Sci

ence of Nanof

l ui di

Baoxing Xu

Submitted in
requi rements
Doctor of

i hhe ad
COLU B
2

parti al

cs and Eri

ful fill ment

for the degree of
Philosophy

rn:
T o
no

of Arts and



E 2201

Baoxing Xu
Al | Rights Reserved



ABSTRACT

Science of Nanofl uidics and En:eé

Baoxing Xu

The emerging subject of nanofl uidics, wh e
nanoscal e, has exhibited radically different
counterintuitive), and yet rel aet i ved iyl tliensgs uel
properties may <contribute to a number of I nn
Among various exciting potenti al application
provi de alternative solubtighs ef i einemrgy, ciomo
absorption, actuation and harvesting.

I n this difsiseepati oma, nwe el protection mec
through which an intensive i mpact or bl ast €
nonwaeltgt niacqwipdr ous matetumedsgpeerqy oEses mapdacak
form of potenti al energy of i ntercal ated wat
converted to other forms of energy ¢€eeeggyhwat
released gradually due to the hydrophobic i nn
water mol ecul es out of nanopores, t hus makin
faciocs$udipmagti ng vel ®@¢i tny®gs drpacdpuaree sainzd | i qu
been investigated on the capacity of energy
through the st uady dofs tiwdgheadtei nmdsreg aurd e s . These 1
( MD) findingeelayr ev eqruiafniteed ahy a parall el bl as
system.



During the transport of confined | iquid mo
atoms of nanopores to | iqgquidamdd eltiud lelsy wddpgerd
temper at umel ®dwlde svail §d mor phoUsagwy oD msa moup cartd s
effects of temperature and wall roughness on
nanopores afa& iICihaghdeelirigedt teridvet rsehsesa and trhaami nal
domi nate the nanof lauriediecx ttrraacntsepdo ran dr ecso usptlaendc e
transport rat e, and I-lieqwe Id npercohpaenritsyms Téaree nrod v
study os$ittyheprdefnil e and hydrogen bonding of
experi ment on al n@aumiogpospssemardbonarris¥D out ¢
findings.

Mot i ved bkyn otwhne tahealirined @it Ir load hya petfef Cehcdt pSa @ d
presaentonceptual design of ther mal and electr
hydrophobliiguawlopdr aus system through a ther ma
The thermally and el echehawil drys defpehdguot ds ni
anal pwed ng MD simul ati ons. The fundament al m
density profil e, contact angl e, and surface t
to reveal umdemkyi MTdhhemenlea gy density, power
t her mal and electric actuation systems are e
phase, and | i qui d Thephansad | mr eaneév &ll eaxctted.cal |y
e X pneersib n a -webéertdelectrolyntmerd obhoemo diorsglsyt e
gualitatively wvalidate these findings. These

density ther mal oswi ¢eheptroperstdesagaeasdevi ce



Ener gy hhbay vtelsd i fnlgow of-wat bBydsothktkoonctaciod
i's explored usingnat dmi 4 taisfch r i@yt @toinoncsonf i g u |
pore wal/l, an averaged ion drifting vehecity
axi al direction is obtained as a function of
rateen,vi r onmeenptealat ur e, solution sc.aedbat rmotliecru |
mechanism of i on hopping andl ingphti ooan i Isa rrwes etail
t her mal and mechanical energy from ambient e
power plants.

Nanofl undve$ Bsardeasteharicvh nagr ea, whose coupl ir

such as materi adl,, necehcehmind ala,l , e Ipehcytsriiccal engi ne
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Chapterll nt roducti on and

1.1 Challenge of Energy Conversion
Gl obal energy consumption is expected to

according 2mMhlanuealferadd®OOBEBer gy I nformation A«

(EIYA)On the obberi hbedsi wearfossi l fuels 1ike
continue to remain the | argest resource of e
2035) , and as a consejjuemcesi bhewtcagtho zlea we X
a maj cause of gl obal wahvesme n @ f-ccasd ofmu wiell ah edg

grow Ly 2®3MBhese urgent demands for energy an
beemnsitdee edor | déds most p ar Yen® ntrin pagichla, Ithe e n g e
second half of the centufy.

Il n principle, there are two ways to addre
i mprewvecoyversi on hafefdiuciienmgcyener gy consumpti or
consumption as an example, it is estimated th
technique, 6 4 nmiqluliivoeelretmdtay et ah ofidec istecodmwn al t
is to explore new renewabl e energy sources,
energy and biomass draemg)ys.ol uhiiosevad u e Ifp sksbhihf
to greeawidrherag | owereehboeambievdfiacsn s . Both ways
scientific breakthroughs and truly revolution

Nanotechnology, which deals with developin



wi tal | east one di mension down to 100 nm thus
propertrieps esents the most exciting achievemen

step of energy conversion takes plalcegyath atvhee

demonstrated a compelling poteht iFalomf ar fruedtain
perspective, the most <cruci al feature of mat e
i ncr eapecsiufnifcace ar eas. Such excess | areqqeé spec

platform for energy conversion through contac
on states of matter, there are tirodae dcammdmc
| i qluiigdui d condaqui dnd Fmbhéesdoéi dolcioadt act ener
transports are very dRrofrf itchudl itlgivghai ocduagrmt a dte, ptulr
very difficult to control vaeldl Tthhues , p etrhfeo r amalnyc
platform is -i guodd.b owlhheanc ssodaml essly combidsed \
with different solid surface strucltuaed aad b
extremely ampl-d Brgd sproufhcubturéace areas pr

underpinsedebgetbt nanofl ui dics.

1.2 Opportunity of Nanofluidics for Addressing Energy Challenge

1.2.1Brief overview of nanofluidics

Nanofl ui dicassciisenddaffiimedtausdy of the transpo

structures of t h® 00Crmam)omeneronkemgt hmore di men

"Note that despilt@yadchebypogas bimel e ottiiemps ii he nan
restrictive small space, the number of gas mo
that of | iquid molecul es. And for the very st
mol ecul es can hardly afbfeehcatvitome Mmddee gdodicnad:
gasol id intecaosideseadréeénnothe present dissert:



di mensions nanmhstswaé¢lefr ef s very close to the ¢

l engths of she whlewi .t rBesiudes are scaled dow

sur ftawmd ume ratio iIinceleased @men osnuernfaacwi | | b e
domi Comts.equrewnmbegr, @f properties of | iquids <co
related phenomena which are insignificant in

namcad eSi nce the fAbirtho of nanofl ui doagrsessies h
from theories to applications have been made.
Through transmission el ectron mi croscopy
nanochannels such as carbon nanotexmedi @QNES)
llshows a TEM micrograph of a CNT prior to an
carried out °byi Mdiiguathi nsg sahcad e swsaftuelrl ywat r apped
Fi gulrad so showsnbhemecWwaar meniscus shape betw
which is wunlike the situation of water | iqui
mr cor mescabe. The authors further observed a |
vi brationgas theetrfguaerdunder electron beam he
of water mdhieacdh enxxe miem t . Severhbh|l sbudees eabsoi
these anomaf®?usadmnde ph ®ivsbadleivd dences of water ¢
CNTs. The random and complex menté&eudgiagugdes
interface in nanoconfinements may no | onger

theory may break down.


http://en.wikipedia.org/wiki/Nanostructure

MENYV: nanotubeewi oh @n9in
ngchadwes tokesaéemead, | wat e

prior to wa(thArf t erl laiu
chan'del s

The whole dynamic process of water mol ecul
in diameter and 1.34 nm in | elfgtbyi nhga smob eeecru |
dynamics ( MDFi gld2reul athiegn found t hat the empty
continuously by wateensnobécuypl ePswibddsdes | Aedew
remained occupied by about five water mol ecul
i mportantFifgdaiteurtehd@tinma neneéearaed yclomai n of swater
f or medCND, tvihheivede aisBuinke Thetreéme.d hydr ogean mobesnds
aligned along the carbon nanot uroel eacxuilse s saubgogue
aligned hydrogen olionwhd .er Afinbere aiahwa suibmen Hummer
found water passed t he -Iniakneo tnudbtei o ms pcud usled baen de
mol ecul es per nanmdsfecando.f Taot tsrtaucdyi vtehe nt er act
and water molecules, Hummer et al. further si
car-waherctiinarer pot enti alt,r aarsdtfoansdofli wtaitemat o
emptyg &nkFil gw?(ey) )suggesting a very sens-itive

nanotube interaction pdadrn &me tlwartsa.g [pihfefneormeemta fir



nanotube, JdSdplweand hAlturmunet water tCGMhspor't
when the orientation of the watsemphmalrdc uAleusr
simul ated transport of water mol ecul es at a

vel ocity ewmbantpesmesntobser ved.

