 Validation and Selection of Parameters

3.2.1 Validation

Before perform ing the  fluid tran sp o rt th rough  a  confined channel, a validation 

of th e  MD code was carried out. In th is p a rt, MD sim ulations in a  canonical

25

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.0

0.0
128 1062 4

r(A)

Figure 3.2: Com parison of the  radial d istribu tion  function of liquid argon ob
tained  by MD sim ulation (solid line) w ith E isenstein and G ingrich’s x-ray ex
perim ental m easurem ent (filled symbol) a t T  = 91.8 K  and  p = 1.3664 g/cm?.

(NVT) ensemble, i.e., a system  consisting of 2,597 argon molecules filled in a 

cube th a t was sub jected  to  periodic boundary  conditions in x, y and  z  directions, 

were perform ed. Two characteristics of liquid argon, rad ia l d istribu tion  function 

a t density  p =  1.3664 g/cm3 and tem p era tu re  T  =  91.8 K  and  self-diffusion 

coefficient a t p = 1.374 g/cm3 and T  =  90 K,  were chosen to  com pare w ith 

experim ental results. In these sim ulations, the  length and  energy scales for 

liquid argon were cq =  0.3405 nm  and si = 1.67 x 10-21 J ,  respectively; the 

tim e step  was 0.5 fs. Fig. 3.2 shows the  com parison of th e  rad ia l d istribu tion  

function betw een MD prediction and Eisenstein and G ingrich’s experim ental 

m easurem ent [129, 130]. One sees th a t  MD sim ulation successfully captures the
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properties of m olecular d istribu tion  w ith  respect to  distance and th e  agreem ent 

betw een them  is fairly good. T he self-diffusion constan t can be calculated  using 

G reen-K ubo relationship or E instein equation. B oth  m ethods were used and 

it was found th a t the  two results were consistent, and  hence only th e  la tte r  is 

presented. In  th ree  dim ensions, the E instein equation is expressed as

Ds =  ̂ M  ~ f̂a)!2) (3-3)

which is valid in th e  lim it th a t  (f -  t0) —> oo. Fig. 3.3 shows th e  m ean square 

displacem ent of liquid argon obtained a t p = 1.374 g/cm? and  T  = 90 K  by 

averaging 1,000 different in itial tim es tQ. T he self-diffusion constan t, slope of 

the  curve in Fig. 3.3 divided by 6, is 2.38 x 10~5 cm2/sec. T he experim ental 

m easurem ent [131] is 2.43 x 10-5 cm2/sec. T he difference betw een them  is abou t 

two percent. These two validating tests  show th a t th is  MD code works well and 

can be used to  predict the  liquid tran sp o rt properties th rough  a nanopore in a 

m em brane.

3.2.2 Selection of Param eters

In th is  proposed m ethod, the  key param eters besides th e  energy and length 

scales, d iam eter and length of nanopore, include th e  pressures (P / and  Pb) 

exerted on the  front and  back self-adjusting plates, th e  d istances (Lzf  and L zb) 

of the  p lates to  the  in let and  outlet of the  nanopore. To ex trac t a signal from 

substan tia l therm al noise in sm all system s w ith  short tim e, Koplik et al. [34] 

stud ied  the  ex ternal force exerted on each molecule in a  force-held driven how 

carefully. T hey  found th a t  the  value of gravity  g* = 0 (0 .1 ) in Lennard-Jones 

un its m akes molecules in a nanochannel move a t an average velocity u* =  0 (0 .1 )
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Figure 3.3: R elationship between the  m ean square displacem ent of liquid argon 
and in tegra ting  tim e at T  = 90 K  and p =  1.374 g/cm3.

and a Reynolds num ber R e < 0 (1 ) . In the  present study, th is  g* value was used 

to  determ ine th e  pressures applied on the  self-adjusting p lates, i.e., the  applied 

pressures generate the  sam e order of gravity  (g* = 0 (0 .1 ))  on each molecule 

in th e  nanopore. T he average gravity  on each molecule was estim ated  by the 

following equation,

(Pf ~ Pb)oi (3.4)
l021Lpnei

where L and pn are the  length of the  nanopore and th e  num ber density  (1 /n m 3) 

of liquid molecules in the  pore, respectively. In the  above equation, the  pressure 

in each reservoir was assum ed to  be identical and equal to  th e  pressure applied 

from outside. For liquid argon, a  num ber density, 2 1 /n m 3 (p =  1.4 g/cm3), was 

used to  estim ate g*. Pb, so called the  back pressure, varies from  the  value of Pf 

to  zero. So, th e  m axim um  gravity  is a value ob tained  by th e  above equation  a t 

Pb =  0. In th is work, Pf  =  80 M P a  was chosen, which m eans g*max = 0.13. In
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Figure 3.4: Com parisons of num ber density and stream ing velocity d istribu tions 
ob tained  in two different periods for case 2; period 1: Lzf — 10.86 — 10.45 nm  
and L zb =  5.96 — 6.64 nm  (line w ith  symbol ♦); period 2: L zf  = 9.74 — 9.33 nm  
and L zb = 7.66 — 8.34 nm  (line w ithout sym bol). D ashed lines are the  in ternal 
surface of nanopore.

practice, Pb is no t zero, for example, g* «  0.1 if Pb =  0.2Pf.

T he en trance effect of fluids into pores plays an  im p o rtan t role in mass 

transfer and separation  processes for m em brane separation  [19]. In th is study, 

the  front and back self-adjusting plates were placed far away from th e  inlet and 

ou tle t of the  nanopore to  reduce their influence on liquid tran sp o rt in th e  pore, 

while still accounting for entrance and exit effects. T he d istance for the  front 

self-adjusting p la te  to  the  inlet of the  pore, Lzf, was controlled to  be larger th an

8.8 nm  during  sim ulations. B ut the  distance, Lzb, varied from  5.1 nm  to  30.6 nm  

because the  volum e d istu rbed  by the exit velocity in the back of th e  nanopore 

depends on th e  pressure drop, i.e., large pressure drops produce large d istu rbed  

area around th e  exit of the  nanopore. To verify the  effect of Lzf  and L zb on the 

fluid tran sp o rt, th e  case w ith Pf = 80 M P a  and Pb =  10 M P a  was chosen as
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an exam ple, and  th e  tim e-averaged results ob tained  during L zf  = 10.86 — 10.45 

nm  and  L zb =  5.96 — 6.64 nm  (called period 1, average tim e A t  = 500 ps) were 

com pared w ith  those ob tained  in Lzj  = 9.74 — 9.33 nm  and L zb =  7.66 — 8.34 nm  

(called period 2, averaged tim e A t  = 500 ps). Fig. 3.4 shows th e  com parisons 

of density  and  velocity d istribu tions w ith  respect to  radius during  two different 

periods. In th is figure, the  solid lines w ithout symbols s tan d  for the  results 

ob tained  in period 1; th e  solid lines w ith  symbol ♦  expresses results calculated 

in period 2. T he density  d istribu tions in the  two different periods are exactly 

the  same; th e  difference between two stream ing velocity d istribu tions is small 

and negligible. T his exam ple shows th a t  the im pact of distance L zf  and  Lzb on 

fluid tran sp o rt th rough  a nanopore is m inor if Lzf  and L zb are chosen larger 

th an  the  lengths used in these tests.

3.3 R esults and Discussion

3.3.1 N E M D  R esults

To te s t w hether th is proposed m ethod can produce a constan t pressure difference 

across a m em brane, four cases w ith different back pressures, Pb = 4, 10, 20 and 

40 M P a  (called cases 1, 2, 3 and 4), were carried out in th is  section. Fluid 

tran sp o rt in the  system  stud ied  was a NEM D process. A pplying a  therm osta t 

was difficult because the  local stream ing velocity for liquid molecules was not 

zero. In a rigorous sense, one should distinguish th e  stream ing  kinetic energy 

from the  therm al kinetic energy in applying th e  th erm o sta t. T he problem  is 

th a t  the  local stream ing velocity is not available before perform ing sim ulation. 

T he effect of the  stream ing kinetic energy on tem p era tu re  was ignored due to  

the  consideration of the  stream ing kinetic energy being a sm all fraction  of the
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Figure 3.5: Pressures a t inlet and outlet of the  nanopore as a function of tran s
p o rt tim e under different back pressures. T he dashed lines are th e  front and 
back pressures exerted on th e  front and back self-adjusting plates.

therm al kinetic energy in th is study. For example, for a liquid molecule w ith 

a  stream ing velocity 40 m /s  in nanopore (refer to  Fig. 3.7), th e  associated 

stream ing kinetic energy is less th an  2% of th e  therm al k inetic energy. We 

checked the  tem p era tu re  evolution w ith  respect to  tran sp o rt tim e, and found 

th a t tim e-averaged tem peratu res (A t  =  10 ps) for four cases were the  sam e and 

were kept constan t during the  tran sp o rt process.

T he Irving-K irkw ood m ethod was applied to  calculate th e  pressures in en

trance and exit p a rts  (called inlet and ou tlet pressures). T he com putational 

boxes for pressure calculation have the  length 4 nm  in the  z-direction for bo th  

of them . In the  kinetic p art of Irving-Kirkwood equation  (2.10), the  peculiar 

velocity should be th e  m olecular velocity m inus th e  stream ing  velocity a t the 

m olecular position. B ut in th is work, th e  stream ing velocities in th e  entrance 

and  exit p a rts  (<  5 m /s  for all cases studied) were much sm aller th a n  m olecular
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therm al velocities. Therefore, the  influence of stream ing velocity on pressure 

was sm all and  ignored. Fig. 3.5 shows the  inlet and  ou tlet pressure d istribu

tions under different back pressures w ith  respect to  the  tran sp o rt tim e. The 

sym bols • , ♦  , ■  and ▲ in the  figure correspond to  the  cases 1, 2, 3 and 4, re

spectively. One sees th a t the  pressures averaged in a short period (e.g., A t  = 10 

ps) fluctuate  as th e  tran sp o rt process continues. B u t the pressure stayed more 

or less constan t over a larger tim e scale, indicating th a t  the m ethod  proposed in 

th is s tudy  works well and can be applied to  perform  a  fluid tran sp o rt through 

nanopores driven by pressure difference. T he m ean inlet pressure for all cases is 

abou t 72.5 M P a ; the  m ean outlet pressures for cases 1, 2, 3 and  4 are 5.13, 8.8,

17.1 and 34.7 MPa,  respectively. Com paring these values w ith  those exerted 

on the  ad justed  plates, they  are close b u t have some differences, i.e., pressures 

calculated a t th e  inlet and outlet, except for the  ou tlet pressure of case 1, are 

sm aller th an  those applied a t the  front and back ad justed  plates. O ne possible 

reason for th is phenom enon is th a t  molecules around the  in let and  ou tlet, com

paring w ith  those far away from inlet and ou tlet in the  reservoirs, possess higher 

kinetic energy. T he ou tlet pressure of case 1 is slightly larger th an  th e  pressure 

applied on back self-adjusting plate, the  physical origin is no t clear, b u t it is 

w orth po in ting  out th a t  in this case, a phase change occurred a t around th e  exit 

of the  nanopore. Rem oving the  separation  p la te  from th e  m iddle of nanopore 

produced a  sm all d isturbance to  the  pressure field. T he d u ra tio n  of th is im pact 

on the  pressure fields depends on the  pressure difference betw een the  inlet and 

outlet. For the  case w ith the  lowest back pressure, th e  im pact tim e was abou t 

1 ns.

To ob ta in  the  density  and stream ing velocity (Vz) d istribu tions along ra

dial and axial directions, the  whole system  was divided in to  9 axial sections (3
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Figure 3.6: N um ber density d istribu tions a t en trance part, nanopore and exit 
p a r t versus radius for th e  case w ith Pf, = AM Pa.  D ashed lines are th e  in ternal 
surface of nanopore.

sections in each of the  front cham ber, nanopore and back cham ber) in axial di

rection, 32 sections in the  radial direction (10 sections in nanopore). T he results 

far away from the  inlet and outlet of the  nanopore, i.e., first and  last two sections 

in the  front and back cham bers, were om itted  for stream ing velocity d istribu

tions in rad ia l direction due to  our in terest in the  nanopore and  th e  im m ediate 

areas around it. To show th e  fluid tran sp o rt in th is  system  clearly, case 1 was 

taken as an  exam ple, and  the  results for the  density  and  velocity d istribu tions in 

th e  rad ia l direction are shown in Figs. 3.6 and 3.7. T he density  and  stream ing 

velocity d istribu tions along z-direction will be presented in th e  following section. 

Fig. 3.6 shows th e  density  profiles a t the  entrance p art, nanopore (sections 2, 

3 and  4) and  exit part. From th is picture, one sees th a t  the  density  profiles in 

the  rad ia l direction  are uniform  a t the  front and back of th e  nanopore, b u t of 

an oscillatory form in the  nanopore due to  the  in teraction  betw een solid and

33

—* — 5 (Outlet)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



liquid. T his oscillation d istribu tion  is sim ilar to  those obtained  from  Poiseuille 

and C ouette flows in a confined channel [24, 25, 34-36, 38, 43, 46, 50, 51]. 

Moreover, th e  six-peak s tru c tu re  of density  profile implies th a t  there  were three 

circular liquid layers formed in th is sm all channel w ith  a size of 6.5 molecules, 

and  th e  densest d istribu tion  of liquid molecules located  a t th e  layer close to  

solid substra te . Fig. 3.7 shows the  average velocity d istribu tions a t different 

sections. T he shape of velocity profiles inside the  nanopore are all characterized 

by having th e  m axim um  velocity in the  center of th e  channel as expected, bu t 

there is a d istinc t inflection in the  profile near th e  wall. I t is also no ted  th a t  the 

m ean velocity in th e  nearest the  wall has a  non-zero velocity, b u t care should be 

taken  in in terp re ting  th a t as a non-slip condition because th is  velocity strongly 

depends on the  in teraction  between solid/liquid. T he m axim um  velocity in the 

nanopore in the  flow direction m onotonically increases due to  th e  changing den

sity. T he velocity profile before the  inlet and after the  o u tle t are rem arkable 

sim ilar in shape and  show evidence of a fluid je t em erging from  th e  pore. From 

the  density  and velocity d istribu tions shown in Figs. 3.6 and  3.7, th e  num ber 

flow ra te  a t different sections in the  nanopore were calculated. T he results for 

sections 2, 3 and 4 in the nanopore were 944, 944 and  952 molecules per nano 

second, respectively. T he difference am ong them  was abou t one percent, which 

m eans th a t  a steady  flow condition had been reached. To check th e  consistency 

of velocity profiles a t different cross sections in th e  nanopore, we norm alized 

them  using values a t x  =  0, and results were p lo tted  in th e  inset of Fig. 3.7. 

One sees th a t the  norm alized profiles of velocity a t different cross sections are 

alm ost same.
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Figure 3.7: S tream ing velocity d istribu tions a t en trance p a rt, nanopore and  exit 
p a r t versus the  radius for the  case w ith Pb = AM Pa.  Num bers 1 and  5 represent 
entrance and  exit parts; N um bers 2-4 depict sections in th e  nanopore. T he 
inset in th e  figure is norm alized stream ing velocity d istribu tions corresponding 
to  sections 2-4 of th is case. D ashed lines are the  in ternal surface of nanopore.

3.3.2 Effect of Back Pressure

In th is  p a r t, we focus on the  study  of the effect of back pressure on liquid tran s

po rt th rough  th e  nanopore. Figs. 3.8 and 3.9 show the  tim e-averaged density 

and velocity [Vz) d istribu tions w ith respect to  axial d istance 2  under different 

back pressures (note: lines are draw n to  guide the  eyes for th e  tren d  of the 

d a ta). T he m eanings of symbols are the  sam e as those used in Fig. 3.5. Fig.

3.8 shows density  d istribu tions in z-direction having the  sam e p a tte rn  for dif

ferent cases, i.e., density has a near constan t d istribu tion  in th e  front reservoir. 

B ut when molecules en ter the  nanopore, density  decreases. W hen molecules 

reach the  vicinity of the  ou tlet, it quickly drops to  a level th a t  is close to  th a t 

of the  back reservoir. For the  case w ith  lowest back pressures, Pb — 4MPa,
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Figure 3.8: V ariation of num ber density d istribu tion  as function of distance z 
under different back pressures (lines are draw n to  guide th e  eyes for th e  trend  
of the  da ta).

the  significant drop of density a t the  ou tlet of the  channel im plies th a t  a phase 

change occurs a t the  ou tlet of the  nanopore. Moreover, th is p ic tu re  gives o ther 

inform ation: first, the  back pressure has little  influence on the  density  d istri

bu tion  in the  front reservoir; second, the decrem ent of density  in th e  nanopore 

depends on th e  back pressure. Fig. 3.9 represents th e  stream ing velocities (Vz) 

for different cases as a function of d istance z. T he stream ing  velocity a t the 

front of th e  nanopore m aintains constant, which is consistent w ith  the  den

sity d istribu tion  in Fig. 3.8. W hen molecules approach th e  inlet and  en ter the 

nanopore, th ey  accelerate and the  stream ing velocity increases d ram atically  due 

to  the  contraction  of pass-through area and constan t flow ra te  condition. Once 

in the  nanopore, th e  stream ing velocity changes were m ild and  depended on the 

the  back pressure. In the  back reservoir, the  stream ing velocity decreases due 

m ainly to  th e  area change.
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Figure 3.9: V ariation of stream ing velocity d istribu tion  as function of d istance 
z  under different back pressures (lines are draw n to  guide th e  eyes for th e  trend  
of the  da ta).

To show the  effect of back pressure on liquid tran sp o rt in th e  nanopore 

clearly, th e  value averaged in whole length nanopore was chosen as th e  charac

teristic  velocity for th a t  rad ia l position. Figs. 3.10 and 3.11 show th e  density 

and  stream ing velocity d istribu tions w ith respect to  rad ia l d istance, respec

tively. For all cases, one sees th a t  the back pressure has no significant influence 

on d istribu tion  p a tte rn s, i.e., the density has an  oscillatory d istribu tion  and 

the  stream ing velocity has a quasi-parabolic d istribu tion  in the  rad ia l direction, 

bu t the  back pressure im pacts the  values of density and stream ing  velocity, i.e., 

low back pressure corresponding to  low density d istribu tion  b u t high stream ing 

velocity in the  channel. T he inset in Fig. 3.11 gives th e  norm alized velocity 

d istribu tions of four cases. One sees th a t they  are alm ost identical. Fig. 3.11 

indicates th a t  the  m agnitude of the  stream ing velocity is dependent b u t the
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Figure 3.10: Effect of back pressure on num ber density  d istribu tion  in nanopore. 
Dashed lines are the  in ternal surface of nanopore.

profile of velocity d istribu tion  is independent on the  pressure drop across the 

m em brane.

Fig. 3.12 shows the  num ber flow ra te  th rough  a  single nanopore in the 

m em brane as a function of pressure drop across th e  m em brane. In th is picture, 

the  horizontal axis represents the  pressure difference between in let and  outlet 

of the  nanopore w ith  the  un it MPa\  the  vertical axis shows th e  ability  of liquid 

molecules passing through  a single nanopore per nano second. From  th e  slopes 

calculated  using two adjacent d a ta  points (16.8, 21.6 and 33.4), one sees th a t  the 

num ber flow ra te  w ith  pressure drop deviates from th e  linear relationship , which 

would be expected for a m acroscopic incom pressible flow. Actually, th e  flow 

ra te  shown in Fig. 3.12 are contribu ted  by four parts , convection p a r t caused 

by pressure difference (under constan t density  and viscosity condition), diffusion 

p a rt caused by density  gradient (under constan t pressure and  viscosity), p a rt

38

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4 0 -

30 -

>
£
■oo
"5>
eia

20  -

'm.

1.50.5 1.0-0.5 0.01.5 1.0

Distance X (nm)

Figure 3.11: Effect of back pressure on stream ing velocity in nanopore. T he inset 
is the  com parison of stream ing velocity profiles norm alized by using velocities 
a t x  =  0. D ashed lines are the  in ternal surface of nanopore.

caused by viscosity change along the channel and p a rt caused due to  th e  phase 

change a t the  exit of the  channel a t low back pressures. Because of these 

com plications, we cannot separate these p arts  and judge how m uch contribution 

of each p a r t to  th e  to ta l flow ra te . B ut the  larger pressure and  density  gradients, 

and sm aller viscosity and phase change obviously enhance th e  fluid tran sp o rt 

th rough  a channel. Hence, the  flow ra te  w ith respect to  pressure drop deviates 

from th e  linear relationship  and the slop increases as th e  pressure drop increases.

In the  above section, the  liquid tran sp o rt in the  nanopore was discussed in 

detail. B ut in practice, som etim es researchers are only in terested  in th e  ability 

of a m em brane to  tran sp o rt liquid, i.e., the  relationship  of liquid flux w ith  driven 

force (pressure or density  difference). In this case, F ick’s Law and  D arcy’s Law 

can be used to  predict th e  diffusivity and perm eability  according to  th e  density
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Figure 3.12: V ariation of the  num ber flow ra te  as a  function of th e  pressure 
drop across the  m em brane.

or pressure difference between front and back reservoirs and  flow ra te  shown 

in Fig. 3.12. In C hap ter 6, results will be com pared w ith  those predicted  by 

Navier-Stokes equations w ith the  effect of wall on the  flow.