6
= 4
= 2
£op = 0.114 keal mol ! 0o =328 A
0+ T T T T T y
0 10 20 30 40 50 60
b 3
£co = 0.065 keal mol
6 I “ I Oco=341A | I
= 44 | ‘ ™ | I
= |1 ‘ ! ‘ !‘
24 I -‘
| - [ L ! |
od

t(ns)

Fi gu2eMD si mul ations of wat el apie¢imphafc ywad tnera
mol ecul es inside the famdt ubad uansa dae cfauvarfabtii aocnt ioc
(Structure obfornced hwaltreorgecnhat?n inside the nan
I n order to focus on the transgpgfretr flme maui c
MD si mulnatwadmes dadaransportenchedu@th, a6 )paCKEed men
an osmosis pressure gradient. An average fl ow
observedediimage dedice@mmcs oscopi ¢ hydrodynamic t he
rate of water fluxndriiveat thars mdm®cthiaerenee (s NN-
angol ymet hyl met h&crTynleastee MDP MMAMul ati ons hav
experntiamerstudi es. For é¥%¥ampd ealtianpadnidarr &y afl
CNTwi th pore sizes of around 7 nm, and measur ¢

0. 1MPla at mhey found thationhehél owngatetmeésabd

hi gher than that predicted from Newtonian f|



i ncreased, the flow rate did not decrease,
hydrodynamics as well . A'°desairgnleadt er sinmi2 006,
membr amwe t hutppor ahani e endme s e n h afnlcoewmernat eofi n t he
560 to 8400 times was reported.

I n order to understand t h'écomplariendg wmetcehra nh

ener gyidiusi ons between bul k and nanoconfi neme

der easnedt he i nvasi osi notfo wphbee ersdamdoloaveu | eéoi ndi ng
water mol ecul es I N sntame c & rylidor mdgiremgp t et w@hk e ro
mol ecul es, |l eading to a high filling speed.
equilibrium points of view. For the steady st

Al UTuthey attributed the pumping mechanism
transl ati ofalr madt inoh eeicuf ;sarructur es. When wat «
through the | arge (16, 16) CNT, Josuenph odndvaAle
transport in a depletion | ayer at the interfa
anadttrihet edhanot meata® stphean oebxhj es thh

These dominant danmditnog st feor unuingdueer st ranspor
distri boonbwaederf mol ecul ar structures. The w
di ameters of CNTs \&Trhee ye xftomusncda etchralty It e &t &Ir C
configurata omnifnbgelbeacdadi n, similar with Hummer
increase of tubeNTdwauwmewWentsudlol  1lety adlakdrtcd ead Di
i n a-l @yletditsetrr uct ur es . Generally, as CNT di ame:!
tends to be small, and water molecules | ocate

Furt heirmuMDatsi ons s howfeidl ¢ han Itdysrced i magdel s we



the nanotube helicity %'ndAndootnhenratierdp doryt atnutb er oc
t henstproar t rate ofi swatyddmadieheul esxampl é%, Wang

investigated t hebomudmb(eHB)o fpehry(dymtgedrm .MdMTsc ul e,

cal cufauhdngnhien al WaCNTshem that in bulk wat

the depletion of HB in a smaller tube wil!|l a |
consistent with the enhanced transport rate.
Parallel with the study of unigeesnahobdblgh
MD simul ations and experidewndttse dadamgneerf y oof s
nanofl uidics. For i né$vamnmacr d/tmiicerdowehlalnglen d\wn

equi |l iclampii U maocan edd edcdsscr itbheed Lwiep Ul gheys 1Bsgiurag i o n

in

P:4TD9 (1.1)

WhePRPei s the jpmmpsrsas sg alsi qiun tdeamfda cueseerdc otime i t ih & |

energy, Dgdarsritere elicesisd siont elr faacs alt he ems iaomet ¢
macr o/ microchannel
At the nanoscal e, when the |liquidanviadeade

l'iquid vol ume,i rnint iaadlai & ii em@iye’db oeuhneda It.hat an ad

resi stance needétdra edolatemmc ormesi st ance. Based
experiments, they pr opks ecdant hbee aedxdpirteisosneadl apsr:e
DP=4% (1.2)

Whetwes the infhilstrtaitee dr diseinggttehrad ee r mé LS wsr ftahcee a

column resistance.



Thus, at the nanoscal e, by combing the inf
the pressure gradientwraftft¥mi wisng | iquid flow
DP = +PDi(Q%m (1.3)

Gi vtemeevipsedsure gradient (Eq.nah.o3)i,netdhd itqua m:
pretdebdg f ol | owitnigon dle fclomivee nt heory

|l nspired by Majumder et al . 0sg mele ugleime nltesr
the hhiagoitdbe wall boundar$havehadmascadd McGdung
transportCN%®E,J|l oandysumcessfully predicated 1its
calcul ated from-Pooseentienalel dagem. This 1is
strategy dwhni cthhreladicndsielgr ocess, and the main es

Given the pressure gradient @aR/ogngthbhber adi

vel oci tyr),prooff ia el,i quid fl owing: steadily throug

d? ar? 4L
ury=3p A7 W (1.4)
16m d d pz

whemes the viscositiy ofhet Isé¢ i pl dsi@dwgasbhoduantd atr hye |

The slipid¢Rendesdcriwlhes the velocity discontinu

defined as:

L= u(r) (1.5)
du/ dr

r=d/2

The volumetric flow rate with slipQ; is then given by

Qs=p[(d/2;4+d3L‘]E (1.6)
m Wz

Equation (1.5) is the slip modified Hag®wiseuille relation; the nslip Hagen



Poiseuille flow rateQ,, , can befound by setting., equal to zero. The flow rate enhanceméht,
reported by Holt et al. and Majumder et al. can be defined as the ratio of the measured flow rate
to Q, (evaluated using a bulk viscosity and the CNT diameter). If the measured flow is modeled

using Equation (1.5), the enhancement becomes:

_ Qs L(d), m

e—Q—N=E18-d ) (1.7)
_ A(d) A(d)

d)y= m19 MY 1.8

md) .A(d)h/[ﬂl A(d)] ( )
Ls(d):30-|3d—532 (1.9)

where 73 is the viscosity of bulk watet.(d)is the diameter depeadt slip length, and7{d) is
the diametedependent viscosity of the water inside the Cfa n 8(d)i s t he vVvi scosi

area of the intMd)fiacet heegism®todli cavnado s ar e a. Tt

Mc Gaugheydssagreei otehl dlidrms itrhud raadl itomwtist Ho Int et al
experiments.

Thanks to the absence of enough experi ment
l i mi ttehde bayccur ate model s, force field and c¢omg
still no a generally accepted mechanism and
tansport behawawoon foif nfdairgqfiftiadMoirne ex peir tmehbabk ©
vari ous l i quid pbazses moeadédhed whiaonlm i s very
understand and predict properties of | iquids

devices.
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1.2.2Conceptof nanofluidic energy conversion

Many applications have been explored ownir
such as selecti vien gseeapcatlantmisonlse mifcalmi anal ysi

determinatioes obfkeéei pmoPé&mokbiadndgbNAl engine

desalination and water puri fi®*¢ ®nieonofi nt henvmo
promising areas of nanofluidics is its potent
a b uvanndt natur al resolur ceber(nealg. ang c @daleaamli ¢ a & |
effidingmtlay useable form of energy. This sect

energy conversion based on nanoftlunee clsawidhf

of energy in nature, t her mal eneFggl3) eneFclani c
exampl e, when mescohvaenditc a timaé n emey gy, uesnuearlglyy r
absorption, it has been widely wused in the pr
damages. When ther malonedroe Imeatlardinceanl e regnye r guys u a |
ashermal or electrical actwuation, it has been
hand, energy harvesting from mechanical or t

provide a solution on energyl geweration and e

[Electrical Energy ] >{ Thermal Energy]
Heat Generation

Fi guBever wifermer gy comdenr sitome ds biyence of nano
| arge surface of nanopores and unique interac
enabl erHioghmapnce energy conversion among mecha
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1. 2ERefalgyor pdi s ®npati on

When @onandreated to be a hydrophobic inne
pressure is sufficiently high, caPl | edhasoutngii

l iquid molecules coul d eovaerdc d mev atdree *i’malmi rltillnegr yn
the infiltration process, the extldrqruatde wbatki a
tension and in part dissipated as heat throug
wal Fi g(ude. Due htydr dpgreotbu rce of t wal In,an evp @mo uts
environmental pressure decr eeasleisqutiodsb el nlsoiwdeer t

wi || defiltrate. The absorbed energy during t

ti ming imrfdd &uragwiioonh the infiltbatREilg dpd ume ¢
E=P OM.Due to the |l arge s ppeotie im00Bugnf acehareane

absorption/dissipation®8'enséevegr alanorbderlsd 0o fl/n
than that of conventiganalol pyrmelreiftojavess anm Btfebrainesl:
JPY shape meme2ythldBgsi d@®s3 with the help of
di stributed uniformly in mésésdor tfa nhitahhuss baavgonii
shear |l ocalizatiobhme Theiolrtetatcad!l Whiapwhnen dhe fai | t
hydrophobic wall, the |liquid can invade again

system with integration of this nanofluidic s
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Figudd&nergy absorption mechanism based on nar
hydr op h opboiracan dn atnloe e xt er nal mechani cal energy
thermal or heat energy.

1. 2EBePaglyuati on

When ther mal or electrical energy genesaldl
referred as an actuation, wih®eo me drbte mebhbamat a
energy. I n the science mwlfe namhoslbauahdansenengyt
drive motions oftahapabg mseli @egulaems exasr nal t h
energy, which is different from the samategy

osmotic or hydradfenBevfphelssursgstems have be
pump |l iquid moleaaped®srrospexamplfdegGCamgdert
mol ecul ar whahercopmmph dethiassngeos i ti oned adj acent
Underc htakienedsuecleedc t r i cal f% 4 @rveasbna spormtianeous
uni dinrad c tfiloow t hr o uegkhk a bhitfa Cajtd ealdVolhogwt wahs an ar
caused by the iemcprowemgs, uasred otf hclhgahrtg t hat st a

continuous flow of water molecules tYhhowgh a
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that the wunidirectional fl ow of water mol ecul
CNT |l ength was bel ow 10nm,onthawakisert omotl eee us$ €
inside and outside. The eff edtasofbeetne gueil zl € drle
but how to precisely control the flow of [|iqu

Similar with tfhleow [ocefctlrin@umidos atré rvtelng h ma | gr
al so employed. FoleskgmpbHea tbmpaestineElhowedcha
t hat thed fbei dentciombosigmme tdrriiov etne rop/eraat ur e gr
moves from hiaghetdadn awet dmopwe rsautr f ace energy pa

|l ow to high temperature in the high surface e

1. 2EBeBgyvesting

When an electrolyte is itrecormthac te Xyietchesa ce
from wihe molgecul es and solid at oms, for-ming a
solid interface, wh i %*h Tphoel asruirzfeasc et hceh asroglei dd esnt
temperature or flow rate, the wvariation of W

energy intoclaeameliicfninengp pldh eBsor exampl e, van
aP®measured an electrical -d¢dmirvgeum tdl i d mew aitne di nbe
rectangul ar si Fi gdb)en anfdhelyanfnedmrd (t hat t he st
proportional to dmae ipmessagsed gwiatdh ebhthe chanr
streaming current woul d reverse when the sig
Heyder®dtudaled the effethhgdndomecveoalceanttrhai on
energy conversion efficiency occurred at | ow
el ectrokinetic ermeornudyW a@acmvervei an nmbhexv imuen ef f i ¢

monovalent 1T ons in aqueous solution.
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(b)
high P Wp-sensor

4.5mm Ql

?r _+JI

~1 ODnm
(d)
_ o ] e SIS
-y 20 17pM - R, 4‘3\
= | i counter- # Pressure-
é 10 — 0.33M ions _”drwen
a L I I N flow
DG i b 3 4 I:—B@)_':'g'}" — g'hg_-)_'@*
Pressure (bar)

FigashéaNNanochannels are fabricated by bonding

cont ai nesd amaneacchhannel and two 1 mm d(db3imed er F
view of t he(c®aneamangelcurrent as a function
channel-amd -dhaolgth condeftcheamabins; i | | ust rtahtei on ¢
streami R’y current

By carefully controlling the liguedpél bmen
Ghosh et al. found a logarithmic indFegaereof
1.6) , contrary tucrtehée stededmi ntghec el ectrokinet

ampl it udienducefd owmo!l t avdhee nwa sh er d p ayruti mlasl tfilwoaw el de dt
carbon nanotdo’heGhdyh ket eadlt tAladg t he domlianant m
direct forcing of the free charge carriers 1in

the |iquid flowing past the *anaontdu buensc.| eTahri sn om
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Fi gulevari ati on of voltage developed as func:
experiment al setup where R is the reservoir,
cylindrical glass fktomettehamber, and G is the
1.3 A Novel Energy Conversion Platform Based on Liquid

Nanoporous Composite Material System

1.3.1Nanoporous materials

Nanofl uidics has exhibited many uni que p
applicatiomsy, i nnpendfhyTmepd éscadmenchal | engi
batch productions of nanochasnelagi on wmanogomné
conversion bed ¢ dlcg etnoc yi ncdanst r i al and commerci al
fabrication bheeecrh nd gjwelsopeadvpeast decade$®! such
surface and bl knamomiomarcifiniahigtiooAleagsrhyat i vel
Subset of nanostructured materials, nanopor ol
wi tplore si zege ifaronheO.r2asmm to 50nm, anlWdd?’a hig
pore¥%/eointh small variation% iSwomeorneanvippevusa

have been used industrially for a | ong ti me.
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activat edFrgbbsehno,wse ttch.e soSfE Mz egalaipthes and por ous

manmyanopores are observed on their surfaces.

Nanoporous materials are very common in bi
exampl e, destoverewdsduring rapidly heating th
2010, over 40 naturally occ%r rBiensg dzeeso | oat eg rferaat

techniques haven been proposed for synt hesi z
templ ating. For exampl e, templating techniqu
nanoporous ascarbonmwpohe size b§®8usTihnegs es ialdivcaan
techniques have been commemcohl coempabyesn, vehmi

reducesoft hmracopdr gusamhyerbatraalusa rh edwi sh iphh e ¢

ma s s productions. Mor e I mportantly, recent
mani pul ati onest omadkaohnetprgs s ietbisli ze preci sel y. The:
abilities to modify 1internaldrcohpehnoibc acli tcyh a rhayatr
et’d?

Given so many inherent advant ages, in rec

recognized as promising candi dates 'fomé&imul t i f
gast oflagka-margeéictéton. Rakeaigal ardbh) e interior
Sspackesnanoporoesewmpeetedl so provide an excell

for energy conivrertshe npr eds esrctu stsheeds i s .
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Fi g €he SEMoi{rgge z0Ilgmmpmrous ‘41 umi na

1.3.2A novel liquid-nanoporouscomposite material system

By i mmersing nanoporweus i mgt driiganlasd ® p o tao ulsic
compoaittee iml system®’Hdsh dwring ilBebhealnokpse dt o ul tr
specificsswrff ageabppeeasl |y 2000Dme rtairi ge sofst el
an ideal platform for energy conveasoporebran
confined | iquids. The pioneered experiment al
system has demonstratedi®dowénthi amssiemsg mghey |
may overcome the capillary effect and infilt
amount of energy is-tmgangdfadmmed fact @alt hensolbi
energy through the tformsct iBem rsayeys|,d ppvdi tabtye snod niidp |
the confined nanofluids inside the nanopores,

a significant mechanical out put/ strain, maki n



18

actuwmaftciapabi lities.

1.3.3Current r esearch progress imanofluidic energy conversion

Zh8%nvestigated the energy dissipation by
confinedoli duewkpteem memt . Tppaea teuxsp esrhilbrmend8 anl a
I n his system, -Bbheeobhnbpomwass usd&d ahdcheembte
procedures so0o as to obtain hyedsr.o plhhoeb iacv eirnangeer |
was 0.81nm around and the?% gpe gi.foigc oforsdi rv alclem
zeolite was i mmersed into 5.0g of s el diiquum dc h |
mi xture was placed irn.t oOma tsheimdtetsem sdfeett he yd
empl oyed to compress the mixture and driven b
recorded through a I|inear voltage differentia
and tempeataitour eofvarhe mixture, a pressure ti

empl oyed to directly connect the mixture thro

Fi gb9sehows a typical infiltration and def il
rate of As2mmémpnessure graduall ynamemess £ed,
the capillargveresome adiceg wae at ednecvy @lasme .i nAtt

unl oadi hbestage] tratedfflugacdduwiolt deulhegdr ophol
nanopbureisnghdlhee mphescsé¢eessil ®€f waand t hse teme | toctea
absorbedt @dneeeraypyo peyi d system, which is on the
activation pressure) mul tiplied by the vol ume
hi gher than conventional energy absorgtion n

| oadi ngs wer e applied on this system, a go
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demonstrating thalti ¢gthied psysteenrh wawnmlodp ower Kk we l
and could be reused.