A po ten tia l use of th is m ethod is to  deal w ith  w ater or solvent w ith  ions 

tran sp o rt th rough  a m em brane. In th is case, the  force acting  on the  self- 

ad justing  plates can be handled in the sam e m anner th a t  was used in the 

present work if the  self-adjusting plates are formed by non-polar molecules. 

For the effect of long-range Coulombic in teractions in the  bulk liquid (ions in 

front and back sem i-infinite spaces) or in images in periodic directions, it can be 

calculated  by using two integral functions approxim ately or a  two-dim ensional 

partic le m esh Ewald sum m ation [132].
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3.4 Sum m ary

Fluid  tran sp o rt th rough  a nanopore in a m em brane was studied  by a  novel 

m olecular dynam ics approach proposed in th is study. T he advantages of this 

m ethod, relative to  th e  DCV-GCM D m ethod, are th a t  it elim inates disruptions 

to  th e  system  dynam ics th a t  are norm ally created  by inserting or deleting p ar

ticles from control volumes, and th a t  it functions well for dense system s due to  

the  num ber of partic les in the  studied system  fixed. NEM D resu lts ob tained  by 

th is m ethod  also show th a t  pressure and density d istribu tions are uniform  in 

the  front and back reservoirs, bu t wavelike in the  direction norm al to  solid wall 

in nanopore. S tream ing velocity in the nanopore has a quasi-parabolic profile 

w ith  respect to  rad ia l d istance and is independent of the  pressure drop across 

the  m em brane.
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C h a p t e r  4

S t u d y  o f  S o l i d  W a l l - L i q u i d  I n t e r a c t i o n  o n  

P r e s s u r e - D r i v e n  L i q u i d  T r a n s p o r t  t h r o u g h  a  

F i n i t e  C y l i n d r i c a l  N a n o p o r e  U s i n g  a n  

I m p r o v e d  N o n - E q u i l i b r i u m  M o l e c u l a r  

D y n a m i c s  M e t h o d

4.1 M D Sim ulation and M ethodology

T he system  of in terest in th is chapter is same as th a t  described in C hap ter 3, 

i.e., a cylindrical nanopore w ith  a finite thickness whose two ends connect to  

two sem i-infinite reservoirs in which the  pressures were m ain tained  a t fixed, bu t 

different, levels to  induce flow th rough the  nanopore. In C hap ter 3, th e  m ethod 

proposed in th is thesis was exam ined by using a variable back pressure. In this 

chapter, th e  effect of solid wall-liquid in teraction  on liquid tran sp o rt th rough a 

finite length nanopore driven by a constant pressure drop over th e  channel was 

investigated. T hree cases w ith  different energy scales for th e  solid substra te ,

i.e., case 1 £s =  O.le; (weak or hydrophobic-like), case 2 es =  £; (neutral) 

and case 3 es =  10si (strong or hydrophilic-like), were studied . Here, £; is the
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liquid energy scale. For all sim ulations perform ed, periodic boundary  conditions 

were exerted  in th e  x  and  y-directions, b u t no t the  z-direction. Therefore, the 

system  can be though t of as the building u n it of a m em brane in which an 

array  of nanopores are arranged regularly. Two reservoirs becom e semi-infinite, 

which allows th e  use far field boundary  conditions, i.e., 1-D uniform  velocity 

and pressure, a t locations far away from the  inlet and ou tle t of th e  nanopore. 

In C hap ter 3, far field boundary  conditions by using two self-adjusting plates 

were addressed in detail. In the  older version, the  self-adjusting p lates were two 

rigid plates. In order to  reduce the  effect of rigid p lates on th e  m otion of the 

molecules near them , th e  two rigid self-adjusting plates were changed into two 

self-adjusting fram es in which molecules can move freely in x  and  y directions 

bu t can not escape from the frames in the z  direction. T he molecules in each 

fram e have th e  uniform  velocity com ponent in the  z  direction. This m odification 

allows molecules in these self-adjusting fram es to  have quasi th ree  dim ensional 

properties. To follow the  nom enclature of the  previous chapter, th e  far field 

boundary  conditions m odeled by two self-adjusting fram es in th is  chap ter are 

still referred to  self-adjusting plates. For details on this m ethod  and  param eter 

selections, please refer to  the previous chapter or reference [62].

To exam ine the  effect of the  solid wall-liquid in teraction  on liquid tran sp o rt 

in th e  finite length  nanopore, the  param eters, except for the  energy scale of 

solid su b stra te , were fixed in th is chapter. T he pressure difference between two 

reservoirs in th e  NEM D sim ulations in th is chap ter was fixed to  be 40 M P a  (80 

M P a  in the  front reservoir and 40 M P a  in the  back reservoir). T he governing 

equations and  th e  procedures are same as those used in th e  previous chapter 

and  om itted  in th is chapter.
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Figure 4.1: P ressure and its com ponents (kinetic and  virial p a rts) d istribu tions 
of the  case 1 (es =  O.le;) averaged over the  whole cross-section as a  function of 
axial d istance z.

4.2 R esults and Discussion

As m entioned, th ree different energy scales for the  wall molecules were applied 

to  exam ine th e  effect of the  solid wall on liquid tran sp o rt in th e  nanopore sub

jected  to  a  constan t pressure difference across the  nanopore. In  all sim ulations, 

tem p era tu re  was controlled to  be Tkb/ei =  1.1. T he tem p era tu re  variation  in 

the  axial direction  averaged over a  period 50 ps  was checked, and  found th a t 

tem p era tu re  rem ains nearly constant except for a sm all p e rtu rb a tio n  ( ± 5 K)  

around the  inlet and  ou tlet of the  nanopore. B ut th is p e rtu rb a tio n  disappeared 

and a constan t tem p era tu re  in the  whole system  was observed when th e  d a ta  

was averaged over a large period of the  tim e (e.g. 500 ps).
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Figure 4.2: Pressure d istribu tion  of case 1 (es =  0.l£ ;) w ith respect to  the  radial 
d istance a t th e  inlet, nanopore and  outlet.

4.2.1 Pressure D istribution

T he objective of th e  m ethod used in th is study  is to  produce constan t pres

sure fields w ith  different levels in the front and back reservoirs to  induce liquid 

tran sp o rt th rough  the  nanopore. Pressures in the  nanopore and  two reservoirs 

were calculated  by th e  Irving-Kirkw ood equation. T he com putational box for 

pressure calculation is a moving window th a t  has a w idth  of 2 nm  in the  21- 

direction, 7 n m  in x  and y-directions in reservoirs, 0.1 nm  in rad ia l direction 

in the  nanopore. To show th e  pressure d istribu tions in  th e  axial and  rad ia l di

rections in detail, case 1 (es = O.lej) was chosen as an exam ple and  the  results 

are shown in Figs. 4.1 and 4.2. Fig. 4.1 shows th e  pressure d istribu tion , av

eraged over th e  corresponding cross-sections, in the  2: direction. In th is  figure, 

the  short vertical dashed lines signify the  entrance and exit of th e  nanopore; 

the long horizontal dashed lines denote the pressures externally  exerted  on the
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front and  back self-adjusting plates. T he lines w ith  the  sym bols of A, •  and 

♦  represent th e  kinetic com ponent, virial com ponent and  to ta l pressure, re

spectively. T he kinetic com ponent varies slightly in the  z d irection  due to  the 

fact th a t  tem p era tu re  was constant th roughout system  and  th e  density  change 

in the  z-direction is small. B ut the  virial com ponent in th e  nanopore changes 

significantly in the  flow direction and dom inates th e  variation of th e  to ta l pres

sure. Two poin ts are notew orthy. F irst, the  calculated pressures in th e  front 

and back reservoirs are constan t and equal to  the  pressures exerted  on th e  front 

and back self-adjusting plates. Here, we dem onstrate , for the  first tim e, using 

the  Irving-K irkw ood equation to  cap tu re th is characteristic th a t  is physically 

observed in m acroscopic system  (e.g., liquid pressure in a cylinder is equal to  

the  pressure externally  exerted on a  piston if the  effect of liquid density  and 

the  weight of piston are negligible). Secondly, the  pressure averaged in the  each 

cross-section in th is sm all nanopore decreases monotonically, ju s t like a pres

sure d istribu tion  of a  pressure-driven flow in a m acroscopic channel, for th is 

case w ith  weak solid wall-liquid interaction. Fig. 4.2 shows th e  pressure dis

tribu tions in the  radial direction a t locations 0.5 nm  away from the  inlet and 

ou tlet and in the  nanopore. Pressure d istribu tions a t bo th  in let and ou tlet have 

a sm all change when r < 0.75 n m , especially for th e  pressure a t the  ou tlet. B ut 

variation of pressure d istribu tions intensifies strong  when r  >  0.75 nm.  P res

sure d istribu tion  in the  nanopore shows a wavelike p a tte rn , and  th e  am plitude 

of the  wave increases when the rad ia l d istance approaches th e  solid substrate . 

T he reason for th is d istribu tion  is m ainly due to  th e  layered d istribu tion  of the  

liquid molecules and the  in teraction  between th e  solid and liquid.

T he effect of solid wall-liquid in teraction  on liquid pressure d istribu tion  in 

the  z  d irection is shown in Fig. 4.3. In the  nanopore, pressure for cases 1
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Figure 4.3: Com parison of pressure d istributions, averaged over whole cross- 
section, under different solid wall-liquid interactions. T he dashed line w ith 
sym bol o is the  pressure d istribu tion  of case 3 (es =  10e;) averaged over moving 
layers (r <  0.75 nm)  in the  nanopore and the  vicinities around  th e  in let and 
outlet.

and 2 (es <  e{) decreases m onotonically although pressures betw een them  differ 

slightly. However, th e  pressure d istribu tion  for case 3 (es > £i) shows a  different 

p a tte rn . In particu lar, pressure near the  en trance and exit of th e  nanopore 

drops ab ru p tly  to  alm ost zero pressure. To discern the  m olecular m echanism  

th a t  is responsible for th e  observation, the  pressure d istribu tion  against the  

rad ia l d istance was p lo tted  in Fig. 4.4. C om paring it w ith  Fig. 4.2, pressure 

d istribu tions for bo th  of them  in the region of r  <  0.75 nm  exhibit a sim ilar 

p a tte rn , except for the  am plitude of the  fluctuation. B ut th e  portions of the 

curves in th e  region where r > 0.75 nm  differ considerably. O ne sees th a t  

pressure in the  region close to  the  solid wall changes from a positive peak in 

Fig. 4.2 (case 1 w ith  <  e{) to  a negative valley in Fig. 4.4 (case 3 w ith  es >  £/). 

This is because solid molecules w ith large energy scale produce large a ttrac tiv e
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Figure 4.4: P ressure d istribu tion  of case 3 (es =  10e;) w ith respect to  th e  radial 
distance a t th e  inlet, nanopore and outlet.

forces to  the  liquid molecules, resulting in a negative pressure. A ctually, the 

first layer of the  liquid molecules near the solid su b stra te  does no t move (see 

Fig. 4.7). As a result, the  effective pass-through area  for case 3 is sm aller th an  

th a t of th e  o ther two cases. T he average pressure on this effective pass-through 

area was calculated  and  presented in Fig. 4.3 by a dashed line w ith  th e  symbol 

o. It can be seen th a t  pressure associated w ith  th e  region of moving molecules 

decreases m onotonically in m ost p a rt of the  nanopore.

T he pressure fields in the  upstream  and dow nstream  reservoirs for th ree cases 

w ith  different solid wall-liquid interactions, shown in Fig. 4.3, were identical and 

m ain tained  constan t, which m eans th a t the  m ethod  used in th is  thesis works 

well and  is robust. T he po ten tial use of th is m ethod is to  stu d y  m ulti-com ponent 

flows in such a system , e.g., d ilu ted  DNA or polym er molecules suspending in 

a solvent being tran sp o rted  through a nanopore in a m em brane induced by a 

pressure grad ien t or by a com bination of electric field and pressure field.
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Figure 4.5: Com parison of num ber density d istribu tions w ith  rad ia l d istance 
under different solid-liquid interactions. Dashed lines are th e  in terna l surface of 
the  nanopore.

4.2.2 D ensity  D istribution

Effect of solid wall-liquid in teraction on the  density  d istribu tion  is shown in 

Figs. 4.5 and  4.6. In these figures, the  lines w ith  symbols of ♦ , ▲ and  ■  

express the  density  d istribu tions for cases 1, 2 and 3, respectively. Fig. 4.5 

shows the  average num ber density versus th e  distance z. From  th is figure, 

one sees th a t densities in the  reservoirs d istribu te  uniform ly in th e  z  direction, 

b u t th e  values in two reservoirs were slightly different due to  th e  pressures in 

two reservoirs different. D ensity for the  solid wall-liquid w ith  th e  neutral-like 

or hydrophobic-like in teraction  decreased m onotonically in th e  channel. W hile 

density  had  two peaks located a t th e  entrance and exit of th e  nanopore for the 

solid wall-liquid had  a hydrophilic-like in teraction. T he behavior for proposed 

reason is because the  molecules in the front and back surfaces of the  m em brane
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Figure 4.6: Com parison of num ber density d istribu tions w ith  rad ia l d istance 
under different solid-liquid interactions. D ashed lines are th e  in terna l surface of 
the  nanopore.

have more a ttrac tiv e  forces to  the  liquid molecules, which induce m ore liquid 

molecules accom m odating at the  around entrance and  exit. Fig. 4.6 shows the 

variation of th e  num ber density  d istribu tion  w ith  respect to  th e  rad ia l d istance 

r. I t is observed from th is  figure th a t  liquid density  in a sm all confined channel 

d istribu tes in an  oscillatory p a tte rn  norm al to  the  wall d irection  regardless the 

s treng th  of solid-liquid in teraction. T his observation implies th a t  th e  confined 

geom etry is th e  m ajor factor which im pacts the  fluid density  d istribu tion  in a 

sm all confined channel. A nd the  oscillatory am plitude depends on th e  streng th  

of solid-liquid in teraction. In particu lar, the  stronger the  in teraction , the  larger 

the  am plitude. T he density in each liquid layer is a function of its  rad ia l position. 

T he liquid layer located  closer to  the  solid su b stra te  accom m odates m ore liquid 

molecules if £s is larger th an  a certain  value, for example, es > £i in th is study.
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Figure 4.7: C om parison of stream ing velocity d istribu tions versus rad ia l dis
tance under different solid-liquid interactions. Dashed lines are th e  in ternal 
surface of th e  nanopore.

4.2.3 Stream ing V elocity D istribution

Fig. 4.7 shows the  effect of the  solid-liquid in teraction  on th e  stream ing  velocity 

d istribu tion  in the  nanopore (averaged over th e  whole length of th e  nanopore), 

ft is obvious th a t the  velocity profile strongly depends on th e  solid-liquid in

teraction . We see th a t  the  stream ing velocity on the  solid boundary  changes 

from slip to  stick as th e  solid-liquid in teraction varies from weak to  strong in

teraction . Fig. 4.8 presents the  stream ing velocity d istribu tion  (averaged over 

the  whole cross-section) w ith respect to  the  axial d istance z. One sees th a t  the 

stream ing  velocity for each case has an uniform  velocity in the  front reservoir. 

W hen molecules approach and enter the  nanopore, they  accelerate and  stream 

ing velocity increases dram atically  due to  contraction  of pass-through area. In 

the  nanopore, the  stream ing velocity increases slightly because of sm all change 

of density  in the  system  studied. W hen molecules leave the  nanopore and enter
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Figure 4.8: Com parison of stream ing velocity d istribu tions versus axial d istance 
under different solid-liquid interactions. D ashed lines are th e  in terna l surface of 
th e  nanopore.

into the  back reservoir, the  stream ing velocity drops to  a low level due to  the 

pass-through area change.

4.2.4 F lux D istribution and Flow Rate

For an incom pressible flow in a m acroscopic system , the  flux profile is sim ilar 

to  the  velocity profile due to  the fact th a t  density  is constan t. Therefore, the 

tran sp o rt ability  of a channel can be obtained  by in tegrating  th e  velocity d istri

bu tion  in a cross section and then  m ultiplied the  result by th e  fluid density. B ut 

in a confined sm all system , the  density d istribu tion  in the  rad ia l direction is not 

uniform. As a result, the  flux profile would differ from the  velocity profile as the 

in tegration  is perform ed on the  product of the  local density  and  velocity. Fig.

4.9 shows th e  rad ia l d istribuions of flux distribu tions for all th ree  cases. T his fig

ure clearly dem onstrates the  m ass flow ability in different layers. One sees th a t
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Figure 4.9: Com parison of flux distribu tions versus radial d istance under dif
ferent solid-liquid interactions. D ashed lines are th e  in terna l surface of the 
nanopore.

the  flux is a function of th e  radial distance. T he liquid layer closer to  the  center 

of the  pore carries m ore liquid molecules per u n it area th rough  the  nanopore, 

though th e  m axim um  flux does not occur a t the  center line. Moreover, th e  flux 

for moving liquid p art in the  channel has a quasi-parabolic d istribu tion .

T he flow ra tes for cases 1, 2 and 3 are 1081.2, 334.2 and  96.9 1 /n s , respec

tively. O bserving these values, one sees th a t the  flow ra te  of th e  case 1 is abou t 

3.24 tim es of th e  case 2; the flow ra te  of the case 3 is abou t 0.29 tim e of the  case

2. C om paring these flow ra te  ratios to  the  corresponding £i/esi values (e.g., 3.16 

for case 1 and  0.316 for case 3), it seems th a t  the  flow ra te  has an  nearly  inverse 

relationship w ith  the  solid-liquid in teraction  as clearly shown by Fig. 4.10. The 

fact th a t  the  flow ra te  depends on the  solid-liquid in teraction  also implies th a t  

the  classical continuum  theory based on Navier-Stokes equations and  no-slip 

boundary  conditions breaks down in the  curren t system . T his breakdow n is
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Figure 4.10: Effect of solid-liquid in teraction  on num ber flow rate .

because th e  flow ra te  predicted  by the  classical continuum  theory  should not 

change if the  pressure drop across the  channel is constant. T he com parisons 

betw een NEM D sim ulations and classical continuum  theory  for th is system  will 

be addressed in C hap ter 6.

4.3 Summary

T he effect of solid wall-liquid in teraction  on the  liquid tran sp o rt in a  finite 

cylindrical nanopore subjected  to  a constan t pressure drop across the  channel 

was investigated  by an im proved non-equilibrium  m olecular dynam ics m ethod. 

T he NEM D results in th is microscopic system  dem onstrate  a characteristic th a t  

is physically observed in m acroscopic system s as well, i.e., liquid pressure in a 

cylinder is equal to  the  pressure externally  exerted on a  p iston  if th e  effect of 

liquid density  and  the  weight of piston are negligible. T he solid wall-liquid
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in teraction  shows a significant effect on the  liquid tran sp o rt in a  nanopore. In 

particu lar, th e  weak solid-liquid in teraction  causes liquid slipping on the  solid 

wall, while strong  in teraction  prom otes sticking a t the wall. T he flow ra te  

calculated  by NEM D sim ulations, subjected  to  a constan t pressure drop across 

the  channel, depends on the  solid wall-liquid in teraction  and  is p roportional to  

the  ra tio  of £i/eis for the  system  studied.
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C h a p t e r  5

I n v e s t i g a t i o n  o f  E f f e c t  o f  E n t r a n c e  a n d  

E x i t  o n  L i q u i d  T r a n s p o r t  t h r o u g h  a  

C y l i n d r i c a l  N a n o p o r e

5.1 M olecular D ynam ics Simulation and M ethodology

To com pare th e  difference between fluid tran sp o rt th rough  finite and  infinite 

length channels, two different system s were stud ied  in th is  chapter. T he first 

one is a finite length  cylindrical nanopore which was stud ied  in C hap ters 3 

and  4. T he second system  is a cylinder w ith  a periodic boundary  condition 

in its axial direction. Fig. 5.1 is a snapshot of two different system s studied 

in th is chapter. T he (a), (b) and (c) in Fig. 5.1 show th e  geom etries studied 

in the  finite length  system , infinite length system  (im plem ented by periodical 

boundary  condition in its axial direction) and the  cross-section of th e  channel for 

bo th  system s. T he form ation and geom etry of the  cylinder used in the  second 

system  is sam e as th a t  used in the  first system . Instead  of th e  pressure gradient 

used in the  first system , an external gravity-like force in th e  second system  was 

applied to  drive molecules moving in the  channel. To m ake th e  results of two 

system s com parable, the  molecules inside the  channel in two system s and the
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Figure 5.1: (a) Snapshot of a finite length nanopore in a  m em brane, (b) snapshot 
of nanopare w ith  periodical boundary  condition in its axial direction and  (c) 
cross-section of th e  nanopore.

to ta l ex ternal forces exerted on two system s should be set to  be th e  same, i.e.,

N l  = N l  (5.1)

A P  ■ A = aextmNfn (5.2)

where N}n and  Nfn express the  num bers of molecules inside th e  channel in the 

first and second system s, respectively; A P  is th e  pressure drop over th e  channel 

in the  first system ; A  is the  inside cross-section area of th e  channel; aext is the

external gravity  exerted  on each liquid molecule in th e  second system  and m  is

the  m ass of liquid molecule.