At the same ti me, Zhao arhper adbxuaynel e d At he
monotonous increase was observed in the first
infiltratiowneiamdr edleedd idfattieemper ature was expe:
pashe nanopores through which wasaohyeonfea@&xteoer
energy and dissipated due to the #Afritcamso,no s
which i mplies an i mportance of transport res

nanopogeaid system.

FiguBe&chematic setuol aafmet CoONPres s erset(alhWnd)e sfsa
steel that was used asohhbk-ngapppdorous faret heal
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dot I ines serve as dividing markers for the |

and grey colors) indicate th®% general trend o
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Li kewi se, the enormous specific surface ar
mechanoel ectracact ramcd etfferchmsel even all owing a
system to simultaneously harvest electricity
exampl e, °Qiesd gmtedala. system consisting of nan
wt % aqueous sbilgulrje.n lonf tNaeGlr (sgisament et hwa s aar
460 nm, and the total pore SurX acceu mtreera eolfe cet
pl acéd&dmm0 away from the monel cylinder. The m
were connected by ni Whreecmt waceesd hwbugh fhe
di fference was measured. The nanoporous monel
DA board, and the counter eHiegcitlrlebd e sWwasvscant g
meagwvwesult, and a significant outpumedobhage
all ow electrolyte solution to flow through t

voltage increases rapiidddepende&arBt mf atnhlde ifsl aw

n
o

( @) DataAcquisiion System ( bg
V) <
>
~ E 60
]
j=2]
— , =
R, Electrolyte solution S 40
=
o
5
o]

Flow direction

0
[¢)
2 SE 10
2.7 £ 5
QE 0
[T
Nanoporous Counter ‘ ‘ . .
Electrode Electrode 200 400 600 800 1000 1200
[ Time (s)

Figute( aSchematic of theg bAxpeprcmenmabsseemepnt
output voltage. W®heWed€xlernal resistance,

Il nspired by Qi a9 ®&invalstdgadremerdimenmi buti on

NaCl sobnti®@MM™hm@aough MD asnidmuclaaltciuolnast,ed t he net
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The MD model and Fegilt2 sl tareams hlbevnsea@an t hat

exhedi rageal stauctur al distribution near the
From the time averaged r adliaand inGimeb,era mdd nhsyi dryo ¢
oxygen atctbomsgethkdensitybdi ctompluateidon Actauatdh en,
di fference between the chklidiephasd bhAwdsbl gunc
equati on. The calculation pdhaoiwtsi armmadf vmod nt ape

coubdae as high as n 1t88mé&o rsdvdmeacghf uidse owi t h t hat

experiment .

Vip=—"" 0=0 2 %
&,&
V) ——— o@,v) — ¢(@,v)

2 20

0.006

P (MV)

0.004 4

Number Density (1/A°

0.0024

0.00 -3

i stributi(eRadioafl idoinsst ramdit abams ;of n e

12 WMB) model of an el ectrol yt(ebRadhatmben co
it
tr potenti al

d
ctd |

1.41nnovation of Present Research

Previous preliminary wor kst hmawvé owrcd at obp e ¢
nanofémemdgy conversion. Nevertheless, the det.
the versatility of the platform nedddrpodoi dbe

systempadisegg tt aosri et atve , yet thehpghsétpedtoiade ngp

i mpactbilnagstoswawrecl ear so far and the explorati
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conversion. For another exampl e, t he I nt er a
nanorestrictmaygy kenvngoameant sstrong sibeheffec:
effects liekeantde mpg drdaetrufa |l fli elxd.l maynt poosi oé wh

guidelines for dareern gy icdpnwieoressifdmui di ¢

1.4.1A novel energy absorption mechanism of energy capture

Compared with sahosvnatiint. glecstltidoeng pr ot ect i on
Ssubjeatbadgttoingmpae!l ocityi smmpaht asghaghl ibfp atelle wa
enecgyrying medium can be Atr appeedtor,aaasmd t elde
i mmedi amidlleyf,beictti vely fAcapturedo. Different f
captured wave energy is not necessaand peamnve
simply stored and isolated from the wusual ene
target would recei ve ewoounl gdastbeedo muahd | biwer edr e
as il | wstgrurteedoi Acgihevgy EGedtfurca e(ncy, not onl

carrying medium needs to be confined, but als
confinement . iTshee xEpde ectaepsatcitibordyt@®e d P&t Tihsat t he

EC system can work @&R)aadl cwpwemdes sgrhe g@Bs uwav

N Pressure P_b

/// P Impulse (without PL)
7 |

—1 _’ B Transmitted
\ % . pressure (with PL)
‘\ \ —>|

Time
Blast Protection layer

{PL)

FiguiBSchematic of the expéeadt egd psrpeeteadc tiinopna crhe
basea manloippuied composite system.
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1.4.2A concept of nanofluidic thermo and electro-actuation

When a |liquid droplet rests on top of the
st @ane $ hlest r ayt ec haursaucatlelr i zed by cont?8ctWi ahglaa
external thermal or electrical field, the var
relatively mor e hydrophobropholroglyydofophhlkei c,i
Hopef thlelny,hywdr ophobi c nanopor ouswetatritn,t hleisq wird
variation of the eWwfebtieanawetatrirmgegepr ap enretti ers
l i qui d mowe c wlua  aifa ptolrees, FiilglitLFoat ed & m@ml e,
monotonic temperature change can cause the |
part of the ther mal ener gyl ingauyi db ei nstteorrdeadt eaasl att
t her mal cycle, the volume of the system may c
and sthreramd uat i on system wor ks i ke a thern
Li kewi se-] ighedsbhtdrfacial tensi 8% idriadismg at
| i guiadhdi mut of the nanopores.

Based on t heseckespirginncad phasarid uedaetcd attdi eornmow i
hi ghceemhcy. iThhatthei sinfiltration process, part
effectively stoteduad theeekaesal sehedgy, and
appropriate mani pluil @u i tdlse nosfe otfheed icaoln feinneerdgy c ar

a significant mechanical output/strain, makin
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anochannel t h
el ectrowettin

1.4.3Energy harvesting fromthermal and mechanical energy

In a nanocenhceemeomrstt, | i qgons melecgl €69 &ahd
| ayer o, their interaction with the solid atol
frictienalp stahideppa rnrgii dmow etfriagtletde®® When a pres:
gradient i s applied, the hopping and inmsoving
proportional to the induceldatfelroaw weelloocciittyy ooff
obtain the voltage along the flowing directi
l ogarithmic variation of thatgemermrsueddyv blyt ad
More | mpbatasntrliyobutt on ofi si cansf uanncd | mal eocfu |l teesmp
rate, the variation of which camydiimdaadtiey ercarr
Il n t hehapatbetrt hi s t hesi s, we wi || explore its
generation induced by the |liquid flow with f
possibility to harvest mecullatnamceaduxlnertgy alnact
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Nanopore wall

1 BEnergy haryvewtiidimeg mootdeoln of confined 1 on
tishal s rhidcpkpa rnrgi éfitechani s m

-Q
I =

1.5Methodology

|l maneonvi r onmemeé scl assi cal cotnit @ oxruyu mb rf é ark s
because the wall s bemndneewemo rnea I deonmilowednbt § nadndd
Besides, @axeer y memtsst | y mpaonrdt amanyquest P8ns r en
Numer i cal simulation may provide an aldernat.i
probl ems. Mol ecul ar Dy rmamimoss tihédihnondoininod fat h e n s
nanofluidics because of relat,i vi&teh.ilgh tédsursaa

the MD theory and application in nanofluidics

1.5.1MD theory

The MD technique was intr ddmnae bheadsmmp At dyer
develsoipnecde®®f héem is a computer simulasi amdof
mol eduwdesscri bing the force interaction among :
det er mi nesofathemsmoa n dtnmrodtwhgelu Icd sassi cal mechani c
second |l aw), and is oftenNewtl dridarf oeqeatfiicecdd.

cl assical MD simul ations the motion of at oms
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”‘3_?: B e e 123N (1.10)
wheme s t he masrsi sofi tast oplg i si drh,e amd al potent
depends on al l atomic positions.i sTihneulpaotdireant i a
must faithfully repratems. t@Genaefgteu alclty,ont tbeeti

di vi deidntirratmmal nebdcnut | ear rmoal t eocrmii [ca r ¢ d h°t rTi hbeu trfieaf m meecrt s
i nteractions among aman btohned eslgpaat st yesiit ectin@ese n i e st :
ataoamsThese contrieldurt i @alhmo satr ealplresentce fi el ds,

most common potenti al energy contributions.

1.5l datdamol ecul ar ter ms

The intramolecul ar potent iMDI serfdrway ec drmtMVev
which is empl oy esdi nuhlranidshngu te $fsreas arst
U U

Y U-dihed (111)

intramolecular — <~ strech < angle
Ugyeen T €present seneéiregyp orteeqpuiiradd t o steet chowd icwoil
system, and depends on tMWhelbmondel dongtdh iandthae
equilibriom &k alegnidemhtlo fdor ce gontshteamqui red ener
f arhe most piogruiltatrerMor s e

Ugreen = Kponfl €77 ™1 (1.12)

U ..represent seneiregy oagasesnadiadt ed wi.t hWhéemgickhea nag e

angle
gbet weem vtaleemds changes ewguihl arbeggipeentath oft aer d & s

consk abtreequi r efdorenceorsgiyne pan ginex faemss end
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Uangle:kangle(l 460370) ( 1.1 3)
Ujeswd €S CT i bes etnheet gmhaetf @emtmsala pl anar grobpeef a

coval enftr obno nidtss aepf)id@h e kgiui me d 2femled gtyo f Sirson  p ot
written
U dinecrar = Kaineardd -COS(Z )] (1.14)

Usualseg, pophenamat ers are determined sfrom (

on small molecules and model mol etYl es that r

1. 51 dat&r mol ecul ar term

|l ntermol ecul ar term reflects @aairacsieomaddr
pot e mtmoaadgso ms , mol ecul es or I ons. The deduce:
intramol ecular MDPoscensil ati ons, I nter molcéaudlear
contributions from vantedarsl hWa aVv an adar eWealts ot

model edt her mogh Bp dewlnearred) (poftemtdidf®p |l i city

&%s. 6 A"
Uvdw(rij):4€i'j2g§§” 8'% (1.15)

Y r.

ij 0 |j(;‘
wheees the depth osfi $hehpodiestanmtewall wihich t
andenot¢ ht tehdiajt omi ¢ spedinedg ,hinse emaattiivel, y.t he
adjustabl & apagr,a meldire@hsusual 'y obtaineditdtiaowggh
or theoretical considerationsLorFeBetrzmed ok n onwx

rules is widely employed to obtain the intera

the individtdql atom species


http://en.wikipedia.org/wiki/Intramolecular_forces
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1
qj:,/iej,eij sé(i ¥) (1.16)
The el ecéeomsentf wbkkbwsynt €Geul omb | aw:

g9

(1.17)
4,0@"'

Ucoulomb(ri i ) =

whe@angare the electrosdnrdiecpehtnitiyes yhe ai sma

bet ween ¢gihehme dinall eofrivacoamst ant
Since there is-Japfoaeintdaday aoft rtulme alt i on be

is usually needed.15¥mirc glurcedtyo frfe pwdlsej v drne e
t 40s; f or homogeneous and i nhombt'g Coempas esly wi & s

potential, the decay of the electrostatic po
probl ems especial l ycovhcint ipoenrsi oari &€& emplnayae d. I
probl em, specific summat i omartteicchl reiecpherst PseuPdeh

solVWRave been devel oped over the years and us:eé
1.5.2Water molecules and carbon nanotubd€NTS)

1. 5wWat ér mo d e |

Water i's the Ilmexntt dommoant use and al so cr uc
Many different walteevre |l m@gldPdlss mud me i beaspast few
These models can ke teatmogeerli z(eed gt.o StPhdiete®@P C/ E
mod el (4eP., g . TFRP2Pbut t here is no accepted model
properties of water such asTadddyus i masitcomd g ulc

rather s-empeembobdekbewl!siPClhh Ei snodels]) i ght repar ame
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model of water with a mod%%’i ead vadlise modarel ¢h ave
i's modeled as a rigid isosceles triangle with
singd esilLte on the oxygen atoms. Thé®O-Hbanesf i gur a
with the lengtho f 1.0 a rHdO-Hcangtes 1109.47° Tihe dharges on the oxygen

site and the hydrogen sites were choe®8476e and +0.423&, respectively °.®

1.5CarBon ndrECNiTebhes

Carbon nanotubes (CNTs) are synthetic chan
nanosi zed goapB¥®ndBys moewt, CNTse htaavkel ifshend it se
mol ecul e of nanoscience due to a nanometer si
and offer the key platform to aexwwlrdrdi rod tnhae ol
properties ofdl mamo fpluliadii’di%’ tde mol ecul es

Several potentials have bedaveloped recently for CNTs. This is mainly motivated by
the properties of novel carbon structures as fullerenes and CNTs. Table 1.1 lists the typical
parameters based on a Morse bond, a harmonic cosine angle, dolfl #02sion potentiaf®.

Often, carbon structures such as CNTs are not simulated in full detail. For example, in order to
reduce computational cost, CN&se modeled to be rigid and the intramolecular degrees of
freedom are removed. In addition, some calculations show that the @zmibmm bond
deformations are small (on the order of magnitude 0.01 A) and insensitive to the flexibility of
CTNs in water.Since certain water properties (e.g. density, and hydrogen baral)rarely

dependent of flexibility oENTs, CNTs areusuallyassumed rigitf°.
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TabllePar amet édres edaavrbboonn i nt eracti on potential s
cosine anfgdled tamrds'idor® potenti al

Koong=114.46Kcal A/mol r,=1.1418;
Kongle=134.369Kcal/mol g,=12C
Kneara=0KCal/Mol a=2.1867; *
€. .=0.105Kcal/mol Sc.c=3.851j

1. 5CRTs8at er i nteracti on

Traditionally, since t he each carbon at ol
Coul ombic interacti oONsiwatrer uisrutadrl ayc toinont.t eldn fa
Wa al s I nteractions bet ween hypdracg@ermboat @amo mi r

insignificant -G\NTst hhentrealaectaofonwWatcearmd rt busi an s|
every carbon and oxygen atom for modeling the
ieften employed!i'nTM® pamametéepssfor these in
obtained directly 6from egx@at iumeundmeifibtoisd t isnign
cal culnadtiefd oml vyt her known biwnstienrga eBt @ roenim ¢pzoott e nmi i xe

rules (Eq. 1.16).

1.6 Outline of Dissertation

Nanofluidics is opening promising doors f
energy conversion or haxplestimg reawrgyr avti ¢ dpi & 4
phenomena. Through the present thesis, t he f
convernsicomudi ng energy absorption/ captuse/ di s
investigatedst ghef tdhiesichaptnesn s :

Il n Chapter 1, an introduction of energy ¢

underpinned by the science of nanofluidics an
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i ef overview is givenantdo atplpd i satemwmaos oh mra
om uniqgue nanofluidic phenomena, mechani sm,
udy.

I n Chapter 2, through numer iExradooide hmapat i
amatically new pnetgyeytcamt mee haoi sime oif mpact
pl ored based onnahepooowetmangrilalusgst em.
i mpacting velocity, nanopore size, sol i d r
en | pdeotni gtahte capacity of trapping energy,
uci dated.

I n Chapter 3, by using mol ecul ar dynamic
ansport resistance of l T quids i n model CNT
ansport rateghbhyaacptl obgiue fgif eoatoipwea tshear stres:
rther, the effect of wal/|l roughness oen the
v el mechani sms are reveapreodf itl ker ocaungdh ohtyhder o g te
nfined | iquid molecul es.

| €h agnt 4, a concepruvalal dgsicomtobl Aed actua
d realized by adjusting the r ellaitqgwied hsyytreol
en thenvafiatittability I S amplified by th
chani camutwpu k. The energy density, power de
eir variations with pore size, solid phase,
|l nh&&pb5gorl |l owing the similar strategtyo i n Ch
chani cal energy conversion system enabl ed |

rriers of tlangduiodust fdfownanmgopor es anel rel atedi
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intensi ty, which i1s employed to control t he
thermally respons4idveveaattieaocrt acsyskt emensi oenxpl o
simul ati ons and experiment s. Hn g h e fpfoiweirend g r

demonstrated.