T he m ethod  for establishing in itial conditions in the second system  is th a t
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the  liquid molecules were packed in the channel. T he in itial velocities th a t  had 

a  M axwellian d istribu tion  (corresponding to  the  liquid w ith  an average tem per

a tu re  of T  = 133 K)  were assigned on the  molecules. T hen  molecules in the 

channel were released to  move w ithout the  ex ternal force until the  equilibrium  

s ta te  was reached. After th a t, a constant ex ternal force, aextm,  was exerted 

on each liquid molecule un til a steady  s ta te  flow was m et. D uring th is  period, 

two Berendsen th erm o sta ts  were coupled to  liquid molecules and  wall molecules 

separately  to  m ain tain  the  system  tem peratu re  constant.

T he calculations of liquid tran sp o rt in the  second system  is sim ilar to  those 

used in th e  previous chapters. T he only difference between th e  two system s is 

th a t  th e  m otion of liquid molecules inside th e  channel in th e  first system  is only 

governed by the  in term olecular force, while the  m otion of liquid molecules in 

the  second system  is dom inated by bo th  in term olecular force and  ex ternal force.

5.2 Comparison o f Liquid Transports through a F inite and an Infi

nite Length Nanopore

In each system , two cases w ith different solid wall-liquid in teractions, i.e., one 

w ith  a weak or hydrophobic-like (es =  0.1 e{) and the  o ther w ith  a neutral-like 

(e„ = £i) solid wall-liquid in teraction, were carried out. For liquid tran sp o rt 

th rough  th e  finite length nanopore, fluid properties (e,g., pressure, density, ve

locity, etc.) vary not only in the  radial direction, b u t also in th e  stream -w ise 

direction due to  th e  effect of the  entrance and exit. W hile for fluid tran sp o rt 

th rough  an infinite length channel, fluid properties only change w ith  respect to  

the  rad ia l d istance. To make the  calculation results of the  two system s com pa

rable, the  liquid properties (e.g., pressure, density and  velocity) averaged over 

the  channel were taken as the  characteristic values in the  following section.
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For liquid m otion in an infinite length nanopore (i.e., a nanopore w ith  pe

riodic boundary  condition in the  stream -wise direction), an  im plem entable ap

proach a t present is the  external-held driven m ethod. In th is approach, a con

stan t, gravitational-like force is exerted on all of liquid molecules to  induce the 

liquid m otion in the  channel. As m entioned in the  previous section, th e  num 

ber of molecules in the  channel and the to ta l ex ternal force exerted  on those 

molecules in the  two system s should be set to  be sam e in order to  m ake th e  re

sults in two system s com parable. U nder these conditions, th e  param eters (e.g., 

density, pressure and stream ing velocity) calculated from th e  second system  are 

equivalent to  the  values averaged over the  channel in the  first system  approxi

m ately. T he sim ulation results obtained from the  first system  showed th a t  the 

num bers of molecules in the  nanopore were 376 when £s = O.le; and  423 when 

es =  £[. According to  equation 5.2, the  ex ternal force exerted  on each liquid 

molecule in the  second system  should be 6.24 x 1012m  (where m  is th e  mass 

of liquid molecule) when es = (hie* and 5.42 x 1012m  when es =  In this 

chapter, th ree  m ajor param eters (i.e., pressure, density  and  stream ing velocity) 

ob tained  from two different system s were com pared to  isolate th e  im pact of the  

entrance and exit on liquid tran sp o rt th rough  a nanochannel.

Fig. 5.2 shows the  com parison of pressure d istribu tions versus the  radial 

d istance ob tained  under two different solid wall-liquid in teractions in the  two 

different system s. In the  figure, two solid lines represent th e  pressure-driven 

NEM D results ob tained  in the  finite length system ; two dash lines w ith  sym 

bols show the  results calculated in the  infinite length channel and  the  error bars 

are the  s tan d ard  deviation. Com paring these d istribu tions ob tained  in the  two 

different system s, one sees th a t all results exhibit sim ilar characteristics, i.e., the  

pressure d istribu tes in the  rad ia l direction in an oscillatory p a tte rn . For each
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Figure 5.2: C om parison of pressure d istribu tions (averaged over th e  channel) 
versus the  rad ia l d istance under two different solid wall-liquid in teractions in 
two different system s. Two solid lines are the  results ob tained  in the  finite 
length channel; th e  dash lines w ith symbols are results calculated in th e  infinite 
length channel and error bars are the stan d ard  deviation.

system , the  am plitude of the  fluctuation depends on the  in teraction  between 

solid and liquid. T he stronger the  solid wall-liquid in teraction , the  larger am 

plitude of th e  pressure wave. To determ ine the  consistence betw een two system s 

under th e  sam e solid-liquid in teraction, the  s tan d ard  deviations were calculated. 

In the  cases of hydrophobic-like interaction, th e  stan d ard  deviations for bo th  

system s are sm all and are in the  size sim ilar to  th a t  of th e  symbols. In the 

cases of neutral-like in teraction, the largest s tan d ard  deviations for two system s 

occurred a t th e  first peak next to  the  solid wall, which were 7.33 M P a  for the 

finite length system  and  5.56 M P a  for the  infinite length system . One sees th a t 

the  pressure difference between two system s were w ith in  th e  uncertain ties.

To ob ta in  the  density  and stream ing velocity d istribu tions along th e  radial
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Figure 5.3: Com parison of num ber density d istribu tions (averaged over the 
channel) w ith  rad ia l d istance under different solid wall-liquid in teractions in 
two different system s. Two solid lines are th e  results ob tained  in th e  finite 
length channel; th e  dash lines w ith symbols are results calculated  in th e  infinite 
length channel. T he vertical dash lines are the  in ternal surface of th e  nanopore.

direction in the  nanopore, the region (r <  1.5 n m ) was divided in to  30 sections 

in th e  rad ia l direction. To quickly ob tain  sta tis tic  values in a sm all system  w ith 

lim ited molecules passing through the  nanopore during a  sho rt period of tim e, 

equations 2.13 and 2.14 were applied. Fig. 5.3 exhibits the density  d istribu tions 

in the  rad ia l direction under two different solid wall-liquid in teractions in two 

different system s. T he m eanings of the  lines and  symbols in th is  figure are 

sam e as those used in Fig. 5.2. I t is noted th a t  th e  density  d istribu tions in 

th e  rad ia l direction in b o th  system s are oscillatory in th e  nanopore, and the 

am plitude of th e  oscillation is dependent on th e  stren g th  of solid wall-liquid 

in teraction. Moreover, the  six-peak stru c tu re  of the  density  profile implies th a t  

there were th ree  circular liquid layers formed in th is sm all channel w ith  a  size
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Figure 5.4: Com parison of stream ing velocity d istribu tions (averaged over the 
channel) versus rad ia l distance under different solid wall-liquid in teractions in 
two different system s. Two solid lines are the  results ob ta ined  in th e  finite 
length channel; th e  dash lines w ith symbols are results calculated  in the  infinite 
length  channel. T he vertical dash lines are th e  in ternal surface of th e  nanopore.

of 6.5 molecules. C om paring the  results ob tained  in two different system s, one 

sees th a t the  density  d istribu tions in the  channel for bo th  system s agree well, 

except for th e  value a t the first valley close to  th e  solid wall when es =  £;.

Fig. 5.4 shows th e  com parison of the  rad ia l d istribu tions of stream ing  ve

locity under two different solid wall-liquid in teractions in two different system s. 

Sim ilar to  th e  expressions used the Fig. 5.2 and  5.3, two solid lines are the 

results ob tained  in the  finite length system; two dash lines w ith  symbols ex

press th e  results calculated  in the infinite system . All curves in th e  figure show 

th a t  th e  velocity d istribu tions in the  nanopore are characterized by having a 

m axim um  velocity a t the  center of the  nanopore. For solid wall-liquid w ith  the 

hydrophobic-like in teraction , the  profile of the  stream ing velocity in two sys-
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tem s are sim ilar, while the  values are significantly different, i.e., the  stream ing 

velocity ob tained  in the  infinite length channel is essentially larger th an  th a t 

ob tained  in the  finite length  channel. It m eans th a t  the  effect of th e  entrance 

and  exit plays a  m ajor role in liquid tran sp o rt th rough  a nanopore if the  solid 

wall-liquid has a hydrophobic-like in teraction. However, for solid wall-liquid 

having a  neutral-like in teraction, the  stream ing velocities in two system s show 

the  near sam e results, except for a slight difference in a cen tral region of r <  0.5 

nm.

T he num ber flow ra tes per un it nanosecond in the  finite channel are 1111 

when e s  =  0.l£f and 345 when e s = £ i ,  respectively. T he num ber flow ra tes in 

the  infinite channel are 1829 when es = O.le; and 367 when £s = £;. C om paring 

the  num ber flow ra tes in two different system s, one sees th a t  th e  effect of the 

en trance and exit results in the  liquid tran sp o rt ability  of th e  channel decrease 

abou t 39% when es =  0.l£f and 6% when £■, =  £;. T his resu lt clearly shows th a t  

the  en trance and exit plays the  role in liquid tran sp o rt th rough  a nanochannel, 

and the  im pact of the  entrance and exit on the  tran sp o rt ability  of a nanochannel 

depends on the  solid wall-liquid interaction.

5.3 Summary

T he effect of th e  en trance and exit on liquid tran sp o rt th rough  a  cylindrical 

nanopore was stud ied  by com paring the NEM D results ob ta ined  from  a finite 

length channel and  an infinite length channel. T he NEM D results indicate th a t 

the  en trance and  exit effect of a nanopore results in the  liquid tran sp o rt ability 

th rough th e  nanopore decrease. The streng th  of the  im pact of th e  en trance and 

exit on liquid m otion th rough the  nanopore depends on th e  solid wall-liquid 

in teraction.
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C h a p t e r  6

C o m p a r a t i v e  S t u d y  b e t w e e n  C o n t i n u u m  a n d  

A t o m i s t i c  A p p r o a c h e s  o f  L i q u i d  F l o w

THROUGH A F IN IT E  LENGTH CYLINDRICAL

N a n o p o r e

[note: th is chap ter is closely related  the  published work in th e  Jou rna l of Chem 

ical Physics 126, 224702 (2007)]

6.1 D escription of Prototypical G eom etry and Boundary Conditions

T he physical system  of in terest in th is chapter is a finite thickness m em brane 

th a t  contained a regular array of nanopores, which is sam e as th a t  described 

in C hap ter 3 and  4. To make th is problem  prototypical, and  com putationally  

trac tab le , the  nanopores in the  m em brane were m odeled as aligned circular 

cylinders, the  liquid was iso-therm al, and the  flow th rough  ju s t one of channels 

was sim ulated. Fig. 6.1 shows a schem atic of the  com putational system  in which 

(a) and (b) show the  geom etries and boundary  conditions used in th e  classical 

N-S calculations and the  NEM D sim ulations, respectively.

T he dom ain sizes for the  pore in the  N-S calculations included a 6 nm  thick
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Figure 6.1: Schem atic depiction of a single nanopore in a m em brane, (a) for 
classical N-S calculations and (b) for NEM D sim ulations.
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m em brane w ith  a  2.2 nm  d iam eter nanopore. T he size for th e  front and back 

reservoirs were 7 nm  in the  cross-stream  direction (x and y), and  13.2 nm  in the 

stream -w ise (z) direction. T he boundary  conditions em ployed for N-S equations 

were no-slip boundary  conditions on solid walls, and sym m etry-slip  boundary 

conditions on side surfaces of the  reservoirs (expressed by dash lines), which 

m imic a system  consisting of a regular array channels. These slip boundary  

conditions also im ply th a t two reservoirs were sem i-infinite, which allows the 

use of far field boundary  conditions a t locations far away from  the  inlet and 

o u tlet of the  nanopore. M ansouri e t al. [133] stud ied  the  effect of far field 

boundary  conditions on fluid tran sp o rt in a m icro-channel and  th ey  indicated  

th a t  th is  influence could be neglected if the  ra tio  of length (from th e  fron t/back  

p late  to  in le t/o u tle t of the  nanopore) to  the  d iam eter of th e  nanopore was five 

or greater. In th e  curren t sim ulation th is ra tio  has been set to  six.

T he fluid properties, in p articu lar density and viscosity, of th e  iso-therm al 

liquid used in th e  N-S calculations were based on liquid argon a t 133 K. The 

choice of th is relatively simple fluid was used in order to  simplify th e  NEM D sim

ulations. Furtherm ore, in order to  allow q uan tita tive  com parison between the 

N-S and NEM D calculations these properties were algebraic m odels developed 

from the  d a ta  based on a series equilibrium  m olecular dynam ics sim ulations at 

133 K th a t span the  relevant pressure range.

T he physical dom ain representing the  solid walls of th e  pore for NEM D 

sim ulations was constructed  to  allow for quan tita tively  com paring between con

tinuum  m odels and  NEM D sim ulations. These walls were assem bled from two 

layers of molecules (to ta lly  2,132 molecules) as shown in F igure lb , where the 

m inim um  spacing between spherical molecules across the  channel was 2.2 nm , 

and the  m axim um  stream -w ise d istance was 6 nm.  This geom etry was sam e as
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th a t  used in C hap ter 3. For more details, please refer to  C h ap ter 3 or reference 

[62].

6.2 Num erical M ethods and M odels

For the  continuum  approach, the  hydrodynam ic problem  was m odeled in the 

fram ework of the  classical Navier-Stokes (N-S) equations. For com pressible flow, 

the  governing equations are

where p is th e  liquid density; p  is the  dynam ic viscosity; V  is th e  velocity 

vector; P is pressure and  t is time.

I t is com m on when calculating isotherm al liquid flows th a t  th e  fluid is con

sidered incom pressible, and the  fluid properties are then  trea ted  as constant. 

As a result, the  properties are typically ex tracted  from the  sp a tia l derivatives in 

the  above equations, b u t due to  extrem e pressure changes th a t  will be im posed 

on the  flow here, th e  m ore general N-S form ulation was used. Sub-m odels to  

cap tu re  th e  variations in density  and viscosity as th e  liquid was tran sp o rted  

th rough  the  nano-pore were required. These sub-m odels will be developed in 

the  following R esults section of th is chapter.

Having developed a hydrodynam ics m odel th a t  allows for sp a tia l variations 

in fluid properties, the  opportun ity  presented itself to  explore th e  relative im

portance of including these effects. T he result presented here will therefore 

initially involve d a ta  from four num erical N-S approaches, which include cases

|  +  V ( W ) =  0 (6 .1)

D V  ->  1 ->
= ~  V  P  +  V  •  {P V  V ) +  -  y  (M V  *V ) (6 .2 )
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where density  and  viscosity as constants, viscosity as constan t and  density  as 

a variable, density  as constan t and viscosity as a variable, and  density  and  vis

cosity as variables. In terest in considering form ulations w ith  reduced physics 

was associated w ith  the  profound savings in their com putational tim e, as well 

as helping to  identify the  source and m agnitude of errors in troduced  by the 

reduced physics.

T he MD m ethod  used to  sim ulate fluid tran sp o rt th rough  a  finite length 

nanopore was based on a technique proposed in th is thesis. To save com pu

ta tio n a l tim e, the  NEM D results obtained in C hapters 3 and  4 were used to  

com pare w ith  those calculated by classical Navier-Stokes equations.

6.3 R esults and Comparisons betw een M odels

Given th a t  th e  objective of th is study  was to  quan tita tively  com pare results 

betw een a conventionally applied continuum  m odel to  those based on a NEM D 

sim ulation for a pro to typical problem , the  characteristics of th e  fluid a t the 

m olecular and  m acro scales m ust be consistent. A t the  m acro-scale these fluid 

characteristics were cap tu red  by the  bulk fluid properties of density  and  vis

cosity, while a t the  m olecular scale these characteristics were m odeled by the  

Lennard-Jones param eters. To provide the required q u an tita tiv e  consistency, 

sub-m odels for fluid properties over the appropria te  range of s ta tes  were devel

oped using equilibrium  m olecular dynam ics (EM D) sim ulations in th e  following 

subsection. Once those sub-m odels were created, the  two sim ulation approaches 

could be perform ed, and their results were com pared in term s of flow ra te , and 

pressure, density  and velocity d istributions.
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6.3.1 Sub-M odels for D ensity and V iscosity at a F ixed Temperature

E xperim ental studies have shown th a t  the  bulk dynam ic viscosity of liquid argon 

is a function of tem p era tu re  and pressure [134-137]. Lowry [134] also indicated  

th a t a t constan t density  the  dynam ic viscosity is insensitive to  changes in tem 

p eratu re , which im plies th a t  density  is a m ain factor influencing dynam ic viscos

ity. Since th e  curren t problem  involves large variations in pressure, a  m odel was 

first developed to  re la te pressure to  num ber density, which was th en  extended 

to  independently  re la te num ber density to  viscosity. These m odels were built 

on d a ta  collected from EM D sim ulations w ith  specified num ber densities in a 

canonical (NV T) ensemble (2,597 argon molecules placed in a cube subjected  

to  periodical boundary  conditions in all directions). In all EM D sim ulations, 

the  cutoff distance was rc = 2.5 a and the  tim e step  used was 0.5 fs .  F igure

6.2 shows th e  variation of pressure w ith respect to  num ber density  from these 

calculations. A linear relationship between th e  n a tu ra l logarithm  of pressure, 

ln (P ), and num ber density  was m odeled w ith  em pirical coefficients, such th a t

P  =  22.3exp[0.38874(pn -  16.5)] (6.3)

where P  is th e  pressure in M P a ; pn is num ber density  w ith  un its 1/nm 3. Note 

the  above equation  can only be valid at tem p era tu re  T  = 133 K.  T he root 

m ean square (rm s) and m axim um  differences between the  EM D d a ta  and  the 

above m odel are 0.32% and 0.5%, respectively.

According to  th e  linear response theory  of a fluid in equilibrium , th e  bulk 

dynam ic viscosity of liquid argon can be expressed as a tim e in tegral of a mi-
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Figure 6.2: Pressure of liquid argon a t T  = 133 K  as a function  of num ber 
density. T he un its of pressure is MPa.

croscopic tim e-correlation function, which was calculated by

y  r ( t - t 0) —>co

f t  =  o l  T  I  ( P x y ( f y @ x y ( t o) d  ^ ( ^ i z ( ^ o )  T  & y z ( t ) & y z ( t o ) } d t  (®-̂ )
3M  Jto

To illu stra te  th is m ethod of estim ating viscosity, th e  case of a num ber density 

of 17.75 (1 /nm?)  and  tem p era tu re  133 K  was used. F igure 6.3 depicts the 

variations of dynam ic viscosity and the  stress au to-correlation function (SACF) 

w ith  respect to  th e  integral tim e. T he ten  curves draw n w ith  th in  lines in this 

figure correspond to  ten  different periods. For each curve, 5000 different initial 

tim es (to) were chosen. From the  inset in Figure 6.3, the  SACF d istribu tion  for 

all curves decreases m onotonically w ith  integral tim e for sm all t — to, b u t decay 

in an  oscillatory p a tte rn  when t — to is larger th an  some value, 0.4 ps for this 

case. T he bold line in Figure 6.3 represents the  m ean value of th e  ten  curves. 

T he am plitude of oscillation for th is m ean curve was very sm all a t large t — to,
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Figure 6.3: D ynam ic viscosity of liquid argon a t T  =  133 K  and  num ber density 
pn =  17.75 1 /n m 3. T hin  lines were obtained by 5000 different in itia l to a t 
different periods; line w ith  sym bol ▲ is the m ean of them . T he inset is the 
stress au to-correlation  function corresponding to  the  dynam ic viscosity shown 
in the  figure.

and should ten d  to  zero if the  num ber of in itial tim es used is large enough. The 

dynam ic viscosity, expressed by the  area under the  curve of th e  SACF tim es the 

square of m ean in itial stress, is shown in F igure 6.3. For each of th e  th in  lines, 

the  dynam ic viscosity varies as integral tim e increases, b u t the  average value of 

them  changes insignificantly as integral tim e increases. T he dynam ic viscosity 

was evaluated to  be 1.23 m illipoise (averaged value from t — to =  5 to  10 ps) for 

th is case.

T he dynam ic viscosities were calculated a t num ber density  of 16.5, 17.1, 

17.75, 18.4 and 19.2 (1 /n m 3) and a t a constan t tem p era tu re  of 133 K,  which 

span th e  pressure range of 22 to  64 MPa.  T he relationship  betw een m ean bulk 

dynam ic viscosity and num ber density is shown in F igure 6.4. T he error bar 

in th is figure represents the  s tan d ard  deviation of the  individual viscosity d a ta
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Figure 6.4: D ynam ic viscosity of liquid argon as a function of num ber density 
a t T  = 133 K.  T he error bars represent the  stan d ard  deviation.

(10 d a ta  points) th a t  m ade up the  mean. Lowry et al. [134] provided two sets 

of experim ental results (101.8 K  and 128.2 K ) of liquid argon under different 

pressures to  validate the  viscosity m odel developed from th e  EM D sim ulations. 

Figure 6.5 shows the  com parison of EM D predictions w ith  experim ental m ea

surem ents [134]. In  the  figure, the  two solid lines are the  experim ental m easured 

viscosity a t two different tem peratu res. If it is assum ed th a t th e  dynam ic viscos

ity  has a linear relationship w ith  tem peratu re , the  dynam ic viscosity a t T  =  133 

K  can be ob tained  approxim ately  by ex trapo lation  from th e  experim ental data . 