I n Chapter @6@6,ndackedgquwiodttblgewby {(HGW) nwwahgd

solution through naMDbopoirrms!| atsi pme,searncdt s i mag

i on hopping and moti oamgei sde@lemdiediateedon Tfleo

environmental dieazrp,erandireon @emtarsattu doine dhosfd nHIC |

|l ight onotiihgeh defsfiigmi ency energy harvesting nar

For each andevery nanofluidic energy conversion functiove study in the thesis
(chapters &), a synergy is pursued among modeling, simulation and experiment. First, a
molecular model is established which could reflect the most essential acadceptking
mechanism of the system under investigation. By waritey material and system parameters of
the model, systematic altomic simulations based on MD are carried out to explore the
functional outputs, asell as the effects and couplimgnong the variables. Upon clarification of
the basic working mechanisaf the energy conversion function, pramfconcept experiments
are performed through collaboration (with Professor Yu Qiao at the University of Califania
Diego). The experiment not only proves the fundamental working mechanism, but it also
provides citical parametershat areneeded in modeling and simulation, and helps to improve
the modeling effort. In turn, modeling could provide useful guidelines for experimental design
and system optimization, which will eventually lead to the development diighgoerformance
energy devices. We also expect that, by integrating waeous functionalities of the

liquid/nanopore system, the multifunctional energy conversion can be realized fer next
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generation structures and systems.

Il n Chalpe emaihndi thgs ar e s ummwaen iksz eddi,.s caunsds etdh e
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Chapter2ZMec hani cal Etn@®r Qlye
ConverNsanoonf:l[Emiedigy Capt

2.1 Background

Conventional energy absorption material s,
enertchy ough cell buckling and*® eRetcemsi viempploase
including materi al selection and celll geometr
their capabilities for mi®L% grFaotri nign shtlaanscte , o rH uitr

studied the buckling mechani sm o'fP%5 ahidlwh rcdio kp |
al. developed an analytical model to'%lnuci dat
found that an overlap in time scale could enh
energy absorption capability 4an'th eNewerratniceslde

pahi gpeed i mpact | oading or mhmeasnmhdwaveghl|l guéo

c

damage (e.g. shear |l ocalization and'dfhdalh sof

significantly reducespdiictyoeespsliemroesponse

and insufficient f'6%7° bdmdstt henpagst enint mggt inon
after celll buckling or fracture.

Recentl vy, nanopor ous mat er i ples f baman de cem
di ssilg®ttinonpart beesawseed tched | mamor e smaller th.
coll apse and condensation woul d provi de a I
softening) and haveetf aslt.erf awmsd otnlrsaet tti hme . e rHerng

nanopor owass sdad i the or’&eamz ekmmimya®0 el/ gal . carrie
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expemitm on nanoporous aluhiPnamdwiatiguedr it das

absorption and stress att encutautrieo,n adse pweenldl oans tt

bet ween pore gas flow and solid wal/l. Mor eove
nowetting | i quiimdductehde ipnrfesistuwraet i on process <ca
mechani cal -lwogue rdtf @ cnstall i d ensi on, further enhan

density that 8% ®respridd®esild g)s reversible (st
used repeatedly), and the liquid phase helps

energy ‘8¥h’sity.

A major dilemma of the preceding energy al
intrinsic conflict between the required high
desired | ow working pressure (afbcrordaefdeteyneamgy

estimated (on EHABV zehReirsertdreer )prassssure wunder
mitigation mechanism works (e.g. for bucklIl ing
andi s the associated. systaemhveV e ma Hpeedh cneansesn g
or volPume), be as hi gh as possi bl e; but such
uncomfortabl e, Pbwdeads ot henssadfeetisf t hreshol d o
protected (tthhee tprraensssmirtet eodf wave can newegr be |
Il n order to solve this dil emma, neoavset! oennee rrgoyr
degree onfeectdbseedosmcovered.

I n this chapter, we nepgytcapeumeveNEGEN M
take advantage of t hssandonfhiened |rmamgep crug fvaaleu re
pressure wavweloadgn¢) qai dophase can infiltra

overall systhem svnod lulmel,i ggannde ntt | engt h and | ar ge
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energy capture effect, where a significant po
trapped as the potenti al energy of i nvaded |
suf ace aoefi aestemtinlhedkpd the confined wave ene
energy and | eading to an unprecedented perfor

al so reusable). These will bensleanmwmd seéx@e ridme it

2.2 Description of NEC Mechanism
The tsioguiidd i nterfacial interac®f%®n wihscpro

enables many unique nanofluidi’? behawhgr ssi

depen'2neec.) and underpins novel devi®es suc
nanofl uili mapafmpui di ¢*°eredrcgy Hmawewest, ert he i nt
intercalation behavior upon strong dynamic | o

With refesemematioc t Riegurmat2erli,ala insa nitompnoe rosue
wetting tthequpar emndare empty initially. As an

system, when the prePgsurnedreexddagadsd anotl krcaid ecl/ d

capillary resistance and rapidlyquindiphasd ecart
the wave energy, and unli ke in | arge pores, t
nanopore walls and is effectively fAcapturedo
mol ecul es. Thi s Anaeof ledif cicd smeormnud yd daeptattr
i ncompressi bl e nanopore walls and tHe quadge
interface. The <characteristic ti meamdsetchoendpr

which also epsmusesofa tflastsy®tsem with respect
Upon wunl oading, the confined | iquid dagfuses

compared to thesontthdt rtahe onaptasireed energy i s
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no only significantly reduces the peak | oad,
system is fully reusabl e. This mechanism is
phenomenon observed*4tn granul ar materials.
The Acapturedo energy in tBFEVNEWPgIrsectelses ¢
wave prelssrehandanopore-8@%ooli mmeaahopproal| ymad4e
the more intense thePyiwa)l,e titse (hi.ghert htehehiwdwee
woul d be. Meanwhi | e, the REC iacde. veahe opf ewes ur
' i quid iIintelaaglatiisn dteakeeaesmimed by the capil]l
interface energi eshP). alnhdati si si,ndseupcehn dee nNE® f sy st
presByrewaye energy at a&)lowtthaes holedtpr ens $ uwmg
waves. I n what foll ows, atomistic simulation

guantitatively understand the NEC mechani sm.

Pressure

Surface of
nanoporous particle

'."IEK:;;#%%E? E
eyt it
5"?“-'3’41‘;“—'# §%

ey Namnopores
worng

Blast Naﬁoplbre wall blocking

«— energy transmission
— ot
actiaiiisuangl . Nanopores
AR SN By _
anopore wall blocking
«—_energy transmission

Namnopores

Nanoporous
particle

Figekfi:s&chematic of the nanofl ui dn.c Upmer gay bcl aaps

i mpact stress wave, the solvent mol ecul es anc
intercalate into the nanopores. The i nvaded n
ordered configurati onotwhnitliealr eetnaeirngiyng Wi itdhh nwa
| arge amount of i mpact/ bl ast energy can be tr

|l iquid, leading to a substanti al mitigation o
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2.3 Atomistic Simulation of NEC andMechanism

2.3.1 Model and computational method

Figure 2.2 shows the computational cell wh
carbon nanotube (CNT) is employed t o Lyaondde | a
di ameberl todfd | eft end is open and i mmersed in

inside the reservoir rji=99@l. ds &Tgien n édrsae r vod i rb uil K

two rigid carbon pladeso the miaglbtchanael s an:t

i mpacted by a foreign object. The i mpactor i s
reservoir with a given initial vel ocitiy,f gene
PnexcePgedswat er i nfiltreatwhoon ewosulsd eachcauwru.i dThhimp v €
wi || hit a receiver (a rigid carbon plane th

bounce back (and tfhreamenppeservmiay)tdahlaenht 6t ede

t he receiver i S recorded throughout t he pr
characteristics are obtained. Periodical boun
of the computational cel Il,i ke mii lc&ti nign aam mRamap
(Figure 2.1). For compari son, a reference :
characteristics, except that the |l eft end of

The-612Zenrmoanreds) (empioricealfi eld and a Coul omb

describe the intermolecular potenti al bet ween
U() =46 95)° { 6)° aq /4 p (2.1)
wheredenotes the distamgge abedweebhatemergy ar

par ameters,gamesapecttihwelpyar ti al Chmd geeapadiginee
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angis the dielectri(cPac@astl &ent-me SP)e t iP@PWINi que

root mean squa‘ie aompdroaycey dfo lhGandle the 1l ong
among water médl entéeactiThbes Lare truncated at
by Anedr'édihhe water model is the rigid eXfended
It consists of a Coulomb potential &ct8idivgelhet
and hydrogen atoms (-o00y 2B 8la) e n ast=t3iad b dmedy tgle n

e=0.6502KJ/mc. The aGNsTumesd to be rigid since its fl

the water infftlanmdtt wat pcowcled san asnoo psoirnouul sa t nea t a
whose nanopore wall can effectively whateck I
interaction i sJ) destcenthieall blyettwheeenL car bon and

parameters obtai ned -cforvoem atgleeh ee xnp erait me motf a lo xlyagve
graphite which ensure8® the hydrophobicity of
Mol ecul ar dynamics (MDscalegaammLAMMEISe ¢ U la
parallel simulator) is employedAfoecaimnytoatl .
system i s ed®®iplsi btroatmidnifnoirzel system energy Wwi
condi tion. At this moment, the water mol ecul
During the subsequent i mpact process, t he NVI
trans mietiH,e da sf owecl | as the number of intercal a:

2.5 ps (the simulation time step is 0.5 fs).
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fiveldedo
V
Impactor /
Nanopore /
Receiver
Reservoir
Fi gw2eThe MD computational cel | . This <cell c
reservoir, boundary plane of reservoir, nanop
is rigid to mimic a foreign impacttilo@emadohgt b
nanopore witvh Baheemoevableopi ston i s medeal ed b
of the nanopore is inserted into the reservoi
reservoirri,ghandentdheof the nanopore is c¢closed,;
Ssimulation and is used to deduce the transmi
Periodical boundary condition is imposed to t

2.3.2 Fundamental behavior of CNT/water system under an impact

loading

Taking a representative sDrFstenr 7tpann @in&4 nmp

whose opening is immersed in ae rfeisregtvoii mv evg ttil
responaterofmoMd ecul es under an i mpacting veloc
simulations are given in Figuwiet h2 .r3e s(pneoctte ttoh af
for presentation purposes). RighirafseamartbetnDbD
toward the receiver, and the pressure in thi

pressure wave arrivesthha aami lelnarryanrcees iosft annacneo
hi ghly compressed wat etrhemoQNTc ud necs rboewd nt awvoa ridr
CNT, weakening the i mpacting energy, as well

during this process, part of the i ncoming kin



wayv

wh a

mo |

4 2

ercal atceud ewsat eQwimmogl e¢e o t he confinement of |

e, the infiltrated water molecules retain
After the I mpactor bounces back, tme phes

nsmi tRh,e db efgoirncse ,t o decr ease; meanwhi |l e, t he

t meetnamg surface of CNT, making the syste

di ng.
Figure 2. 4hi(sat)o rgyi voeefs ttrhaensmi tted force, whi

peaksheats amaenotsit mé Wwhkehed hewi CINTcompacted wa

n it decreases at a sl ower rate uppepalnl oa
d arrives |l ater and the overall i mpul se ti
t follows, we explore the effect of i mpact

ecul ar mechanism analysi s.



HO # i

CNTs 304 693 1013 689 309 1

0O ps 45 ps 58. 75 87.5 p 145 ps 265 pg 348. 7
Fig@2B&napshots of invasion and defiltration of water mol ecu
during the whole i mpacting process. Al l water mol ecules are
gi venp ivin etws so0o as to highldigameterc!| €R)) doddg drheers grNoTc (alrree .2 . TLh/a

respectt wepagt i ng

viesl obcOinm/ys .(
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105 42
v =50m/s — (16,16)CNT/water system (a) v =30m/s —— (16,16)CNT/water system (b)
. - - - - Reference system :  =--- Reference system
84 %1 :
3 28
=z : =
c 63 oL f_tNEC/tRef %
G - -
O ' 3
: L e §
42 4 N L
! 1
X 14 4
1
214 X
1 7 T
1
1
0 T T 0 A

T T T T
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.05 0.10 0.15 0.20 0.25
t, ns t, ns

Figae@&@he history of transmittwdOdpscmr/ Guhgdred i
v=30m/ s . I n the reference system, water mol e
throughout simul ations. The TCNT téezaatbo?2 .07

duration on the nanofd)i dtioc tehnee rrgef,pcraepn cuea es yssyt

2.3.3 Characteristics of NEC: effect of impact velocity\)

2.3.3.1 Reduction of transmitted force

For the same the CNT/ waitgeu24gsgademeacsmmit o\t dd

transmitted force v(zon50t hm/ sr ecred v80) musder esp

di mensionless reduction I:Ff-—-F%F'.hEéa—x 0% k wthfea res mi t t

max

ane& _are the maximum transmitted force in th

respectivel yDF iTsh e7 2c. 0l9c% laantde 3®7 .md % fammrd 50 m/ s,
Fi ga%afurt heDF apl @t sf un c twihoerr eoff or t he PF esent

arrives maximum at the velocity of about 40 m
The tot al transmitted 1 mpul se &Wn:e(ﬁﬁl%j(yt, (on t

which is integrated over t h.e Seinmiilraer |iymp ual sdi
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reduction of the transmiD\NteVydW,—|W]?®O%JWisteh erneesr pgeyc ti

the referé&ngeaerey?&8t & (lV)h assh oawss itnhialtar nonl i near

DF and reaches twre 3Maxn/mum oat tahleowtur r ent CNT

90 T T T T T T 20 80
(@) (b)

80 - - 80

50 |- - 50

40 . . . . . . 10 B
0 10 20 30 40 50 60 70 0 T T T T T T
V. m/s 0 10 20 30 40 50 60 70

' v, m/s

Figabsé€alhe reduction of tBFe meak tthrean somiatlt edch ef
DW , i n comparison to the referenc(eblfdegstrami oo
bet ween the tr aipnpteedr ceanneartgeyd onMb htelmd mbhkeculmpac B
Evap/ Epwr Under di fferernthei NaDe®Bii ZE&nreeBdaomti es.

2.3.3.2 Elongation of impulse duration

Anot her parameter of interest is the total

with the NEC mechWwenadsimme( Ftilpanr @i Memygi.onl ess r ;

transmitted i mpul se dfyg)atnidomnm edfer terimje e & @t shsep mt

dash cur vdagmowsigtehreeeth@ s maxivmumBOatm/ abdwtr t he
CNT geometry, consistent gwi trlredtulte | max i(dwam hi my
2.5(a)) as wel |l as the maxi mum percentage of

di scussed below), and i mplies the best perfor



The increased duration yfrealrathsdnit o etdheée mpr
defiltration proceseesnumbewatoér waolee c unod .cuT
examined and plotted in Figure 2.6((b). 't can
whereas the deehf idltowen.onThes mautes of Infiltr
consistent with the impact velocity (despite
Speed) . The faster defivi srdtkehyrabesedcoyr it
energy trapped inside the hydrophobic CNT. Ac
par antgt £r,can be defined as the ratio between
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w aetr mol ecul es. Figuygleti dcBeakpwe s htdivat h titegt f or
speed/ energy I mpact, defiltration is relati ve
energy of water molecules | eft in the reservo
2.2 6 1200t i
@ R P R v ()
pd iy . ——30m/s
1° O ji L= = 40mis
S 900] i'ay 50m/s
8 TR — . —60m/s
_4H = l:'
Ei |' NN
3 \% geoo- |" -2
“ B it
{2 g E RN
o 300 - i:.l ] oot “
d1 é 'l \\ E\“\
2 .':' '\"l \\
I ’
10 L ; L L L L 0 0 s : \ —
0 10 20 30 40 50 60 70 0.0 0.2 0.4 0.6
v, m/s t, ns
Figeééalhe ratio of i1impacting duration on the
to the reféreand shetemtio of defitl/tfr@b) on t
Number of water mol ecules in the CNT wunder (
D=2. 1fn &, 84 nm.
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2.3.3.3 Captured energy

To esti mate tyhe weaptadrceud adreertghe rati o betyv
energy of the intercalated molecules (with r¢

instant of the peak transmittgdEf oRicgeur ean2d. 5t(ht
showsE.,/Egti ncreaswlseviwst hel atively | owal aed( as$

much as 60% for the present CNT geometry) at
further Wwv.nclrredaeseed,ofwhen the 1 mpact speed is |
promi nent and the CNT may not even be filled

i ncr eaws esmoo g water mol ecul es and their asso

mooeger, the reordering of confined water mo |
capacity of NEC, di scussed | ater. Neverthel:
mol ecul es that may get trapped in theawcanopo

speedi.s Ifery hi gh, although the configned mole
higher), however the incomi rgg/K,]| bect¢oswmmaelinleearg.y

When the cuvB(bn iIFSs gexelOapwlisagt etdhetree me no i
energy capture.