This ex trapo lated  result is shown by dash line in the  sam e figure w ith  respect 

to  the  EM D predictions (i.e., the m ean values shown in Fig. 6.4), which are 

depicted by the  symbols. T he dynam ic viscosity is p roportional to  th e  pressure,
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Figure 6.5: Com parison of dynam ic viscosity of liquid argon predicted  by EMD 
sim ulations w ith  experim ental results conducted by Lowry et al. Two solid lines 
are the  experim ental m easurem ents; the  dash line is a linear ex trapo lation  of 
d a ta  based on th e  experim ental m easurem ents and  assum ption of linear rela
tionship  betw een dynam ic viscosity and tem peratu re ; sym bol ♦  is the  EMD 
prediction.

and th is  re lationship  for T  = 133 K  can be m odeled approxim ately  as

H = 0.66 +  0.0151P (6.5)

T he dynam ic viscosity /r is in millipoise and pressure is in MPa.  T he rms 

difference and m axim um  difference between the  EM D d a ta  and  th is viscosity 

m odel were 1% and  1.8%, respectively. These models for num ber density  and 

viscosity provide a consistent set of fluid characteristics in order to  conduct N-S 

and NEM D sim ulations for quan tita tive  com parisons.
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Figure 6.6: Com parison of num ber flow ra tes ob tained  by N-S m odels and 
NEM D sim ulations. T he solid lines w ith open symbols are th e  results predicted  
by different N-S m odels under different pressure drops across th e  nanopore. 
T he dash line in the  horizontal direction are the  NEM D resu lts ob tained  under 
different pressure drops b u t w ith  the  neutral-like solid-liquid in teraction; the 
vertical dash line are th e  NEM D results under a constan t pressure drop while 
the  solid wall molecules have different in teractions w ith liquid.

6.3.2 Comparisons betw een M odels

6.3.2.1 Com parison of Flow R ate

Being able to  accurate ly  calculate the  flow ra te , or partic le  flux, th rough  a 

m em brane is a  param eter of basic im portance for th is flow situation . F igure 6.6 

shows the  num ber flow ra te  through one channel ob tained  by th e  two different 

m odeling approaches. In th is figure, there are two sets of results, one set was 

ob tained  from classical continuum  theory  based on th e  N-S equations (shown by 

solid lines w ith  open sym bols) and the o ther was obtained by NEM D sim ulations 

(shown by dash lines w ith  closed symbols).

For the  N-S results, four different models were ru n  to  investigate th e  effects
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of density  and  viscosity variation  on liquid tran sp o rt th rough  th e  nano-pore. 

T hree of these m odels involved simplified p roperty  models, while one involved 

the  com plete p roperty  models described by E quations 6.3 and  6.5. In Figure 

6.6 th e  labels for th e  various m odels are:

NS1: constan t density  and viscosity [p = p0, p — po],

NS2: variable density  b u t constan t viscosity \p =  p{T ,P ), p — po],

NS3: constan t density b u t variable viscosity [p =  po, p = p(T,  P )] and 

NS4: variable density  and viscosity [p = p(T, P), p = p(T, P)}, 

where the  subscrip t ” 0” represents conditions in the upstream  reservoir. 

For each of these N-S models, four num erical sim ulations were carried ou t for 

a fixed upstream  reservoir pressure (80 MPa),  b u t different pressure drops 

across th e  nano-pore (A P = 20, 40, 60, 70 MPa).  Am ong these m odels, NS1 

is the  sim plest, and the  one th a t  is usually used in m odeling incom pressible 

macroscopic flow system s. T he advantage of th is m odel is th a t  it consum es less 

com putational resources and  tim e. T he NS4 is the  m ost com plicated model, and 

its results were expected to  give greater accuracy by including m ore physics, bu t 

it consum es m ore com putational resources and  tim e. In a  typ ical calculation, 

for exam ple a pressure drop of 40 MPa,  the  ra tios of com putational tim e for 

NS4/NS1 was ab o u t 2.5.

O ther th an  the  obvious trends th a t larger pressure drops create larger flow 

rates, the  flow ra te  results of the  four N-S models converge a t sm aller pressure 

drops when variations in properties are small. W hen the  density  and  viscosity 

were m odeled as constants, the  flow ra te  was linearly dependent on pressure dif

ferent (N S l). T he highest flow ra te  occurred when th e  density  was fixed a t the 

upstream  reservoir conditions and the  viscosity dim inished w ith  dropping pres

sure (NS3). T he lowest flow ra te  was associated w ith  the m odel th a t  m aintained
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the  viscosity a t its highest value in the  upstream  reservoir and  th e  density  di

m inished w ith  falling pressure (NS2). If we assum e th a t  th e  flow ra te  calculated 

by th e  m odel NS4 represents the  best estim ate for the  fluid tran sp o rt through 

the  nano-pore, the  m odel NS3 overestim ates the  flow ra te  by 1.9%, 4.4%, 9.1% 

and 12.1% for the  pressure drops A P = 20, 40, 60 and 70 MPa,  respectively; 

while th e  m odels NS1 and  NS2 underestim ate the  flow ra te  (6.6%, 13.6%, 20.% 

and 24.0%) and  (8.3%, 17%, 26.1% and 31.1%) for the  sam e set of pressure 

drops. I t is clear th a t  as the  pressure drop across th e  nano-pore becomes large, 

using simplified m odels (N Sl through NS3) yields significant error in predicting 

the  flow ra te , especially if the  effect of viscosity variation along th e  channel is 

ignored.

Two groups of NEM D results are also p lo tted  in F igure 6.6. T he d a ta  

points connected by the  vertical dashed line show th e  NEM D results for a fixed 

pressure drop (40 MPa),  b u t w ith different solid wall-liquid in teractions (es ^  

£(). T he d a ta  connected by the  o ther dashed line shows th e  variation of num ber 

flow ra te  predicted  by NEM D sim ulations under a neutral-like solid wall-liquid 

in teraction  (es — £i), b u t varying pressure drop across th e  nano-pore. R esults 

ob tained  by NEM D sim ulations under neutral-like solid wall-liquid in teraction  

and those ob tained  by N-S calculations, show sim ilar trends and  sim ilar absolute 

m agnitudes of flow ra te  as th e  pressure drop across th e  nano-pore was increased. 

T he flow ra te  ob tained  by m odel NS4 and th e  NEM D sim ulations w ith  neu tra l

like in teractions were relatively close to  each other over th is range of pressure 

drops. For th e  range of pressure drops between 40 to  70 M Pa, th e  rm s and 

m axim um  difference in NS4 m odeled flow ra te  com pared to  th e  NEM D flow 

ra te  were 7% and  10.9%, respectively. T he other N-S m odels did no t fare as 

well w ith  their rm s and m axim um  differences com pared to  the  NEM D. T he rms
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and m axim um  differences were 19.3%, 24.7%, 12.1%, and 27.6%, 34.4%, 15.8%, 

respectively for N S l, NS2 and NS3. A reasonable conclusion a t th is  stages is th a t  

the  N-S m odel agrees well w ith the NEM D sim ulation on th e  liquid tran sp o rt 

ability  th rough  a  nano-pore as long as the effects of density  and  viscosity are 

taken  into account, and  the  solid wall-liquid in teraction  is neutral-like (es =  £/). 

In terest in having a continuum  solution for these kinds of problem s is seen in 

the  savings of com putational tim e. T he ra tio  of com putational tim es between 

the  NEM D to  NS4 sim ulations was a few hundreds.

In classical continuum  theory, the  effect of solid wall are no t norm ally taken  

into account. To exam ine the effects of solid wall-liquid in teraction  on liquid 

tran sp o rt th rough  the  nano-pore, two other NEM D sim ulations were perform ed 

a t the  constan t pressure drop of 40 MPa,  b u t w ith  different solid wall-liquid 

interactions. One sim ulation had a weak or hydrophobic-like solid wall-liquid 

in teraction  (es =  0 .1 ^ ), while the  o ther had a strong  or hydrophilic-like in terac

tion  (es = 10£;) to  com pare w ith  the  previously discussed neural-like case. Once 

the  surface in teractions were included in the  NEM D, th e  classical N-S m odel 

failed to  pred ic t th e  bulk fluid tran sp o rt th rough  a nano-pore. F igure 6.6 shows 

th a t when there are significant difference in the p erm ittiv ity  between liquid and 

solid, the  predicted  flow ra te  between NEM D and classical N-S m odes can differ 

by a few hundred  percent.

To investigate the  reasons for the  above results, the  liquid tran sp o rt through 

the  nano-pore is considered in greater detail in th e  following two subsections.

6.3.2.2 Com parison of P ressure and D ensity D istributions

In th is subsection, the  pressure and density d istribu tions of th e  N-S m odel (now 

only considering m odel NS4) and of the NEM D sim ulations were com pared from
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Figure 6.7: Com parison of pressure d istribu tions versus axial d istance Z  ob
ta ined  by m odel NS4 and NEM D sim ulations for es =  ei- T he solid lines are 
th e  results ob tained  by NEM D sim ulations; the  symbols represent th e  results 
of m odel NS4. T he inset is the  com parison of pressure d istribu tions in ra
dial direction betw een continuum  m odel NS4 (symbols) w ith  N EM D sim ulation 
(solid line) for the  case w ith  Pf = 80, A P = 70 M P a  a t  th e  m iddle section 
of the  nanopore. T he vertical dash lines are the  front and back surfaces of the 
m em brane.

two different perspectives. The first perspective involved a  fixed solid wall-liquid 

in teraction  (es — £i), bu t different pressure drops across th e  nano-pore, while 

the  second involved a constan t pressure drop, b u t different solid wall-liquid 

in teractions (es ^  si). T he conditions under which these com parisons were 

m ade were the  sam e as those described in the  previous section regarding flow 

ra te  (i.e., th e  sam e conditions as the  five NEM D d a ta  poin ts shown in Figure 

6 .6 ).

Figures 6.7 and 6.8 show the  com parisons of pressure d istribu tions in the 

stream -w ise direction along the  channel between the  N-S and  NEM D results 

for these two perspectives, respectively. In Figures 6.7 and  6.8, as w ith  all
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subsequent figures in th is chapter, the  solid lines w ithout sym bols are for the 

d a ta  poin ts represent the  NEM D sim ulations and th e  unconnected d a ta  points 

represent the N-S predictions. The NEM D results shown in these two figures 

were the  averaged values across the  entire cross-section, ca lculated  in a 2 nm  

long com putational box in the  z-direction by th e  Irving-K irkw ood equation.

T he pressure d istribu tions in F igure 6.7, where es = eh all have sim ilar p a t

terns. T he pressure changes m onotonically between th e  reservoirs, w ith  th e  N-S 

predictions being consistently higher in the  nano-pore, and the  NEM D sim ula

tion achieving the  dow nstream  reservoir pressure prior to  the  end of th e  channel, 

while the  N-S calculation does no t reach th is pressure until after th e  end of the 

channel. T he inset of F igure 6.7 shows a com parison of rad ia l pressure between 

N-S m odel and NEM D for the  case of A P  =  70 MPa.  T he rad ia l pressure 

d istribu tions ob tained  by these two approaches were com pletely different from 

each other. T he N-S m odel predicted a nearly constan t pressure across the 

channel, while the  NEM D sim ulation results showed the  well-known wave-like 

d istribu tion  of pressure near a wall, which for a channel of th is  size extends 

across th e  entire diam eter.

W hen the  liquid wall-solid in teractions were altered  from £s =  £i to  £s £i, 

the  stream -w ise pressure d istribu tion  averaged over the  channel d iam eter for 

th e  NEM D sim ulation was also affected. Im posing strong or hydrophilic-like 

in teraction  (es = 10e;) cause the  radial wave-like pressure d istribu tion  to  be 

exaggerated from th e  neutral-like case, as depicted in th e  inset of F igure 6.8. 

Similarly, shown in th e  sam e inset, when weak or hydrophobic-like in teractions 

were im posed (es =  O.le;) the NEM D radial wave-like pressure field was less 

pronounced. Consequently, F igure 6.8 shows th a t  th e  stream -w ise pressure dis

trib u tio n  of the  N-S calculation more closely m atched th e  weaker interactive
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Figure 6 .8 : Com parison of pressure d istribu tions versus axial d istance Z  ob
ta ined  by m odel NS4 and NEM D sim ulations for £s ^  £i. T he solid lines are the 
results ob tained  by NEM D sim ulations; the  symbols are th e  prediction obtained 
by m odel NS4. T he inset is the  com parisons of pressure d istribu tions in radial 
direction betw een continuum  m odel NS4 (symbol or dash line w ith  sym bol) w ith  
NEM D sim ulations (solid lines). T he vertical dash lines are th e  front and  back 
surfaces of the  m em brane.

force case, and deviate dram atically  from the  strongly a ttra c tiv e  force when

ss = lOe;. T his observed phenom enon m eans th a t  the  N-S m odel should only

be used to  pred ic t the  stream -wise pressure d istribu tion  in a nano-pore w ith 

conditions p u t on the  applicable range of £s/£i <  1 -

T he insets in Figures 6.7 and 6 .8  also show th a t  if th e  solid wall has a

weak in teraction  w ith  liquid (es = O.lej), the  pressure had  its strongest peak 

above the  m ean and close to  the  solid wall, while if the solid wall has a  strong 

in teraction  w ith  liquid (es =  10e/), the  opposite was observed. T he negative 

peak for the  =  1 0 e; case was large enough to  drive th e  pressure averaged 

across the  channel to  be negative a t some locations. T his negative pressure is 

indicative of a  net tensile force on the  channel wall, which was sustained  by the
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strong solid wall-liquid interactive force and flow in the channel center.

Figures 6.9 and 6.10 are the  equivalent sets of d a ta  to  Figures 6.7 and  6 .8 , 

except th ey  track  the  num ber density d istribu tions in the  flow. T he boundary 

conditions for th e  N-S and NEM D sim ulations were im posed by pressure, and 

hence pressures in the  reservoirs were predeterm ined  to  be essentially identi

cal betw een these two approaches (c.f. F igures 6.7 and 6 .8 ). Density, on the 

o ther hand, is a  dependent variable in the  two approaches, and need no t nec

essarily have the  sam e values. The relationship between pressure and density 

was derived from EM D w ith  no m ean flow velocity, while in th e  curren t flow

ing sim ulations there  can be considerable local velocities (discussed in detail in 

the  next subsection). F igure 6.9 shows th a t the  density d istribu tions obtained 

by the  N-S and  NEM D sim ulations were in good agreem ent in th e  upstream  

reservoir. T hough, in th e  dow nstream  reservoir, the  densities observed by the 

two m ethods exhibited  m arked differences, and these differences increased as 

th e  back pressure was decreased. Possible reasons for th is observation could 

be re la ted  to  difference in the  velocities field a t the  boundaries, and  the  po ten 

tia l for phase tran sitio n  a t the  ou tlet of the  nano-pore for th e  case w ith  lower 

back pressure. T he rigid n a tu re  of the  self-adjusting p lates used to  control the 

pressure in the  reservoirs of the  NEM D sim ulations, explicitly set a uniform  

velocity profile a t their locations. In the  N-S calculation only th e  pressure was 

set a t the  boundary, any non-uniform ities in velocities a t th e  plane where the 

pressure was set appear as variations in density. T he asym m etry  between the 

densities differences in the  upstream  and dow nstream  reservoirs is proposed to  

result from th e  asym m etry  of flow entering and exiting a  channel. Flow en

tering a channel draw  essentially uniform ly from reservoir w ith in  a couple of 

channel diam eters, while flow exiting a channel persist in the  form of je t for
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m any diam eters. (Em phasizing the  differences between sucking and  blowing a 

fluid.) An a lte rn a te  reason for the  asym m etry in density difference is th a t  the  

NEM D sim ulations can also take into account of po ten tia l phase change, while 

N-S equations can not.

As w ith  the  pressure d istribu tions, the  solid wall-liquid in teractions can have 

a profound effect on the  density  d istribu tions averaged across th e  channel. Fig

ure 6.10 shows th a t the  density  d istribu tion  along th e  channel ob ta ined  by N-S 

equations was only consistent w ith  th a t obtained by NEM D sim ulation for solid- 

liquid having a near neutral-like interaction. If the  solid and liquid d ep art from 

a neutral-like in teraction , the  classical N-S m odel was unable to  pred ic t the 

averaged density  d istribu tions along the nano channel. M oreover, the  NEM D 

sim ulation cap tu red  an  effect th a t  appears to  be associated w ith  the  entrance 

and exit of th e  nano-pore on the  density  d istribu tion  along axial direction for 

strong solid-liquid in teraction  (though som ew hat visible in th e  neutral-like in

teraction). These are the  two peaks in density  th a t extend outside th e  channel, 

while N-S equations provided no evidence of th is feature and  show only m ono

tonic change along the  channel’s length.

T he insets in Figures 6.9 and 6.10 provide a com parison of density  d istri

butions in th e  rad ia l direction a t m iddle location of the  nano-pore. T he inset 

in Figure 6.9 only shows the  com parison for the  case w ith  A P  = 70 MPa.  

Like the  rad ia l pressure d istribu tion  the  NEM D showed wave-like d istribu tion  

in density  norm al wall direction, while the  density  field produced by the  N-S 

equations is essentially constant.
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Figure 6.9: Com parison of density d istribu tions versus axial d istance Z  obtained 
by m odel NS4 and  NEM D sim ulations for es =  T he solid lines are th e  results 
ob tained  by NEM D sim ulations; the  symbols are the  results of m odel NS4. T he 
inset is the  com parison of density d istribu tions in rad ia l direction betw een model 
NS4 (symbols) w ith NEM D sim ulations (solid line) a t the  m iddle section of the 
nanopore for th e  case w ith  Pj = 80, A P  =  70 M P a  . T he vertical dash lines 
are the  front and  back surfaces of the  m em brane.

6 .3.2.3 C om parison of Stream ing Velocity D istributions

Figures 6.11 and  6.12 are the  equivalent to  the  previous pairs of d a ta  (Figures 

6.7 and  6 .8 , and  Figures 6.9 and 6.10) in term s of conditions and  presentation, 

except th a t  they  show the  stream ing velocity (i.e., velocity in th e  z direction). 

These stream ing  velocities represent this com ponent of velocity averaged across 

th e  plane of either the  entire channel, or reservoir. As a result, the  velocity in 

th e  reservoirs was sm all partia lly  due to  the  fact th a t  th e  bulk of th e  fluid in 

the  reservoirs has little  or no z-wise velocity.

T he com parisons of the  averaged stream ing velocity d istribu tions in the 

stream -w ise direction  betw een the  N-S and NEM D sim ulations are rem arkably
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Figure 6.10: Com parison of density d istribu tions versus axial distance Z  ob
ta ined  by m odel NS4 and  NEM D sim ulations for es ^  T he solid lines are 
the  results ob tained  by NEM D sim ulations; the symbols are th e  prediction by 
m odel NS4. T he inset is the  com parison of density  d istribu tions in rad ia l direc
tion between m odel NS4 (symbols) and NEM D sim ulations (solid lines) a t the 
m iddle section of the  nanopore. T he vertical dash lines are th e  front and back 
surfaces of th e  m em brane.

consistent when there  was neutral-like in teractions between the  solid and  liquid. 

W hen th e  solid and  liquid had a weak or hydrophobic-like in teraction , th e  aver

aged stream ing  velocity obtained by NEM D sim ulation was m uch higher th an  

th a t  ob tained  by the  N-S model. In contrast, NEM D sim ulation gave a much 

lower averaged stream ing  velocity th an  th a t ob tained  by th e  N-S m odel if the 

solid wall-liquid had  a strong or hydrophilic-like in teraction. T he reason for this 

deviation in m ean stream ing  velocity w ith differing solid wall-liquid in teractions 

can easily be seen in the  radial distributions.

T he stream ing velocity d istribu tions in th e  rad ia l direction a t th e  m id-length 

of th e  nano-pore was taken  as the location for com parison betw een th e  N-S and
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Figure 6.11: C om parison of stream ing velocity d istribu tions versus axial dis
tance Z  ob tained  by m odel NS4 and NEM D sim ulations for es = £/. T he solid 
lines are th e  results ob tained  by NEM D sim ulations; the  sym bols are the  results 
of m odel NS4. T he vertical dash lines are th e  front and back surfaces of the 
m em brane.

NEM D approaches, and  are shown in Figure 6.13 and 6.14. These two figures 

show the  m ean velocities from the  NEM D sim ulation being non-zero a t locations 

slightly beyond the  physical ex ten t of the  channel. T he velocity d istribu tion  

obtained  from th e  N-S m odel was a parabolic d istribution; which is consistent 

w ith  th a t  of low Reynolds num ber flow. T he velocity d istrib u tio n  obtained 

by the  NEM D sim ulations w ith neutral-like in teractions had  a sim ilar p a tte rn , 

as shown in Figure 6.13, b u t there were some regularly appearing  features th a t  

were different, especially in the  regions close to  the  solid wall. T he m agnitude of 

the  stream ing velocity becam e increasingly different as th e  pressure difference 

increased. To exam ine the consistency in th e  shape of the  velocity profiles 

ob tained  by two different m ethods, all the  velocities were norm alized using their 

own centerline velocity (x = 0), and p lo tted  in th e  inset of F igure 6.13. The
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Figure 6 .1 2 : Com parison of stream ing velocity d istribu tions versus axial dis
tance Z  ob tained  by m odel NS4 and NEM D sim ulations for ss ^  £(. T he solid 
lines are th e  results ob tained  by NEM D sim ulations; the  sym bols are th e  pre
diction of m odel NS4. T he vertical dash lines are the  front and  back surfaces 
of the  m em brane.

inset in F igure 6.13 clearly shows th a t the  velocity profiles for two m ethods for 

neutral-like in teractions were rem arkably consistent and sim ilar, except for the 

persisten t velocity feature near the  wall of the  NEM D approach.

F igure 6.14 once again shows th a t the  m ost profound incapacity  of classical 

N-S m odeling in describing the  changing solid wall-liquid in teractions. This 

figure indicates th a t  the  stream ing velocity in th e  nano-pore had  an inverse 

relationship w ith  the  solid wall-liquid in teraction , i.e., solids w ith  a sm all energy 

scale produce large stream ing  velocities, while the  solids w ith  a  large energy scale 

produce sm all stream ing velocities. Moreover, the  solid w ith  a sm all energy 

scale results in th e  liquid slipping a t the  solid-liquid interface, while the  solid 

w ith  a  large energy scale results in a layer of liquid molecules sticking to  the
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Figure 6.13: Com parison of stream ing velocity d istribu tions in rad ia l direction 
obtained  by m odel NS4 and  NEM D sim ulations for es = £/. T he solid lines are 
the  results pred ic ted  by NEM D sim ulations; the  symbols are resu lts obtained 
by m odel NS4. T he inset is the  com parison of norm alized stream ing  velocity 
profiles between m odel NS4 and NEM D sim ulations. T he vertical dash  lines are 
the  in terna l surface of the  nanopore.

solid. C om paring results obtained by N-S and NEM D sim ulations, it is noted 

again th a t th e  N-S results were only consistent w ith  those ob tained  by NEMD 

sim ulations when the  solid has a near neutral-like in teraction  w ith  liquid.

In sum m ary, if the  solid energy scale deviates significantly from th a t  of 

the  liquid th en  th e  results obtained from N-S and NEM D sim ulations will be 

appreciably different. T he above d a ta  suggests th a t  the  classical N-S equations 

can only be used to  predict the  averaged fluid tran sp o rt th rough  nano-pores 

if the  solid wall m ateria l has the  sim ilar properties as th e  liquid (crs s=s eq and 

es «  Ei) and  the  channel d iam eter is equal to  or larger th an  6.5 tim es of liquid 

molecule size. To properly predict the  liquid tran sp o rt by using N-S equations 

for cases in which th e  properties between the  solid wall m ateria l and  liquid are
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Figure 6.14: C om parison of stream ing velocity d istribu tions in  rad ia l direction 
obtained  by m odel NS4 and NEM D sim ulations for es ^  £/. T he solid lines are 
the  results ob ta ined  by NEM D sim ulations; th e  symbols are th e  prediction by 
m odel NS4. T he vertical dash lines are the  in terna l surface of th e  nanopore.

essentially different, th e  m ore detail sub-m odels th a t  involve th e  in teractions of 

solid wall m ateria l to  liquid have to  be developed. A nother po ten tia l m ethod 

th a t  accounts for the  variation of param eters (e.g., density, viscosity, etc.) in 

the  direction norm al to  th e  solid wall into the  N-S equations is th e  local average 

density  m odel (LADM ) proposed by B itsanis et al. [40, 64]. To insert the 

LADM into th e  N-S equations, the  solid-liquid boundaries have to  be dealt 

properly if th e  solid wall-liquid deviates from a neutral-like in teraction.

6.4 Summary

T he pro to typical problem  of steady-sta te  pressure driven liquid flow th rough  a 

finite length  cylindrical nano-pore th a t  connected two sem i-infinite reservoirs
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was used to com pare m odel results based on classical Navier-Stokes (N-S) hy

drodynam ics and non-equilibrium  m olecular dynam ics (M D) sim ulations. T he 

nano-pore was nom inally 2 .2  nm  in d iam eter and  6  nm  long, while the  fluid, 

argon, was trea ted  as a  com pressible Lennard-Jones liquid w ith  variable dy

nam ic viscosity. For the  MD sim ulations the  inter-m olecular properties of the 

walls were specified independently  from the  liquid’s. C om parisons between the  

m odels were m ade in term s of to ta l flow ra te  th rough  the nano-pore, as well as 

d istribu tions of pressure, density and velocity.

T he results showed th a t

1. T he variation  in bo th  density and viscosity in the stream -w ise direction 

play the  role for liquid tran sp o rt th rough the  channel, in partic le  viscosity vari

a tion  in the  stream -w ise direction. In order for th e  N-S equations to  predict 

the  sam e trends in to ta l flow ra te  w ith increasing pressure difference as the 

MD sim ulation, sub-m odels for variations in density  and viscosity w ith  pressure 

needed to  be included.

2. T he classical N-S equations w ith  no-slip boundary  conditions a t th e  walls 

quan tita tively  agreed w ith the  flow ra te  predictions from NEM D sim ulations 

only under the  condition of having a neutral-like solid-liquid in teraction  (es =  

£;). U nder these conditions, the  N-S and MD m odels also agreed well in stream - 

wise d istribu tions of pressure, density  and velocity. As the  solid wall-liquid 

in teractions were varied away from neutral-like in teractions, th e  classical N-S 

equations break  down.
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C h a p t e r  7

N a n o m e d i c i n e : M o l e c u l a r  D y n a m i c s  

S i m u l a t i o n  o f  I n j e c t i o n  F l o w  f o r  

L e n n a r d - J o n e s  F l u i d  i n  a  N a n o s y r i n g e

7.1 D escription of G eom etry and M ethod

M olecular dynam ics sim ulations were perform ed to  study  th e  flow of liquid 

molecules in a  nanosyringe consisting of a larger cylinder located  a t front and a 

sm aller capillary tu b e  located a t back as shown in Fig. 7.1. T he front cylinder, 

the  larger one, serves as a reservoir and the  sm aller cylinder m imics a  needle for 

liquid tran sp o rt properties. T he larger cylinder has an  inside d iam eter of 8 .6 0 7  

and a length of 6 .6 0 7 . T he inside d iam eter and length of th e  needle are 4 .8 0 7  and 

13.2 0 7 , respectively. T he solid substra te  was m ade up of two m olecular layers 

w ith  a to ta l of 1,840 molecules, corresponding to  a  num ber density  pwc zw — 0.9. 

W ith  respect to  the  liquid, 560 molecules were packed in th e  front reservoir and 

m ost p a rt of needle, having a num ber density picrf — 0.94. T he in itia l condition 

for the  sim ulation was established by introducing an im penetrab le p la te  formed 

by one m olecular layer a t z  =  0  and a rigid p la te  w ith  zero thickness a t the 

exit of the  needle (shown as a box and a solid line in Fig. 7.1, respectively).
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To account for th e  effect of molecules located outside the  needle to  those inside 

the  needle, the  sim ulation dom ain was extended to  vacuum , as shown by dash 

lines in the  figure. For molecules leaving the extended dom ain into th e  vacuum, 

their influence on the  m otion of molecules inside the  syringe was ignored due to  

the  short range in teraction  between molecules and tru n ca tio n  algorithm  used. 

T he im penetrab le p late  was used to  mimic the  surface of a  piston; the  rigid 

p la te  was applied to  enclose all molecules for establishing an  in itial stage. The 

molecules in th is  closed system  were allowed to  move w ithout applying any ex

terna l force until a  therm odynam ic equilibrium  s ta te  was reached. D uring this 

period, B erendsen th erm o sta ts  [65, 72, 89] were coupled to  ad ju st th e  tem pera

tu re  of the  system  to  be Tkb/ei =  1.1 a t the equilibrium  sta te . T he needle was 

th en  opened by removing the  rigid p late  located a t the exit of th e  needle and 

the  p iston was allowed to  move a t a constan t velocity Vo sim ultaneously. After 

this, molecules began to  tran sp o rt and some moved ou t of th e  needle into the  

vacuum . In  sim ulations, the  following param eters were selected [50]: cq =  0.312 

nm , aw =  0.262 nm , £; =  1.08 x 10-2 1  J  and ew — 1.25 x 10- 2 0  J. These param 

eters im ply th a t the  solid wall is m ore hydrophilic due to  its  energy scale much 

larger th an  liqu id’s.

7.2 R esults and Discussion

7.2.1 Isotherm al Flow w ith Low Injection V elocity

T he injection velocity used in th is section was V0 = 0 .0 2 6 a ;/ro, where r 0 was the 

characteristic tim e defined by r 0 =  (m o f/ S;)1/2. To obtain  th e  tim e-averaged 

num ber density  and  stream ing velocity d istribu tions, the channel was divided 

into 7 x 30 grid, 7 in the  ^-direction and 30 sections in the  rad ia l direction. The
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Figure 7.1: Snapshot of sim ulation setup  and m olecular packing in the  nanosy
ringe. (a) vertical section through  axis of nanosyringe; (b) cross-section a t the 
m iddle of the  front reservoir; (c) cross-section a t the m iddle of nanoneedle. 
Solid box w ith  molecules in it mimics a piston; solid line located  a t th e  end of 
nanoneedle expresses a rigid p late  used to  close th e  needle before injecting; the 
area formed by dashed lines is the  extended com putational region.
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Figure 7.2: Com parison of tim e-averaged num ber density d istribu tions a t z = 
IO.6 0 7  versus radius for isotherm al flow a t two different tim es, t = 130 — 170 ps 
and t = 180 — 2 2 0  ps.

d istance for each section in the z-direction is a x A L  (where A L  =  L / 12, L 

is the  to ta l length  of the  com putational dom ain and  a = l ,  2, 1, 1, 3, 3 and 1 

for each section). To quickly ob tain  s ta tis tica l values for a  sm all system  w ith 

lim ited molecules, equations 2.13 and 2.14 described in C h ap ter 2 were applied 

to  calculate th e  density  and stream ing velocity in th e  needle.

Figs. 7.2 and 7.3 show, respectively, the  tim e-averaged num ber density  and 

stream ing  velocity d istribu tions in the  needle a t two different average times, 

t = 130 — 170 ps and  t =  180 — 220 ps. One sees th a t  profiles of density 

and velocity a t two different tim es are essentially identical, im plying th a t a 

steady  flow w ith  a constan t flow ra te  and tem p era tu re  can be produced by
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using th is  sm all device. T he density curves in Fig. 7.2 show th a t  th e  density 

a t the  rad ia l direction  d istribu tes in an oscillatory fashion and  appears to  be 

sensitive to  th e  specific solid wall-liquid in teraction. I t should be noted th a t 

th e  highest liquid density  is near the  wall, im plying the  form ation of a liquid 

layer; the  existence of th is layer, in tu rn , induces fu rther form ation of liquid 

layers tow ards the  inside liquid region. This oscillatory density  d istribu tion  in 

the  direction norm al to  the  wall is sim ilar to  those observed in Poiseuille and 

C ouette flows [24, 25, 34-38, 43, 46, 50], b u t ob tained  here v ia a different flow 

condition. T he stream ing velocity profile shown in Fig. 7.3 indicates th a t  the 

stream ing  velocity changes w ith respect to  radial distance and deviates from 

the  parabolic profile significantly. Com paring Figs. 7.2 w ith  7.3, one sees th a t 

the  first liquid layer near the  solid su b stra te  does no t move. Between th e  first 

and second liquid layers, there is a slip velocity, and  the  slip p la te  locates a t 

the  interface betw een first liquid layer and second liquid layer, b u t no t a t the 

interface betw een the  liquid and solid. T he behaviors shown in Figs. 7.2 and

7.3 suggest th a t  the  continuum  flow theory  is no t valid for liquid flow in such a 

nanosyringe.

Figs. 7.4 and  7.5 show the tim e-averaged num ber density  and  stream ing 

velocity d istribu tions versus the  channel axis a t t = 180 — 220 ps. T he density 

profile in Fig. 7.4 indicates th a t  the  density in the  front reservoir is slightly 

higher th a n  th a t  in th e  needle; the  density in m ost of the  needle varies slightly, 

bu t decreases dram atically  near the  outlet. T he stream ing velocity curve in 

Fig. 7.5 shows th a t  the  stream ing velocity in the  front reservoir is small. The 

stream ing velocity th en  increases quickly to  a location w here molecules enter 

the  needle from the  front reservoir. After th a t  th e  stream ing velocity goes 

up slightly though  m ost of the  needle. W hen molecules move to  the  exit of
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Figure 7.3: C om parison of stream ing velocity d istribu tions a t z = 10.6cr; versus 
radius for iso therm al flow a t two different tim es, t = 130 — 170 ps and  t =  
180 — 2 2 0  ps.

th e  needle, th e  stream ing velocity increases significantly. From  Figs. 7.4 and 

7.5, It is no ted  th a t the  density  and velocity in m ost p a rt of th e  needle rem ain 

essentially constan t. Thus, m iddle p a rt of needle was selected to  m odel a steady 

flow and  s tudy  its tran sp o rt properties.

It is no ted  th a t the  average tim e in Figs. 7.2 - 7.5 is m uch larger th an  

the  characteristic tim e of Lennard-Jones potential. T he values in these figures 

express th e  m acroscopic properties of fluid. To see th e  flow tran sp o rt microscop

ically, the  averaged tim e was decreased to  2  f s ,  and the resu lting  instan taneous 

velocities are shown in Figs. 7.6 and 7.7. Fig. 7.6 displays th e  m olecular velocity 

d istribu tions for the  ^-com ponent (vz a t z — 1 0 .6cr;) versus the  rad ia l d istance
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Figure 7.4: T im e-averaged num ber density d istribu tion  versus channel axis for 
iso therm al flow a t t = 180 — 2 2 0  ps (line is draw n to  guide th e  eyes for tren d  of 
the  d a ta ).

a t th ree different tim es, t =  150.5, 152 and 153 ps. In th is figure, th e  symbols 

•  , ■  and  ▲ correspond to  t = 150.5, 152 and 153 ps, respectively. A t t = 150.5 

ps, th e  vz profile has a  peak a t the central p art of th e  cylinder and  two hollows 

beside it. A t t = 152 ps, the  velocity a t the  cen tral p a rt decreases, while th a t 

a t two hollows increases. A fter th a t, i.e., a t t = 153 ps, th e  peak changes into 

a hollow and two hollows change to  peaks. These results suggest th a t, under 

a constan t injection condition, liquid molecules in a nanoneedle tran sp o rt in a 

wavelike m otion microscopically. Fig. 7.7 displays th e  m olecular velocity d istri

butions for z  - com ponent a t a different cross-section z = 15.5a;, w ith  th e  sam e 

wavelike p a tte rn .
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Figure 7.5: S tream ing velocity d istribu tion  versus channel axis for isotherm al 
flow a t t — 180 — 2 2 0  ps (line is draw n to  guide the  eyes for tren d  of th e  data).

7.2.2 A diabatic Flow w ith Constant Injection Velocity

As discussed above, application  of a th erm o sta t in a system  w ith  periodic bound

ary conditions is im portan t. However, the  use of th erm o sta ts  im poses additional 

constra in ts on the  equations of m olecular m otion. In this section, an  injection 

flow w ithou t using a th e rm o sta t will be studied. As the  tim e of liquid molecules 

passing th rough  th e  nanoneedle is extrem ely short and hea t transfer between 

the  liquid and  its surroundings is m inute, the  heat transfer is neglected and the 

flow is simplified as an  ad iabatic  process. T he advantage of th is sim plification is 

th a t  th e  molecules in th e  channel are only governed by fundam ental equations, 

N ew ton’s second law and Lennard-Jones po ten tial, no additional constra in ts are 

im posed on the  molecules.
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Figure 7.6: In stan taneous velocity d istribu tions versus rad ius a t  th ree  different 
tim es for iso therm al flow a t 2  =  1 0 .6 (7 ;.

In th is  section, the  s tudy  focuses on the  wavelike p roperty  and  the  reason of 

th is phenom enon by using a high injection ra te , Vo =  0.154<7; / to. For th e  time- 

averaged density  and stream ing velocity d istribu tions, they  were n o t shown here 

as their p a tte rn s  are sim ilar to  those in the  previous section.

Fig. 7.8 shows th e  m olecular velocity d istribu tions for th e  z-com ponent 

versus radius a t th ree  different times. A t t = 19.2 ps, the  vz profile has a  peak 

a t abou t half th e  cylinder radius, w ith two hollows next to  th e  solid wall. After 

abou t 0.2 ps (f =  19.4 ps), the vz profile has changed significantly where the 

two hollows d isappear and the  profile changes into a quasi-parabolic curve. At 

t — 19.65 ps, the  velocity profile appears to  have reverted to  th a t  a t t = 19.2 

ps. These results also show th a t, under a constan t injection condition, liquid
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Figure 7.7: Instan taneous velocity d istribu tions versus rad ius a t th ree  different 
tim es for iso therm al flow a t z =  15.5cr;.

molecules in a nanoneedle tran sp o rt in a wavelike m otion.

Fig. 7.9 shows th e  space-averaged velocity d istribu tion  w ith  respect to  the 

channel axis a t t  =  20 ps. These results were obtained  by dividing th e  channel 

uniform ly along its z direction into 24 bins. T he velocity presented in this 

p icture is th e  space-averaged velocity in each bin. From  the  results, one sees th a t 

there are two d istinc t regions: (1 ) a t z/cr <  6 .6  (in the front reservoir), sm all 

oscillation appears; (2 ) when molecules enter the  nanoneedle, th e  m agnitude 

of oscillation increases. T he results in th is p icture clearly illu stra te  th e  wavy 

characteristics of molecules in space dimension. Sim ilar resu lts were also found 

a t different tim es ( t  = 25, 30, and 40 ps). Thus, a question th en  arises as to 

w hether or not th is wavy characteristics is a result of the  non-uniform  channel
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Figure 7.8: Instan taneous velocity d istribu tions a t z = 10.6<j; versus radius at 
th ree different tim es for ad iabatic flow w ith  high injection ra te .

geom etry in Fig. 7.1. To verify this, an  additional sim ulation in a straigh t 

channel w ith  djoi =  4.8 and m aintained all o ther param eters to  be the  same 

was perform ed. R esults suggest th a t  a sim ilar wavelike m otion of molecules 

also occurs for a  s tra igh t nanochannel, independent of th e  channel geom etry 

considered.

A p art from the  geometry, such wavy m otion of molecules is a consequence of 

the  moving boundary  was examined. As a  result, the  force per u n it area of the 

m oving boundary  acting on the  molecules a t different tim es were studied . Fig. 

7.10 shows the  force per un it area d istribu tions w ith  respect to  the  rad ius a t t =
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F igure 7.9: Space-averaged velocity d istribu tion  of ad iabatic  flow w ith  high 
injection ra te  versus z a t t = 2 0  ps.

15, 20 and 30 ps. I t can be seen th a t  th e  th ree curves show th e  sim ilar oscillatory 

p a tte rn . W hen the  front boundary  moves a t a constan t velocity, the  work th a t 

is inpu t continuously into the  system  along the  rad ia l direction is, however, not 

uniform , b u t behaves in a wavelike p a tte rn . This wavelike work inpu t is one of 

reasons th a t  resu lt in an  interesting phenom enon which tran sp o rts  liquid in a 

wavy m anner w ith in  a nanom eter syringe.

7.3 Summary

A pure m olecular in teraction  flow w ith constan t injection velocity a t two differ

ent conditions, iso therm al or ad iabatic  flow condition, was stud ied  in a  nanosy

ringe. T he m olecular dynam ics sim ulation results show th a t the  in teraction
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Figure 7.10: Force per un it area d istribu tion  on moving boundary  w ith  respect 
to  radius a t different stages.

between solid and liquid causes an oscillatory liquid density  d istribu tion  in the 

norm al wall direction for bo th  isotherm al condition and ad iabatic  condition. 

T heir m agnitudes of oscillations are different, especially for liquid molecules 

located a t th e  cen tral p a r t of the  channel. T he stream ing velocities for bo th  

isotherm al and  ad iabatic  conditions show th a t  the  first liquid layer stagnates 

w ith  the  solid substra te ; the  slip p late  occurs a t th e  interface betw een the  first 

and second liquid layers, no t a t the  solid-liquid interface. T he rad ia l d istribu tion  

of steam ing velocity deviates significantly from th e  parabolic profile predicted  

by continuum  theory  in macroscopic flow. U nder a constan t injection velocity

102

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



condition, it was found th a t liquid m olecular tran sp o rt in a nanoneedle has a 

wavelike m otion which differs from th a t of bulk flow in m acro-channels.
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C h a p t e r  8

I n j e c t i o n  F l o w  i n  a  N a n o S y r i n g e  b y  

C o n s i d e r a t i o n  o f  E x t r a - p a i r  

P o s i t i v e / N e g a t i v e  I o n s

8.1 M olecular Dynam ics Simulation and M ethodology

T he geom etry of in terest in this chapter is sim ilar to  th a t shown in the  previous 

chapter, b u t th e  size and form ation of the  nanosyringe are different (see Fig. 

8.1). For th e  reservoir, the  in ternal d iam eter and length are 5 nm  and  3.4 nm, 

respectively. For the  needle, the  in ternal d iam eter and  length are 2.9 nm  and  7.4 

nm, respectively. T he solid su b stra te  is m ade up of a  to ta l of 2,358 molecules 

in two layers, corresponding to  the  num ber density  pw of 0.915cr“ 3. For liquid, 

3,665 molecules were packed in the  reservoir and channel, corresponding to  

the  num ber density  pi of 0.968(j(-3 . T he m olecular sizes for wall su b stra te  and 

liquid are 0.37 nm  and 0.316 nm, respectively. T he injection velocity was VQ =

0.26<7f/ro. T he heat transfer between liquid in nanosyringe w ith  environm ent 

was ignored due to  tran sp o rt tim e is lim ited, and th e  flow was simplified into 

an ad iabatic  flow.

T he in teractions between ion-ion, ion-liquid, ion-solid, liquid-liquid and liquid-
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solid molecules are governed by the  Coulom b’s law and  L ennard-Jones potential. 

For Lennard-Jones poten tial, a  trunca tion  algorithm  is used and  th e  truncation  

d istance is 2.2amaxi where amax is selected to  be th e  largest value am ong the 

length scales of solid, liquid, liquid-solid and ion. For the Coulom b in teraction, 

there is no tru n ca tio n  due to  the  small size of th e  device and no periodical 

boundary  conditions used. T he dielectric p erm ittiv ity  of vacuum  used in the 

Coulomb equation  was set to  8.854 x 10~12C2/ N m 2. R egarding the  relative 

perm ittiv ity , it will be addressed later. T he values of energy and length scales 

of liquid are e« =  1.08 x 10-21 J and an =  0.316 nm  [50], respectively. For 

th e  length scales of positive and negative ions (e.g., H $0+ and  HO~),  they 

are chosen as 0.32 nm  and 0.281 nm  approxim ately. T he o ther param eters for 

positive/negative ions are the sam e to  liquid’s. For the charges on the  solid 

substra te , Q ian et al [84] chose the charge density on the  channel wall either to  

be 0.12 C / m 2 or 0.32 C / m 2 in their sim ulations. In  th is study, 268 molecules 

w ith  charge, —1.6 x 10-19 C, are d istribu ted  on th e  first solid su b s tra te  layer 

uniformly, which corresponds to  the  wall charge density  of 0.245 C / m 2.

W hen ion d istribu tion  in liquid is dilute, the  possibility of two ions m eeting 

each o ther is small. T he distance between them , com paring w ith  liquid molec

ular size, is large, and  the  gap between them  can be filled by liquid molecules. 

T he relative p erm ittiv ity  of liquid chosen as 78 in th is  case is reasonable. B ut for 

high density  of ions in liquid, the  possibility of collision betw een two ions will be 

large. If two ions are separated  by a gap less th a n  a liquid molecule, obviously, 

in teraction  betw een two ions is same as the in teraction  of two ions in a vacuum  

because the  gap betw een them  can not be filled by any liquid molecules. To 

distinguish these two situations, a two-region m odel was proposed in th is  study,

i.e. the  relative p erm ittiv ity  is 1 if the  gap between two ions is less th an  a  liquid
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Figure 8.2: Liquid density d istribu tion  w ithout ions in channel

m olecular size, otherw ise, it is 78.

8.2 R esults and Discussion

In the  study  of the  previous chapter, solid surfaces were not charged and  liq

uid molecules were neutral. However, m ost solid substances are charged when 

they  are brought into contact w ith an aqueous m edium . In th is chapter, four 

different cases for an  injection flow in no-polar nanofluidics were considered, 

they  were (1) fluid w ithout ions, (2) only w ith  counter ions, and  counter-ions 

com bined w ith  (3) low concentration and (4) high concentration  of ex tra-pair 

of positive/negative ions.
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Figure 8.3: Tim e-averaged velocity and num ber density  d istribu tions a t z —3.35 
nm

8.2.1 Flow w ithout Ions in Channel

Figs. 8.2 and 8.3 show the  liquid density d istribu tion  and velocity profile in the 

rad ia l direction. In Fig. 8.2, the  density d istribu tes in an  oscillatory fashion, 

sam e p a tte rn  as th a t  obtained  in previous chapters. For the  velocity d istribu tion  

in Fig. 8.3, th e  m ain profile is a quasi-parabolic d istribu tion  in th is channel w ith 

abou t 9.3 molecule diam eters. If one observes it carefully and com pares it w ith 

density  d istribu tion , he can find th a t  the first liquid layer close to  th e  solid wall 

moves or slips w ith  a sm all velocity.
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Figure 8.4: Ion d istribu tion  w ith only net charges in channel 

8.2.2 Flow w ith  Counter Ions in Channel

Ion d istribu tion  is very im portan t in electrokinetic phenom ena. To study  ion 

d istribu tion  and its effect on liquid tran sp o rt in th is sm all nano device, only 

counter-ions are present in the  channel, and the  num ber of counter-ions in the 

liquid m atches the  num ber of charges presented on the solid wall. Fig. 8.4 

shows the  d istribu tion  of counter-ions in the m iddle section of th e  needle. The 

first characteristic in th is p icture is th a t  there is a high ion density  close to  the 

solid su b stra te , im plying th a t  counter-ions are a ttra c ted  by th e  charges on the 

wall and  form ed a S tern  layer. In the  central p a r t of the channel, there  are two 

sm all peaks, b u t their m agnitudes are much small.

In Q ian and A lu ru ’s results [84], the  ion d istribu tion  ob tained  by MD sim-
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ulations does no t m onotonically decreases from the  wall to  th e  channel center. 

A ctually, there is a  very weak peak of ions which locates next to  th e  highest 

peak of ions. After th is weak peak, the  ion d istribu tion  decreases sm oothly in 

th e  direction from the  wall to  the  channel center. C om paring th e  result shown 

in Fig. 8.4 w ith  th a t of Q ian and Aluru, the  p a tte rn s  betw een two results are 

sim ilar, except th a t  th e  second peak of ions (close to  the  highest peak) in th is 

s tudy  is weaker th a n  theirs and the  d istance betw een two peaks in Fig. 8.4 

is larger th an  theirs. Analyzing these sm all differences between th e  results ob

tained  by Q ian and A luru and those obtained in th is study, th e  proposed reason 

is because the  channel geometry, flow condition and relative p erm ittiv ity  in the 

two system s were different. Q ian and A luru also showed th e  ion d istribu tion  

based on the  Poisson-Boltzm ann equation. T hey found th a t  m ajo r difference 

betw een MD sim ulations and Poisson-Boltzm ann equation occurs in th e  area 

close to  wall. In o ther words, the  Poisson-Boltzm ann equation  is no t able to  

predict th e  ion d istribu tion  accurately in nanochannels. Fig. 8.5 gives th e  time- 

averaged velocity profile in th is case. C om paring it  w ith Fig. 8.3, the  difference 

between them  occurs a t abou t |x/<x;| =  1.5 — 3. T his is th e  location  where the 

second peak of ions is. In th is system , each ion in liquid plays a  role of re ta rd ing  

cell because of asym m etric in flow direction. So m ore ions will give th e  m ore 

resistance to  liquid, which results in th is phenom enon.

8.2.3 Flow w ith Counter-Ions and Low Concentration of Extra-Pair 

P ositive/N egative  Ions in Channel

In practice, the  ex tra -pair positive/negative ions exist in a  nanochannel w ith 

electrolyte solution if the  solid wall is charged. T his effect of ex tra -pair pos

itive /negative ions has been neglected in the  literatu re . Here, 132 pairs of
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Figure 8.5: Tim e-averaged velocity d istribu tion  w ith only net charges in channel

positive/negative ions were added into the  channel where th e  negative charges 

on solid wall still rem ain  as w hat was used in case 2, i.e., 268 negative ions. 

Thus, th e  to ta l positive and negative ions in the  liquid phase is 400 and 132, 

respectively. T he entire system  rem ains electrically neutral. Fig. 8.6 shows the 

ion d istribu tions of positive, negative and net charges. For th e  positive ions, the 

d istribu tion  in rad ia l direction is sam e as the  d istribu tion  from case 2. W ith  re

spect to  the  negative ions, however, the  d istribu tion  has a peak located  a t abou t

0.5ct away from th e  peak of positive ions. In the  central p a rt, th e  d istribu tion  

is nearly  flat. T his d istribu tion  is different from w hat th e  Poisson-Boltzm ann 

equation would predict, i.e., the  density of negative ions sm oothly  increases in 

norm al wall direction. For the  net charges, the  highest peak still locates a t near
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the  wall. B ut after it, there is a deep valley which depends on th e  concentration 

of ex tra -pair positive/negative ions (see Figs. 8.6 and 8.8). C om paring it w ith  

th e  results in Fig 8.4, their profiles are significantly different. For these kinds 

of d istribu tions, i.e., the  peak of negative ions close to  the  highest peak of pos

itive ions or the  deep valley of net charges, the  m ajor reason comes from the 

ex tra  in teraction  betw een positive and negative ions. W hen positive ions m eet 

w ith  negative ions, th e  Columbic force, i.e. a ttra c tio n  force, allows form ation 

of groups which have only polarity  or polarity  plus net charges. For example, 

a group consisting of one positive ion and one negative ion has net zero charge 

w ith  polarities a t two ends. If a group is formed by more th an  two ions, the 

net charge and polarities depend on the  num bers of positive and  negative ions, 

and the  s tru c tu re  of the  group. W hen these groups are close to  th e  wall, the 

negative charges on th e  wall force them  to  change their directions, i.e., the  end 

w ith  positive ions close to  wall and the  end w ith  negative ions away from wall. 

T h a t is why th is  phenom enon happens. From th is result, it can be ex tracted  

th a t  the  ex tra -pair positive/negative ions in the  liquid have a significant im pact 

on ion d istribu tion . If the  concentration of ions in the  liquid is high and  ex tra

pair positive/negative ions exist, ignoring the  effect of ex tra -pair positive and 

negative ions can cause significant errors.

Fig 8.7 shows the  tim e-averaged velocity d istribu tion  in th is case, the  vari

a tion  of th e  profile w ith  respect to  the radius a t region \x/ai\ >  2 is approxi

m ately  a linear relation. As m entioned in case 2 of th is subsection, each ion in 

th is asym m etric system  acts like a re ta rded  cell. T he area have m ore ions will 

have m ore resistance, if the  num ber of positive and  negative ions are sum m ed 

in th is  region, th e  to ta l num ber of positive and  negative ions has an inverse 

relation  w ith  respect to  the  tim e-averaged velocity.
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Figure 8.6: Ion d istribu tion  w ith  net charges com bining w ith  low concentration  
of ex tra-pair positive/negative ions in channel. •  positive ion, ■  negative ion 
and ▲ net charge

8.2.4 Flow w ith  Counter-Ions and High Concentration o f Extra-Pair 

P ositive/N egative  Ions in Channel

From  case 3, one sees th a t  the  ex tra-pair positive/negative ions have a significant 

influence on ion distribu tion . To investigate the  im pact of concentration of 

ex tra-pair positive/negative ions on ion and velocity d istribu tions theoretically  

(not physically), th e  num ber of ex tra-pair positive/negative ions were increased 

to  834. In th is case, the  charge on the  solid wall are the  sam e as cases 2 and 

3, i.e., 268 negative charges on the  wall and 268 positive ions in liquid. T he 

entire system  rem ains electrically neutral. Fig 8.8 gives th e  ion distribu tions 

of positive, negative and  net charge. From th is picture, one sees th a t  the  net
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Figure 8.7: Tim e-averaged velocity d istribu tion  w ith  net charges combining 
w ith  low concentration  of ex tra-pair positive/negative ions in channel

charge d istribu tion  is identical to  the  results shown in F ig 8.6. However, the 

values of th e  highest peak and deep valley have a  sm all change, i.e., the  value 

of the  highest peak increases to  9.1 from 8.2 in case 3; th e  value of deep valley 

decreases to  -3.6 from -1.9 in case 3. A nother sm all difference for net charge 

d istribu tion  is th e  in tensity  of wave in cen tral p a rt where th e  effect becomes 

stronger th an  th a t  from case 3. T he d istribu tion  of positive and  negative ions 

from outside to  inside increase, except the  first peak close to  th e  wall and 

sm all cen tral p art. T he tim e-averaged velocity d istribu tion  is shown in Fig 

8.9. one sees th a t  the  flow is a plug-like flow. If the num ber of ex tra-pair 

positive/negative ions is small, the  groups of positive and negative, formed by
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Figure 8.8: Ion d istribu tion  w ith  net charges combining w ith  high concentration  
of ex tra-pair positive/negative ions in channel. •  positive ion, ■  negative ion 
and ▲ net charge

in teractions betw een positive and negative, is lim ited as these groups d istribu te  

separately. W hen the  num ber of ex tra-pair positive/negative ions increases to  

a critical value, these group of ions can influence each o ther. W hen one group 

moves, it affect all neighboring groups. From the  results here, one sees high 

concentration  of ex tra-pair positive/negative ions has sm all influence on net 

charge profile, b u t has a significant im pact on the  velocity d istribu tion .

8.3 Summary

From  th is  study, th e  following conclusions were obtained: (1) a  quasi-parabolic 

velocity profile can be ob tained  in a 9.3er needle of syringe when a  constant
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Figure 8.9: Tim e-averaged velocity d istribu tion  w ith  net charges combining 
w ith  high concentration  of ex tra-pair positive/negative ions in channel

injection boundary  condition is applied and no charges are presented in the 

channel; (2) the  counter-ion d istribu tion  has a  sim ilar p a tte rn  w ith  w hat ob

tained  in nanochannel w ith  periodic boundary  condition if the  ex tra -pair pos

itive /negative ions are zero; (3) the  ex tra-pair positive/negative ions have a 

significant influence on net charge d istribu tion  if they  exit; (4) concentration  of 

ex tra-pair positive/negative ions has a sm all effect on the  p a tte rn  of net charge 

d istribu tion , b u t has a stronger im pact on velocity profile if th e  concentration  

of the  ex tra-pair positive/negative ions is larger th an  a critical value.
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C h a p t e r  9

A  N e w  M e t h o d  f o r  M o l e c u l a r  D y n a m i c s  

S i m u l a t i o n s  i n  t h e  I s o t h e r m a l - I s o b a r i c  

E n s e m b l e

9.1 D escription of M ethodology

At the  m icroscopic scale, fluctuations of properties (e.g., instan taneous energy, 

pressure, etc.) are an intrinsic characteristic of a m olecular system . A t constan t 

pressure, the  volume of a system  of N  particles fluctuates. In  th is  chapter, an 

alternative m ethod  to  perform  MD sim ulations in N P T  ensembles is developed, 

which is m uch sim pler th an  those used currently. T he m ethod  was inspired by a 

physical phenom enon observed in macroscopic system s w here a  very th in , sm all 

and light weight p la te  becomes suspended in a fluid, and  adop ts alm ost the  

sam e m otion as the  fluid. If the  size and weight of th e  p la te  are sm all enough, 

the  m otion of th e  p la te  can be used to  approxim ate the  local m otion of the  fluid. 

If one im agines th is p la te  separating  the fluid into two parts , th en  th e  fluid on 

one side can be removed and replaced by a pressure th a t  is equal to  th e  local 

liquid pressure. T he m otions of the  p late  and rem aining fluid have little  im pact 

beyond the  im m ediate vicinity of the  plate. In the  chapter, th is  idea was used to
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create a  N  partic le  ensemble in which a constan t pressure can be produced. As 

a result, fluctuations of instan taneous properties (e.g., volume and  pressure) can 

be achieved autom atically. Fig. 9.1 is a snapshot of the  system  stud ied  in this 

work. In th is  figure, there are two physical boundaries (called au to -ad justing  

boundaries) in the  z  d irection and periodic boundary  conditions in th e  x  and y 

directions. T he formulism  for the  physical boundaries is sam e as th a t  used in 

C hap ter 4. To prevent the  molecules in the  dom ain from p en e tra tin g  through 

the  au to -ad justing  boundaries to  the  outside, a large num ber density  (9/ n m 2) 

in each au to -ad justing  boundary  was used. T he action of molecules outside the 

dom ain on the  molecules in each au to-adjusting  boundary  was replaced by a 

uniform ly d is trib u ted  force, which was equivalent to  the  pressure produced by 

the  local liquid. In the  sim ulations, the  m otion of th e  molecules in each frame 

in the  z  d irection  depends on the  the  forces from bo th  inside and  outside of the 

dom ain. T he force com ponent in the  z  d irection acting on each molecule in a 

fram e is calculated  by equation 3.1. This averaged force m akes molecules in each 

au to -ad justing  boundary  have the  sam e velocity in the  z  d irection  and prevents 

the  fram e from d isto rting  if the  molecules in each fram e were set to  the  same 

in itial location z0 and  velocity v z q . Removing liquid molecules from one side of 

the  au to -ad justing  boundary  has some influence on the  liquid molecules which 

locate a t th e  vicinity of the  auto-adjusting  boundary. To minim ize th is influ

ence and  the  effect of the  au to-adjusting  boundaries on the  resu lts calculated, 

the  volum e used to  collect d a ta  was chosen far away from th e  au to -ad justing  

boundaries and  located in the  m iddle in the  z direction, as depicted  by dash 

lines in Fig. 9.1.

T he procedure for creating an N P T  ensemble in th is chap ter was th a t two 

ex ternal pressures w ith  the  sam e value, Pext, are exerted on th e  left and  right
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Figure 9.1: Snapshot of com putational system  w ith  to ta l 5150 molecules, (a) 
vertical section, (b) cross-section a t the m iddle of th e  system.

au to -ad justing  boundaries; then  molecules in the  whole system  are allowed to  

move un til therm odynam ic equilibrium  was reached. D uring th is  period, th ree 

th erm o sta ts  were coupled to  the  left au to -ad justing  boundary, the  liquid in 

the  dom ain and  th e  right au to-adjusting  boundary  to  ad just th e  tem p era tu re  

to  reach th e  required value. Before d a ta  collection, the  averaged m om enta of 

the  system  in th e  th ree different directions were m inim ized. If the  averaged 

m om entum  in th e  z direction was no t zero, the  whole system  could shift w ith 

a constan t velocity in the  z direction. In this case, th e  m olecular positions 

and velocities used in the  Irving-Kirkwood equation  (stress tensor) or in the 

E instein  equation  (self-diffusion coefficient) could be peculiar values, i.e., the 

relative values in the  coordinates moving w ith  a  constan t velocity.

To exam ine the  approach used in this chapter, liquid argon was chosen as 

a working m edium . T he Berendsen th erm o sta ts  [89] were applied to  control 

the  tem p era tu re  of the  system  to  b e Tkb/si — 1.1 (T  =  133 K).  T he pressure 

externally  exerted  on th e  au to -ad justing  boundaries was set to  20 MPa.  Under 

the  above tem p era tu re  and  pressure, argon is in its liquid sta te . Two systems, 

one sm all (5,150 molecules) and the  o ther large (10,406 m olecules), were tested. 

T he dim ensions in the  x  and y directions for bo th  system s were 4 nm.  T he
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averaged distances between two auto-ad justing  boundaries were ab o u t 19 nm  for 

th e  sm all system  and  39.2 nm  for the  large system . T he objective of perform ing 

two different system s was to  tes t the  im pact of th e  distances from  the  auto- 

ad justing  boundaries to  the  volume used for d a ta  collection (4 nm  in th e  z 

direction) on th e  results obtained from th e  d a ta  collection volume.

9.2 R esults and Discussion

T he objective of this s tudy  was to  create an  N P T  ensemble. Tw o system s w ith 

different num bers of molecules were used to  m ainly exam ine w hether th e  m ethod 

proposed in th is s tudy  is size dependent. In particu lar, we exam ined the  spatial 

d istribu tions of m acroscopical properties (e.g., m ean tem pera tu re , pressure and 

density), as well as th e  instan taneous features th a t exist in N P T  ensembles, such 

as the  re lationship  between volume fluctuations and num ber of liquid molecules 

and th e  probability  d istribu tion  of the  fluctuation  of each property. A nother 

purpose of perform ing two system s w ith  different num ber of molecules is to  

tes t th e  im pact of the  d istance from the  au to -ad justing  boundary  to  the  d a ta  

collection volum e on MD sim ulation results. We com pared the  results obtained 

from two system s and found th a t  the  distance from the  au to -ad justing  boundary  

to  the  d a ta  collection volume used in this work had  insignificant influence on 

the  results ob tained  from the  d a ta  collection volume. To illu stra te  how this 

m ethod  works, the  sm all system  w ith 5,150 molecules is chosen as an  example.

Fig. 9.2 shows th e  th ree m ajor s ta tis tica l properties, density, tem peratu re  

and pressure, ob tained  from the  sm all system  a t different 2  positions. The 

volume used for collecting these d a ta  was a moving window th a t  had  a  w idth  of 

2 nm  in the  z direction and 4 nm  in the x  and y directions. T he sam pling tim e 

for these d a ta  was 1 ns  which was m uch larger th an  the  characteristic  tim e of
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Figure 9.2: D istribu tions of tem peratu re, density and pressure averaged over 1 
ns  versus th e  d istance in the  z  direction.

the  molecules, O (lp s ) . Therefore, these results represent th e  liquid m acroscopic 

features. From  th is figure, one sees th a t  the density, tem p era tu re  and pressure 

d istribu tions in th e  z d irection were essentially uniform . O ne notew orthy  feature 

in the  figure is th a t  the  average pressure in th e  system , calculated  by th e  Irving- 

Kirkwook equation, was alm ost equal to  th e  ex ternal pressure exerted  on the 

au to -ad justing  boundaries. T his characteristic is equivalent to  w hat is usually 

observed in m acroscopic system s, i.e., liquid pressure in a  cylinder is equal to  

the  pressure externally  exerted on a piston if th e  effect of liquid density  and 

the  weight of th e  p iston  is negligible. T his figure generally shows th a t  an  N P T  

ensemble can be created  by the  m ethod proposed in th is  study. In th e  next 

p a rt, we will dem onstra te  th a t  th is novel approach can au tom atically  produce 

the  fluctuations for instan taneous properties.

In N P T  ensembles, the  system  volume fluctuates. The range of volume fluc

tua tions is a  function of th e  num ber of liquid molecules and  is in th e  order of
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Figure 9.3: Com parison of the  fluctuations of system  volumes under two differ
ent size system s. Symbols and solid lines in the  figure represent the  fluctuations 
calculated using MD sim ulations and the  G aussian d istribu tions w ith  s tan d ard  
deviations ob tained  from fluctuations calculated by MD sim ulations.

0 ( 1 / V N ) ,  where N  is the  num ber of molecules in the  system  stud ied  (in this 

work, N  should be th e  num ber of liquid molecules betw een two au to -ad justing  

boundaries). B raga and  Travis [100] studied the  volum e varia tion  in N P T  en

sembles. T heir results showed th a t  the  norm alized volume fluctua ted  in a range 

of 0.95 ~  1.05 for a system  w ith 100 particles, i.e., the  range of volume fluc

tua tions was ab o u t A V / V  «  l / y /N ,  where V  and  A V  are the  volum e and  its 

fluctuation  range. Fig. 9.3 shows the probability  density  d istribu tions of two 

system s w ith  respect to  the  norm alized system  volume in th is  study. In this 

figure, sym bols (♦  -  sm all system , A -  large system ) and solid lines express the  

MD sim ulation results and  the  G aussian d istribu tions w ith s tan d a rd  deviations, 

respectively. C om paring the  fluctuation range of norm alized volume, one sees 

th a t  the  larger th e  system , the  sm aller the  norm alized volum e fluctuates. To
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exam ine th e  volume fluctuations created  by the  m ethod proposed in th is study 

satisfying th e  sam e relationship (A V / V  ~  1/y/N),  the  value of two s tan d ard  

deviations, ca lculated  from the  MD sim ulation d a ta , was used as th e  volume 

fluctuation  ‘am p litu d e’. In th is way, the  to ta l fluctuation  range of th e  norm al

ized system  volum e can be expressed by two tim es of ‘am plitude’ of fluctuations 

approxim ately. T he MD sim ulation results show th a t A V / V  «  1.52% for small 

system  and  A V / V  «  0.88% for large system , respectively. For sm all and large 

system s, the  values of l / y / N  are 1.43% and 0.99%. C om paring th e  results pre

dicted  by MD sim ulations and those by the  equation of 1 /V N ,  one sees th a t 

b o th  of them  are fairly consistent. This evidence m eans th a t  th e  range of volume 

fluctuations produced by the  m ethod proposed in th is  p ap er is reasonable.

Fig. 9.4 displays th e  tim e evolutions of the  m om entum  com ponent in the  z 

direction (a), kinetic energy (6), pressure (c), tem p era tu re  (d), density  (e) and 

system  volume ( / ) ,  respectively. T he d a ta  shown in (a) ~  (e) were collected 

from the  d a ta  collection volume (shown by dash lines in Fig. 9.1) over a short 

period of 1 ps. T he d a ta  in ( / )  was the  volume defined by two au to -ad justing  

boundaries, and  the  tim e interval between two d a ta  points was 1 ps. A basic 

characteristic shown in Fig. 9.4 is th a t  all instan taneous properties fluctuate 

around their m eans. However, the frequencies shown in th is  figure are different,

i.e., th e  first th ree  [(a), (b) and (c)] elucidate th e  sim ilar p a tte rn  of fluctuations 

which have the  highest frequency am ong the  properties collected, after th a t, 

the  frequency shown in (d), (e) and ( / )  in the  figure decreases. T he reason 

for th is phenom enon is th a t  each p roperty  collected from th e  d a ta  collection 

volume has different averaging processes. For the  first three, i.e., m om entum  in 

z d irection (a), kinetic energy (b) and pressure (c), they  were calculated  by the 

equation of y =  [ Y f  V j ] / M ,  in which y is an average p roperty  collected
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Figure 9.4: T im e evolutions of m om entum  in th e  2  d irection (a), kinetic energy 
(b), pressure w ith  its two contributions (c) and system  volum e form ed by two 
au to -ad justing  boundaries (d).
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from the  d a ta  collection volume over a short period; i is th e  i th ite ra tio n  and M  

is to ta l itera tions over the  period in which d a ta  is collected; N(i)  is the  num ber 

of molecules in th e  d a ta  collection volume a t the  ith iteration ; yj is the  instan 

taneous p roperty  of the  j th molecule collected from the  d a ta  collection volume, 

for exam ple, yj = m,jVjZ for calculating m om entum  in 2  d irection, where rrij 

and  Vjz are th e  m ass and velocity com ponent in 2  d irection of th e  j th molecule. 

T his equation  indicates th a t  the  property  y depends not only on variable yj bu t 

also on the  molecule num ber N(i)  collected from the  d a ta  collection volume at 

each itera tion . M eanwhile, the  itera tion  num ber M  (or tim e interval) im pacts 

the  frequency of y. For tim e traced  tem p era tu re  (d), it was calculated  from 

th e  equation  of T  = z o f ^  C om paring it w ith  the
OrC^iV ( % )

equation  used to  calculate the  m om entum  etc., th e  term  in th e  brackets in th is 

equation  actually  expresses an average value, which reduces th e  freedom s of this 

equation. T he tim e evolution of density displayed in (e) was ob tained  by the 

relationship  of p =  [)T̂ M p{i)\/M.  This relationship shows th a t  the  average den

sity m ainly depends on the  instan taneous density  p(i) a t th e  i th itera tion , while 

the  itera tion  num ber M  also influences the  density  d istribu tion . For tim e traced  

system  volum e ( / ) ,  it had  the  lowest frequency because th e  system  volume in 

sim ulations only depends on the  itera tion  or running  tim e, i.e., V  — A • L(i), 

where A  is the  cross-section area and L(i) is the  distance defined by two auto- 

ad justing  boundaries a t the  ith iteration . In addition, th e  size and  weight of 

the  au to -ad justing  boundaries m ay influence the  frequency of system  volume 

fluctuations. Besides the  frequency of fluctuations depends on th e  freedoms of 

th e  calculation equation, there are o ther points which should be noted. One 

sees th a t  th e  m ean m om entum  in the  2  direction, presented  by a  dash line in

(a) of th e  figure, was —2.15 x 10~24 N  ■ s. T his value, which is p ractically  equal
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to  zero, guaran teed  th a t  the  whole system  in calculation did  not shift in the  

z  direction, which was proved by checking the  tim e traces of positions of two 

au to -ad justing  boundaries. Fig. 9.4 (c) displays th ree  in stan taneous values, i.e., 

to ta l pressure and its two com ponents (the kinetic p a rt and  virial p a rt) . B oth 

com ponents fluctuate , b u t the  am plitudes of them  are different, i.e., th e  am pli

tu d e  of virial p a r t was m uch larger th an  th a t of the  kinetic p a rt. I t is noted 

th a t the  fluctuations of the  to ta l pressure are actually  dom inated  by the  vari

ation of virial part. To exam ine the  system  volume fluctuation  created  by the 

m ethod  proposed in this work, the  tim e trace  of th e  system  volum e is displayed 

in ( / )  of Fig. 9.4. From  th is figure, it should be note th a t  th e  characteristic 

of the  system  volum e fluctuations in the N P T  ensemble has been successfully 

reproduced by th is  novel m ethod.

DeVane et al. [138] stud ied  the  volume fluctuations in N P T  ensembles. 

T hey indicated  th a t  the  fluctuations of observable quan tities from  their means, 

ob tained  from MD sim ulations, are typically G aussian. To exam ine the  fluc

tu a tio n s shown in Fig. 9.4 m eeting the G aussian d istribu tions, th e  histogram s 

of the  z-com ponent of the  m om entum , kinetic energy, pressure, tem peratu re , 

num ber density  and  system  volume are p lo tted  in (a), (6), (c), (d), (e) and ( / )  

in Fig. 9.5, respectively. T he probability  d istribu tion  functions for all of instan 

taneous properties exhibit a sim ilar p a tte rn . To check th e  difference between 

the  n a tu re  of these d istribu tions, a G aussian d istribu tion  (w ith a s tan d ard  devi

ation calculated  from the  fluctuations shown in Fig. 9.4) is superim posed in (a),

(b), (c) (d), (e) and ( / )  in Fig. 9.5, respectively. One sees th a t  th e  probability  

densities ob tained  sta tis tica lly  from fluctuations shown in Fig. 9.4 are consis

ten t w ith  the  G aussian distribu tion , which implies th a t  th e  fluctuations created 

by the  m ethod  proposed in th is s tudy  are reasonable and reliable. To com pare

126

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



o e

O08 --

3  006 4-

004 ■■ +2S0

1
0X12 --

-CO -00 -40 00 40  8 0  CO
M t n n h i i i i i  zd ira c O ii (xlO-*1 N$)

o c

.■s' 0 0 ■J 008

JT 006 - - 
3
S 004 +

f c  0 0 2  - -  

000

/

-ISO

■rts, <»•>

h

1 -*15 0

0901 0934 0987 1000 1033 1086 1099 
Nurittafized l i i r i i t

4 os» -- 4 008

006 -- 006 -

004 --*1SD
002  ■■ 002 ..

0 .03 0402 0.701 1000 1299 1598 1897 

Nor m a te d  p re u a re

0902 0935 0967 1000 1033 1065 1098 

Nciriiufaed leitiperfttire

OC

008 -- 008 --

006 -- K004 ■■ ♦ISO

L
0 j02 - -

0.928 0952 0976 1000 1024 1048 1072 

N o m u i s d  d e » ily

n + H
0985 0990 0995 1000 1095 10® IOC 

NorrOfCzed lyKeM vclam e

Figure 9.5: H istogram s of fluctuations of the  z-com ponent m om entum  (a), ki
netic energy (6), pressure (c) and system  volume (d) and  superim posed Gaus
sian d istribu tions w ith  s tan d ard  deviations calculated  from fluctuations shown 
in Fig. 9.4.

127

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the  am plitudes of fluctuations for different properties (except for m om entum ), 

two tim es of s tan d ard  deviation (2SD)  was used as th e  fluctuation  ‘am plitude’. 

From (6), (c), (d), (e) and ( / )  in Fig. 9.5, we see th a t  the  norm alized am plitudes 

of fluctuations, \ ( x 2s d  — T )/x | (where x and x 2s d  are th e  m ean value and  the 

value a t 2SD),  are abou t 5% for kinetic energy, 5.4% for tem p era tu re , 46% for 

pressure, 3.9% for density  and 0.76% for system  volume, respectively. C om par

ing these ‘am plitudes’, one sees th a t a sm all fluctuation  of th e  system  volume 

can cause a large change of pressure. This result is reasonable for a  liquid w ith 

sm all com pressibility. To fu rther exam ine the  reliability  of th e  m ethod  proposed 

here, th e  com pressibility of liquid argon, calculated by the  following equation

where p and p are the  density and its m ean; A psd and  A Psd are th e  s tan d ard  

deviations of th e  density  and pressure. T he MD results calculated  by th e  above 

equation along w ith  th e  use of the  d a ta  obtained from the d a ta  collection volume 

are 4.20 x 10~9 m 2/ N  for the  sm all system  and 4.12 x 10-9 m 2/ N  for th e  large 

system . T he experim ental result [139] is 4.53 x 10-9 m 2/ N  (under th e  condition 

of T  =  136 K  and  P  =  23.7 MPa).  C om paring MD sim ulation results w ith 

experim ental value, One sees th a t they  are agreeable, which fu rther proves th a t  

the  m ethod  proposed in th is  s tudy  works well and is reliable.

In the  present study, th e  Berendsen th erm o sta ts  were applied to  dem onstrate  

how th is m ethod works. In practice, different th erm o sta ts  can be used to  control 

the  tem p era tu re  in an  N P T  ensemble because th e  pressure controlled by this 

approach is independent of the  therm osta ts  applied.

In sum m ary, th e  m ethod  proposed in th is paper was exam ined in term s of
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creating th e  spatia l d istribu tions of m acroscopical p roperties (e.g., m ean den

sity, tem p era tu re  and pressure), instan taneous features (i.e., fluctuations of each 

property, the  variation  range of volume fluctuations and th e  probability  den

sity d istribu tions of all fluctuations) and com parison of com pressibility between 

MD sim ulation results and experim ental value. MD sim ulations results eluci

d a te  th a t th is  novel m ethod not only produced spatially  uniform  d istribu tions 

of tem pera tu re , density  and pressure, b u t also created  the  reasonable fluctua

tions for each property. T he fluctuations of all p roperties satisfied the  G aussian 

distribu tions. T he fluctuation range of the  norm alized system  volum e had  an 

order of 0 ( l / \ / N ) .  T he com pressibility predicted  by MD sim ulations was con

sistent w ith  th e  experim ental value. All of above evidences indicate th a t the  

m ethod  proposed in th is s tudy  works well, and it can be used to  perform  MD 

sim ulations in N P T  ensembles.

9.3 Summary

A novel m ethod  was proposed to  perform  MD sim ulations in th e  N P T  ensemble. 

T he key feature of th is approach was th a t a  constan t pressure and  th e  fluctua

tions of the  system  volume in the N P T  ensemble were produced au tom atically  

by two au to -ad justing  boundaries. T he m ethod, com pared w ith  o thers used 

currently, is sim pler and  robust due to  the  fact th a t  no ex tra  freedoms are 

in troduced  into the  system .
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C h a p t e r  10

R o l e  o f  A t t r a c t i v e  F o r c e  i n  M o l e c u l a r  

D y n a m i c s  S i m u l a t i o n

10.1 D escription of M ethodology

T he equation  of s ta te  of a fluid in a macroscopic scale gives th e  relationship 

am ong the  tem pera tu re , pressure and density. If two of them  are fixed, the  

o ther will be determ ined uniquely. To exam ine th e  effect of th e  a ttra c tiv e  force 

(expressed by cutoff distance) in MD sim ulations on the  equation  of s ta te , a 

L ennard-Jones fluid (i.e., liquid argon) a t a s ta te  of tem p era tu re  T  =  133 K  

and pressure P  = 20 M P a  was chosen. E xperim ental m easurem ent [140] shows 

th a t  th e  density  of liquid argon a t this s ta te  is 1.19 gjcm3, which corresponds 

to  the  num ber density  pn — 17.93/ n m 3 or the  reduced density  pna3 =  0.708, 

where a  is th e  length  scale of liquid. Two ensembles (N V T and N P T ) were 

applied in th is study.

For the  N V T ensemble, 7, 733 argon molecules were placed in a cube sub

jected  to  periodical boundary  conditions in all directions. T he average num ber 

density  of molecules in the  cube was set to  be the  experim ental value. T he 

procedure for creating an  N V T ensemble was th a t  the  molecules were packed
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in a cube random ly. T he in itial velocities w ith  a M axwellian d istribu tion  were 

signed to  them , which corresponded to  the  system  having average tem p era tu re  

T  =  133 K.  T hen  the  th erm o sta t was coupled and the  molecules in the  system  

were allowed to  move until the therm odynam ic equilibrium  was reached. After 

th a t, the  average properties of the  fluid were obtained  by collecting d a ta  over a 

period of 0.5 ns.

For the  N P T  ensemble, MD sim ulations were calculated based on a tech

nique used in th e  previous chapter. T he m ajor feature of th is m ethod  is th a t  

the  pressure in the  N P T  ensemble is m aintained by two au to -ad justing  bound

aries on which two external forces/pressures w ith  th e  sam e value are exerted. 

This m ethod  has been validated to  work well in term s of creating  spatially  uni

form m ean tem peratu re , pressure and density while still allowing appropriate  

levels of tem pora l fluctuations in these quantities, as well as fluctuations in 

system  volume. T he procedure for creating an N P T  ensemble in the  present 

study  is th a t  two ex ternal pressures (Pext = 20 M P a ) were exerted  on two auto- 

ad justing  boundaries. These boundaries ad justed  their positions autom atically  

according to  the  force acting on them . If the  force coming from th e  molecules in 

the  system  is sm aller th an  the  ex ternal force, the  fluid in the  system  are pressed, 

otherw ise expanded. T hree th erm o sta ts  were coupled to  th e  left au to -ad justing  

boundary, th e  liquid in the  dom ain and the  righ t au to -ad justing  boundary  to  

ad just th e  tem p era tu re  to  reach the  required value. Before d a ta  collection, an 

in itia l field for each case was well prepared so th a t  the  m ass center of th e  system  

only v ib rated  around its  in itial position bu t no t shift. For all MD sim ulations 

in the  N P T  ensemble, 10,406 molecules were used. T he dim ensions in th e  cross 

direction were 4 x 4  n m 2. T he averaged distances betw een two au to-ad justing  

boundaries varied as the  a ttrac tiv e  force changed. T he average properties ob-
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ta ined  in th is ensemble were collected over a period of 1 ns.

T em peratu re  control was achieved by coupling th erm o sta t(s) in th e  system . 

Two different therm osta ts , Berendsen [89] and Nose-Hoover therm osta ts , were 

coupled in a te s t system  to exam ine their effects on the  results, respectively. T he 

averaged results ob tained  by these two different th erm o sta ts  showed quantify 

on therm odynam ic properties of the  liquid. Therefore, the less com putationally  

dem anding Berendsen th e rm o sta t was chosen to  control tem p era tu re  in this 

work.

10.2 M olecular Dynam ics Simulation

T he in teraction  between two molecules is m odeled by a tru n ca ted  and shifted 

L ennard-Jones 12-6 po ten tia l expressed by equation  3.2. In  th is  study, different 

cutoff distances were used to  cap tu re the  effect of the  a ttra c tiv e  force on the 

equilibrium  s tru c tu re  and therm odynam ic properties of th e  liquid. If th e  po ten

tia l is tru n ca ted  a t rc =  2}!%a =  1.1225cr, only th e  repulsive force is considered. 

In th is case, the  equation 3.2 expresses the  W CA  potential. If rc > 21/ 6ct, the  

increasing proportions of a ttrac tiv e  force is taken into account. In  th e  lite ra tu re  

published, th e  cutoff distance th a t is m ost com m only used in MD sim ulations 

is rc = 2.5 <7 [25, 34, 40, 113, 141]. W hile o ther cutoff distances, for example, 

r c =  2.2cr [33, 35], 3a [54] and 5a [55], were used by different au thors. In this 

chapter, ten  different cutoff d istances (rc = 21//6 to  5.8cr) were used to  system ati

cally s tudy  the  im pact of the  a ttrac tiv e  force on fluid therm odynam ic properties 

in two different ensembles. T he length and energy scales of argon used in the 

sim ulations were a  =  0.3405 nm  and e — 1.67 x 10-21 J, respectively.

T he equations of m otion were in tegrated  using a Velocity Verlet algorithm . 

T he tim e step  in sim ulations was 0.5 f s .  T he stress tensor was calculated  by the
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Figure 10.1: C om parison of radial d istribu tion  functions ob ta ined  using different 
cutoff distances in a N V T ensemble a t tem p era tu re  T  =  133 K  and reduced 
density  pna 3 =  0.708.

Irving-K irkw ood equation, and the  constitu tive pressure was defined as minus 

one th ird  of th e  trace  of the  stress tensor. T he self-diffusion constan t were 

calculated by using bo th  G reen-K ubo relationship and E instein  equation.

10.3 R esults and D iscussion

10.3.1 Canonical (N V T ) Ensemble

For an  N V T ensemble a t high density, the  W CA theory has shown th a t  the 

a ttrac tiv e  force has little  im pact on the  equilibrium  s tru c tu re  of Lennard-Jones 

liquids. In th is thesis, ten  MD sim ulations using the  sam e N V T conditions, 

while the  different cutoff distances (rc = 21/6 =  1.1225, 1.5, 1.9, 2.2, 2.5, 3, 3.5,
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4, 4.75 and 5.8 a), were perform ed to  exam ine th e  effect of th e  a ttra c tiv e  force 

on liquid s tru c tu re  and therm odynam ic properties. Fig. 10.1 shows th e  radial 

d istribu tion  function g(r) of liquid argon obtained  using different trunca tion  

distances. In th is  figure, the  curve w ith  symbols ▲ is go[r) ob tained  by th e  pure 

repulsive force (or W CA  potential), while o thers are the  results calculated by 

the  com bination of repulsive and partia l a ttrac tiv e  forces. C om paring th e  curves 

p lo tted  in th is figure, one sees th a t  g(r) are essentially the  sam e if the  a ttrac tiv e  

force, even partially, was taken into account in MD sim ulations. g0(r) produced 

by the  pure repulsive force exhibit identical p a tte rn  to  o ther g{r), while a slight 

difference exists. Weeks et al. [106] studied th e  effect of density  on g(r). They 

found th a t  th e  agreem ent between go(r) and g(r) (obtained a t a cutoff d istance 

rc = 2.5a) was excellent a t high density (p „a3 =  0.85), while th e  poor agreem ent 

between go{r) and g(r) was observed a t m oderate  density  (pna3 =  0.5). These 

two results im ply th a t  the  agreem ent between go(r) and g{r) decreases as the  

density  decreases. In th is work, the reduced density  is pna3 =  0.708, a  slight 

difference between go(r) and g(r) is consistent w ith the  resu lts shown by Weeks 

et al. in reference [106].

T he E instein  equation  and the  G reen-K ubo relationship  were applied to  cal

cu late the  self-diffusion coefficient of liquid argon a t the  fixed s ta te , respectively. 

Fig. 10.2 and  its insets show the  MD sim ulation results. T he insets (a) and 

(b) in Fig. 10.2 exhibit the  variations of the  m ean square displacem ents and 

the  self-diffusion coefficients calculated by G reen-K ubo re lationship  versus the 

in tegrating  tim e by using different cutoff distances. In these two insets, one 

sees th a t  th e  MD results are alm ost same, except for th a t  ob ta ined  by applying 

the  pure repulsive force or W CA potential. T he self-diffusion coefficients, corre

sponding to  th e  d a ta  shown in two insets, are exhibited in Fig. 10.2 by symbols
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Figure 10.2: C om parison of self-diffusion coefficients calculated  by E instein 
equation, G reen-K ubo relationship and th e  em pirical equation  proposed by 
N aghizadeh and  Rice in a N V T ensemble a t tem p era tu re  T  =  133 K  and 
reduced density  pnoz — 0.708.

▲ (E instein equation) and ■  (G reen-K ubo relationship). T he resu lts shown by 

sym bol ▲ were ob tained  by using the  slope of the  m ean square displacem ent 

between in tegra ting  tim e 8 and  18 ps\ the  results shown by sym bol ■  were the 

average values over in tegrating  tim e 10 to  20 ps. T he dash line in the  figure 

expresses th e  values ob tained  by the  em pirical equation which was ex tracted  

from th e  experim ental d a ta  by Naghizadeh and Rice [142], One sees th a t  the 

self-diffusion constan ts calculated by the  E instein equation and  G reen-K ubo re

lationship agree well in the  whole range of cutoff distance used. C om paring the 

self-diffusion coefficients calculated by MD sim ulations w ith  th a t  ob tained  by 

th e  em pirical equation, the agreem ent between them  is fairly good except for 

th e  value calculated  by only considering repulsive force. T he self-diffusion con-
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Figure 10.3: C om parison of pressures between experim ental value (conducted 
by Ja in  and N anda) and MD sim ulation results ob tained  a t different cutoff 
distances in a N V T ensemble a t tem peratu re  T  — 133 K  and  reduced density 
pna 3 =  0.708. T he dash lines w ith  symbols ♦  and  ■  in th e  figure are two 
com ponents (kinetic and virial parts) of pressure, respectively. T he inset of the 
figure shows the  sim ulation error of pressure versus the cutoff distance.

s tan t ob tained  by only accounting for the  repulsive force is slightly higher th an  

th e  value calculated  by using the  em pirical equation. T he difference between 

them  is ab o u t 13.6%.

Figs. 10.1 and  10.2 shows th a t ignoring the  a ttra c tiv e  force in th e  NVT 

ensemble a t a density  pna 3 =  0.708 has essentially no significant im pact on the  

equilibrium  s tru c tu re  and  self-diffusion constan t of liquid argon a t th e  chosen 

sta te . So ignoring effects of the a ttrac tiv e  force in an NV T ensemble a t a high 

density, for exam ple pna 3 >  0.708, is a wise choice for calculating  th e  radial 

d istribu tion  function  and self-diffusion constant. However, ignoring th e  a ttra c 

tive force will im pact o ther properties. To dem onstra te  th is  po int, pressures 

in th e  N V T ensemble a t the  above described conditions were calculated  by ac-
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counting for the  effect of a ttrac tiv e  force. Fig. 10.3 shows th e  variations of 

pressure and  its  two com ponents, kinetic and virial parts, w ith  respect to  the 

cutoff distance. In this figure, the  long dash lines w ith th e  sym bols ♦  and ■ , 

th e  solid line w ith  sym bols ▲ and the  short dash line w ithou t sym bols represent 

the  kinetic com ponent, virial com ponent, to ta l pressure and  experim ental value

[140], respectively. T he kinetic com ponent is near constan t due to  th e  fact th a t  

tem p era tu re  and  density  in NVT ensemble are fixed. B ut th e  v irial com ponent 

varies significantly w ith  the  cutoff d istance used and  it dom inates th e  variation 

of the  to ta l pressure. One sees th a t pressure calculated  by only considering the 

pure repulsive force or W CA  po ten tia l (rc =  2%6(j) substan tia lly  deviates from 

the  real pressure. W hile as the  cutoff d istance increases, th e  difference between 

the  sim ulation resu lt and the  experim ental value decreases. T he inset of Fig.

10.3 shows th e  MD sim ulation error, \ P m d  — P r e a i \ / P r e a h  using different cutoff 

distances. Ignoring the  effect of a ttrac tiv e  force on pressure results in a  sim ula

tion  error of slightly over 900% (note: the contribu tion  of th e  a ttra c tiv e  force on 

the  pressure calculation in the  W CA theory [106] has actually  been accounted 

for by in tegra ting  the  rad ia l d istribu tion  function from zero to  infinite). A n

other value th a t should be no ted  is the  sim ulation error a t th e  cutoff d istance 

r c =  2.5cr th a t  is com m only adopted in MD sim ulations by m any researchers. 

T he error calculated  a t th is trunca tion  is abou t 104%, which m eans th a t the 

cutoff distance com m only used in MD sim ulations in N V T ensembles can pre

d ict th e  liquid equilibrium  stru c tu re  and self-diffusion constan t properly, while 

can not pred ic t th e  liquid pressure correctly. To obtain  m ore accura te  pressure 

in MD sim ulations, a  larger cutoff d istance should be used. A ccording to  Fig. 

10.3, to  ob tain  a  sim ulation error for pressure less th an  2%, a  cutoff d istance 

rc > 4.75cr should be used.
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10.3.2 Isotherm al-Isobaric (N PT ) Ensemble

In th e  previous subsection, the  effect of the  a ttrac tiv e  force on fluid properties 

in an  N V T ensemble a t high density were discussed. T he MD sim ulation results 

show th a t  the  a ttra c tiv e  force has no significant influence on th e  liquid s tructu re  

and self-diffusion coefficient, b u t substan tially  im pacts the  corresponding pres

sure. A ctually, a fluid s tru c tu re  and self-diffusion constan t m ainly depend on 

the  fluid density, tem p era tu re  and local free volume, while these param eters in 

an N V T ensemble a t high density  are nearly constant. In th e  following section, 

a different ensemble (N PT ) a t the  same liquid sta te , i.e., T  = 133 K, P  = 20 

M P a  and  per3 =  0.708, was applied to  study  th e  role of th e  a ttra c tiv e  force in 

MD sim ulations.

Fig. 10.4 and  its inset show the  variations of density and  pressure w ith  re

spect to  the  cutoff distance used in the  N P T  ensemble a t th e  aforem entioned 

condition. T he inset of Fig. 10.4 shows the  to ta l pressure and  its two com po

nents a t different tru n ca tio n  distances. One sees th a t  th e  two com ponents of 

pressure vary w ith  opposite trends, i.e., kinetic p a rt increases while v irial p a rt 

decreases, as the  cutoff d istance increases. However, th e  sum  of them  (to ta l 

pressure) stags a constan t (20 MPa). T he effect of the  a ttra c tiv e  force on the 

density  is shown by the  solid line w ith  symbols ▲ in Fig. 10.4. T he dash line 

in th is figure is the  experim ental value [140]. From this figure, it is no ted  th a t  

the  a ttra c tiv e  force significantly im pact the  density  of th e  system . W hen only 

accounting for th e  repulsive force (rc =  21'/6cr), th e  density  calculated  by MD 

sim ulation is m uch lower th an  the real value a t th is  s ta te , which m eans th a t 

MD sim ulations in an  N P T  ensemble can not m odel a real liquid s ta te  if the 

a ttrac tiv e  force is ignored. As the  cutoff distance increases, density  increases 

quickly before a specific cutoff value, e.g., rc < 3a. A fter th a t, density  increases
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Figure 10.4: Com parison of densities between experim ental value (conducted 
by Ja in  and N anda) and  MD sim ulation results ob tained  a t different cutoff 
distances in a N P T  ensemble a t tem peratu re  T  = 133 K  and  pressure P = 
20 MPa.  T he inset of the  figure is the  d istribu tions of pressure and  its two 
com ponents versus the  cutoff d istance obtained in the  N P T  ensem ble a t the 
sam e tem p era tu re  and pressure.

slightly and  approaches to  a  constant value. C om paring w ith  th e  experim ental 

value, density  calculated by MD sim ulation a t r c =  2.5er is lower th an  real value 

ab o u t 10%. If one w ants to  get m ore accurate density  result, a larger cutoff 

d istance should be applied, e.g., rc > 4 a  resulting in the  density  error <  2%.

Fig. 10.5 displays the  equilibrium  stru c tu re  of liquid argon sim ulated  using 

N P T  ensemble along w ith  different cutoff distances. In con tract to  th e  radial 

d istribu tion  function obtained  in the  N V T ensemble, th e  rad ia l d istribu tion  

function in th e  N P T  ensemble strongly depends on the  cutoff distance. It should 

be noted  th a t th e  curves in th is figure show th ree d istinguished features. W hen 

r c =  21/ 6ct or th e  a ttra c tiv e  force is ignored, the  rad ia l d is trib u tio n  function 

displays gas-like characteristics. W hen r c >  1.9a, all of curves show the  same
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Figure 10.5: Com parison of radial d istribu tion  functions ob ta ined  under dif
ferent cutoff distances in an N P T  ensemble a t tem p era tu re  T  = 133 K  and 
pressure P  — 20 MPa.  T he inset of the  figure exhibits the  re lationship  between 
first peak value of radial d istribu tion  function and cutoff distance.

p a tte rn  as th a t  is observed in the  x-ray experim ental m easurem ent of the  liquid 

argon [129, 130]. T he radial d istribu tion  function a t r c =  1.5cr shows a slightly 

different p a tte rn , i.e., the  radial d istribu tion  function gradually  declines from 

the  first peak until the radial distance abou t 5 A. A fter th a t  it increases near 

linearly over th e  range of radial d istance 5 — 6.5 A. If the  value of th e  first peak 

of th e  rad ia l d istribu tion  function is taken as a  characteristic to  m easure the 

effect of cutoff d istance on the  equilibrium  structu re , as shown in th e  inset of 

th e  figure, one sees th a t  the  radial d istribu tion  function increases quickly when 

rc <  2.5<t. A fter th a t , it increases slightly and tends to  a constan t as th e  cutoff 

d istance increases.
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Figure 10.6: Com parison of m ean square displacem ents ob tained  under different 
cutoff distances in an  N P T  ensemble a t tem p era tu re  T  =  133 K  and  pressure 
P = 20 MPa.  T he inset of the  figure is the  com parison of self-diffusion coef
ficients betw een the  MD sim ulation results and th e  value calculated  by using 
em pirical equation  proposed by Naghizadeh and Rice.

T he Fig. 10.6 shows the  m ean square displacem ents w ith  respect to  the 

in tegrating  tim e. One sees th a t a shorter cutoff d istance corresponds on a larger 

m ean square displacem ent. T he variation of th e  m ean square displacem ent 

deceases as the  cutoff d istance increases. T he self-diffusion coefficient calculated 

from the  d a ta  shown in th is figure was p lo tted  in the  inset of Fig. 10.6. In this 

inset, the  solid line w ith symbols ▲ is the  MD sim ulation result; th e  dashed 

line is the  value calculated by using the  em pirical equation [142]. One sees th a t  

the  difference betw een the  results calculated using MD sim ulations and  the 

em pirical equation  a t  sm all cutoff d istance is large, while as th e  cutoff d istance 

increases, the  difference between two results diminishes. If th e  value calculated 

using the  em pirical equation is taken  as the  ‘real value’, th e  sim ulation errors

141

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



a t different cutoff distances are 630% a t rc =  1.1225cr, 40% a t r c =  2.5cr and 

<  10% for rc > 4cr, respectively.

In sum m ary, the  a ttrac tiv e  force in MD sim ulations plays a role on deter

m ining liquid stru c tu re  and therm odynam ic properties, in p articu la r in N P T  

ensembles. If a ttra c tiv e  force is taken  into account properly in th e  MD sim ula

tions, th e  resu lts ob tained  in the  two different ensembles will be th e  sam e and 

consistent w ith  th e  corresponding experim ental values or those calculated by 

using em pirical equations. Ignoring the  effect of the  a ttra c tiv e  force will results 

in incorrect answer, e.g., th e  pressure calculated in N V T ensembles and  density 

in N P T  ensembles.

10.4 Summary

T he role of the  a ttra c tiv e  force in m olecular dynam ics sim ulation a t high density 

is studied system atically  in canonical (NVT) and iso therm al-isobaric (N PT ) en

sembles using equilibrium  m olecular dynam ics sim ulations. R esults show th a t  

the a ttra c tiv e  force in N V T ensembles plays little  role in determ ining th e  equi

librium  s tru c tu re  and self-diffusion coefficient, while it influences essentially on 

th e  pressure calculation. T he a ttrac tiv e  force in N P T  ensembles im pacts not 

only on the  equilibrium  structu re , b u t also on the  therm odynam ic properties. 

To predict all properties of Lennard-Jones liquids correctly, th e  effect of the  

a ttrac tiv e  force in MD sim ulations has to  be taken  into account properly, for 

example, to  yield correct properties (<  5% errors), a long cutoff distance (4.5cr) 

should be used.
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C h a p t e r  11

S u m m a r y  a n d  F u t u r e  W o r k

11.1 Summary

In th is thesis, fundam ental s tudy  of fluid tran sp o rt th rough  two nano devices, 

finite length nanopore (m em brane) and nanosyringe, was carried  ou t by using 

a novel pressure-driven NEM D m ethod and an injection approach, respectively. 

T he novel pressure-driven NEM D m ethod has been successfully extended to  

study  fluid properties in N P T  ensembles. T he following conclusions were ex

trac ted  from  the  work perform ed in this thesis:

1. A novel pressure-driven NEM D approach was developed in th is thesis. The 

advantages of th is m ethod, relative to  the  DCV-G CM D m ethod  th a t is 

com m only used, are th a t it elim inates d isruptions to  th e  system  dynam ics 

th a t  are norm ally created  by inserting or deleting partic les from  the  control 

volumes, and  th a t  it is easy to  im plem ent for dense system s.

2. Solid wall-liquid in teraction  has a significant im pact on th e  liquid tran s

p o rt in a finite length nanopore. In particu lar, the  weak solid wall-liquid 

in teraction  causes liquid slipping on the  solid wall, while strong  in terac

tion  prom otes sticking a t the  wall. T he flow ra te  calculated  by NEM D

143

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



sim ulations, sub jected  to  a constan t pressure drop across th e  channel, de

pends on the  solid-liquid in teraction  and is p roportional to  th e  ra tio  of 

£i/£is for th e  system  studied.

3. T he effect of the  entrance and exit on liquid tran sp o rt th ro u g h  a  nanopore 

depends on the  solid wall-liquid in teraction. T he weaker th e  solid wall- 

liquid in teraction , the  stronger the  entrance and  exit effect.

4. A com parative study  between continuum  and atom istic approaches shows 

th a t the  classical N-S equations w ith no-slip boundary  conditions a t the 

walls can be used to  approxim ately predict liquid tran sp o rta tio n  through 

a finite length  nanopore only under the  condition of having a neutral-like 

solid wall-liquid in teraction  (ea =  £;).

5. An unexpected wavelike liquid tran sp o rt m otion in th e  nanosyringe is 

elucidated by perform ing the NEM D sim ulation under constan t injection 

condition, which differs from the  m otion of bulk flow in m acro-channels.

6. T he ex tra -pair positive/negative ions have a  significant influence on bo th  

fluid tran sp o rta tio n  and charge distribu tions in the  nanosyringe.

7. T he NEM D pressure-driven m ethod extended to  perform  EM D sim ula

tions in the  N P T  ensemble successfully generates uniform ly spacial d istri

bu tions of therm odynam ic properties and instan taneous fluctuations. The 

m ethod  proposed in the  thesis, com pared w ith  o thers used currently, is 

sim pler and robust due to  the  fact th a t  no ex tra  degrees of freedom s are 

in troduced  into th e  system.

8. T he stu d y  of th e  role of the  a ttrac tiv e  force /cu to ff d istance in MD simu

lations elucidates th a t the  a ttrac tiv e  force in N V T ensembles plays little
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role in determ ining the  equilibrium  stru c tu re  and  self-diffusion coefficient, 

while influences essentially on the  pressure calculation. T he a ttrac tiv e  

force in N P T  ensembles im pacts not only on the  equilibrium  structu re , 

b u t also on th e  therm odynam ic properties. To predict all properties of 

Lennard-Jones liquids correctly, a larger cutoff d istance (e.g., 4 .5a) should 

be used in MD sim ulations.

11.2 Future Work

W ith  the  successful developm ent of the  novel m olecular dynam ics m ethod  in this 

thesis, fu tu re studies on the  following topics could be in teresting  and beneficial:

1. Study of pure diffusion between two species materials driven by only chem

ical potential or density difference

Diffusivity, a tran sp o rt property, plays an  im p o rtan t role in m any n a tu ra l 

processes. C urrently, there are several NEM D m ethods th a t have been 

used to  s tudy  such processes, e.g., force field-driven NEM D sim ulation, 

DCV -G CM D  m ethod, etc. In these algorithm s, the  pressure and  chem

ical p o ten tia l (or density) differences between two reservoirs are set up 

sim ultaneously. Therefore, the  diffusivity ob tained  by using these m eth

ods consists of two parts, i.e., a convection p a r t from pressure difference 

and  a diffusion p a rt from chemical po ten tia l difference. T here exists lit

tle work on diffusivity generated by a pure chemical p o ten tia l difference 

(zero pressure difference) up to  now. T he m ethod  proposed in th is thesis 

can easily overcome the  problem  (pressure and  chemical po ten tia l differ

ence existing sim ultaneously) in force field-driven NEM D sim ulation and 

DCV-G CM D  algorithm . Work th a t will be carried out include the  bulk
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diffusion betw een two species separated  by a sharp  interface and  th e  dif

fusion th rough  a  m em brane. T he chemical po ten tia l will be controlled by 

changing energy scale, molecular size or b o th  of them .

2. Transport of suspending DNA or polymer molecules in a solvent through 

a finite length nanopore

A DNA or polym er molecule moving th rough  a  nanopore faces a large 

entropic barrier. In  order to  overcome th is  barrier and  pass th rough  the 

pore, an ex ternal field or in teraction  is needed. For a  DNA or polym er 

m olecule tran sp o rted  through  a finite length nanopore, m any researchers 

[5, 7-10, 13, 14] con tribu ted  by using electrical fields or in teraction  be

tween cha in /pore . B ut in these studies, only DAN or polym er molecules 

(no solvent molecules) passed through  nanochannels. For tran sp o rt phe

nom enon of DNA or polym er molecules suspended in a  solvent th rough  a 

finite length  nanopore, there is little  study. T he m ethod proposed in this 

thesis can be applied to  mimic a suspending DNA or polym er molecule 

in a solvent tran sp o rt th rough  a nanopore by using an  electrical field or a 

com bination of electrical and pressure fields.

3. Electrokinetic nanochannel battery

E lectrokinetic m icrochannel battery , a safe, non-polluting, com pletely re

newable m ethod  of producing electric power, created  by Dr. K ostiuk and 

Dr. Kw ok’s research group a t the U niversity of A lb erta  in 2003. This 

m ethod  converts the  hydrostatic  pressure directly  into electrical current, 

i.e., pressure-driven flow in a m icrochannel induces a stream ing  current 

due to  th e  presence of an electrical double layer (ED L) in th e  interface 

between th e  electrolyte solution and channel wall. In  th is  m ethod, the
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channel size, concentration of ions and s tru c tu re  of EDL are im portan t. 

Yang et al [21] pointed  out th a t  the  stream ing  curren t in a  m icrochannel 

is on th e  order of a nano-am pere and is additive. Therefore, increasing 

th e  num ber of channels per un it cross area should be an  efficient m ethod 

to  im prove the  efficiency of the  battery . If the  channel size decreases from 

m icro order to  nano order, th e  num ber of channels on per u n it area will in

crease 3 orders of m agnitude. B ut as the  size of the  channel decreases, the 

flow properties in the  nanochannel will be significantly different from those 

in the  m icrochannel. Therefore, studying  liquid tran sp o rt, ion m igration 

and EDL s tru c tu re  in the  nanochannel for im proving th e  properties of 

electrokinetic nanochannel b a tte ry  is needed. Due to  technology lim ita

tions, conducting  experim ental m easurem ents in such sm all channels is 

still ra th e r difficult a t present. MD sim ulation could be applied as the 

first step  to  exploit the  flow tran sp o rt, ion m igration  and  EDL stru c tu re  

in such nano-sized battery .

As po ten tia l algorithm s, the  m ethods proposed in th is  thesis can be used 

to  stu d y  these suggested topics. However, there  are m any technical chal

lenges ahead. For example, m odeling DNA molecules and  calculating long 

range electrical forces in th is type of system s is challenging. Therefore, in 

order to  use these m ethods, further research work will be needed.
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