Note that from an enewegy i magi dti qufi dwi eaw,e wWho

nanopor e, part of the exter-habuwdmkn@aénvemtss o
there is also energy dissipation (i .e. the Af
transports in the nanopore. For the system wu

hydrophobicity and!'‘fmeotchnsuibacé oot G6RNTboth

th&p, which is a distinctive characteristic o
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2.3.4 Characteristics of NEC: effect of nanopore length_()

As discussed above, the nanopore vtohaeme i

capacity of capherkednwwaveCBTiergy.the more wat

the | arger reduction of the transmitted force
|l eads to |l onger duration of the transmitted i
confined water molecules iIis adjusted, it beco
mol ecul es; even if reconfiguration is possibl

' i mited within the nanoconfinement.

Consider a repes@NT/avatver (d¥stem under an
angvaries from 4.92nm to 11. 7nm. Figures 2. 7(
for twoldidmeraepparently both the transmitted
arerenopromi nent with tRegloegér8phanochanhel h
transmittelF, paeaak fedaefion of tIDd,tiacsmasceew
CNT | engt h. pactitihg esmenegy m the pressure wave
same, and thus the intercalated water mol ecu

mol ecule. This explains gHWE &8tk mtiFalglug el i2n &4

wel | as tDdve nt rtehned doafsh curve Figure 8a, wi t hi
under. sMedyWFhiider,eases nonlinearly with nano
i ndiecsa t hat the di mdnsiabsbesacrmpslese mbinmeé oni
which is associated with the time required to

From the histories of conf i niendf iwattreart inoonl erca

same owing to the same impact velocity/energy
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the similar | evel of compression of confined
very | ong there asrer enmnaveni nngatienr tnhod erceusdeer voi r
when defiltration gets started, which I mposes

faster outflow. These obserfadfti Bhgumee2cdB8) s

that in this section, the initial reservoir v
vol ume increases proportionally with pore vo
infiltration andd bdcke feislsternatiiadnn yr atnaeds pwinldent of
105 105
Lo=4.92nm —— (16,16)CNT/water system (@) Lo=9.84nm —— (16,16)CNT/water system (b)
- - - - Reference system . - - - - Reference system
84 i 84 :
e
€ 634 : Z 63 Y
8 g :
£ 4] g 42 :
21 1 21 4
O J 0 “ T = T T T
0.00 020 025 0.00 0.05 0.10 015 0.20 0.25
t, ns
Figaeare@&he history of the transmitted force mea
l engt hCNMT4)t (h@dly=4. 92 n Mmbbhgemd 8 4 n m. The diameter
D=2.17nm, and ivap®&omiisng velocity,



90

Etrap /Einput %o

70

60

50

40

30

20

10

(b)

of

Number of water molecules in CNTs

bet ween

1200

900

600

300 4

@
80 |- -80
i
70 ’ 470
60 60 =
" 2
LDL 50 <50
40 | -140
30 - 30
20 L 20
0 10 15
Lo, nm
Figa8e ThAg reduction
DW; dmhhe rati
tot al
D=2.17nm, and ivap®&amtiisng
25 6
@
O
20} D-"_.--@ """"""" 15
"’,' .‘~“D"> -
l""l.S- o - 14 \_
/ =B
10 43
0.5 2

Fi gree Tap

mo |

1 1
6 8
Lo, nm

ecul es i

nsi

i mpacti ng5W0el/®sci ty,
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t BFe
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Lo, nm

peaak tthrearnt somiatlt eech ef
theetcappeddenahtegy
I mpE,/E,  ovnemhgydi fferentThlee nditarse toefr

velocity,

(16,16 CNT/water system
—Ly=4.92nm

- = Ly=6.15nm
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- L0:9.84nm

v =50m/s

(b)

t he

T
0.4

CN(TbNluenb@tr h ,o f a rwdh t
wi t hD=d2i.flf7enrme, n ta nld

2.3.5 Charaderistics of NEC: effect of nanopore diameter[D)

l ength

Thi

Il n this

of

S approaohrmagahetl pe
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mol ecules in reservbdohe imwmpadijuseleaciatcyg oirsli higk
As expected, withditametencr en@asvei |a&i nbEeN Taca petnu
| eadiongt he r edturcdan omi totfedt hfeor ce and 1 mpul se e

i mpul se dur at i ofi.guTrheiss 2i.s1Msfhadwraidm m CINGD 0 ,aln0d

2.17 nm ((16, 16) CNT) , respectivel yDF&ndure

DWas a fubctwhenr eofa nonlinear increasing trer
DE./Epi N Figure 2.11(b). The nonlinear wvari at
that i s more prominent in | ar@eral @NTo.ughho tneo rteh
gets captured, the ener gy cceaspstaurrye ipnecrr ewrsiet, w
di scussed | ater. The dash curve in Figure 2.

i mpul sienctrienaeses with CNT di ameter.

Figure 2.12(b) presents the variatimme of t

the infiltration pressure DZY®Pfialhargheresistiahn
i's obtained. Il n a | arger CNT, the initial def
rel ease of the captured energy, but | ater t he

need to be evigl fiiantcerde a sCvse rvail D,hh Eihguriemc2 eb3(eb ) f



52

112 105
D=1.35nm — (10,10)CNT/water system €] D=2.17nm —— (16,16)CNT/water system (b)
- - - - Reference system - - - - Reference system
- 84 :
84 - b b
i :
" -
. 63 .
Z
c % .
5 56 - - .
& .
S 8 \
o 42 .
L 2 '
28
214
0 r 0 T
0.00 0.20 0.25 0.00 0.20 0.25

Fi gLl 8The histo
di ameter (odD= LNI
L= 9.84nm and

ry obdr dédhemdasawmrsand t
nmof ((1bD= 12) CTNAmM, (
e=5 0mpl/acc.t i ng vel oci

100 : : T T 100 0.6 T T 8
(@) (10,10)
o (b)
O JPRiatE] g
80 - @e,16) (2020.-7-- 180 (20200 g
) o (16,16) g
- S
S S E
°\_ 60 | 460 °. (Z)
LL
& 3 14 =
o
g
. wi-
a0} J40 O-.... (20,20)
e |,
03 1 1
20 L L L L 20
o 1 2 3 " s 1.2 1.8 24 3.0
D, nm D, nm

Figeit W ajiation of the Dpea&nd rtamtsanli tDsMgdr gy r «
with different di ameters of CNTs. The | ength
50m(bT)he ratio between ithmteenacalpptead ewahtegnt omdall &
i mpact EgWE[J, dhe CNTs sB4Lrem and t he v=mPaw/tsi.ng V.
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2.2 : : : 6 1500
(@) v =50m/s,L0=9.84nm (b)
2 —— (10,10)CNT/water system
20 5 1200 - N = = (12,12)CNT/water system
_____ O--p 45 pt _.' . + + + (14,14)CNT/water system
LB - P — - = (16,16)CNT/water system
18} 0.5 @ - -+ = (18,18)CNT/water system
i . 3 9004 N P
. T 0 N "
K=l = - o 1. \
o 16 (2020 1% & E Ao
o - - % 600 :'_[r - “-\ .
L 16,16 i, \ ' .
1.4 ( ) E "y \ .
(10,10) 13 o |,“ N AN
12 g %09 T T
2 N ~ ) :
c -'j, N N N
2 1y <@
0 PN
1.0 L 1 1 2 T T T T T
1.0 15 2.0 25 3.0 0.0 0.1 0.2 0.3 0.4 0.5 0.6
D, nm t, ns

Figaet?2 (Tap varfang,6pgwiofh the di amebNumboefr CNTSs

water mol ecul es in CNTs with g2 f9e8£mm amnmama
i mpacti ng=50en/osci ty:

2.3.6 Underlying molecular mechanism

As i1l lustrated in Figuxcar 2i hg watert mel ol
into the nanopor e, they may rearrange their
i mpact) owi ngvater t het eat doinal interaction, W

capacity of energgticaptaefedgndfi mpactaxdalt and
of water molecules may reveal some insights o
Taking the (16, 16) CNT/ water system as a r

the density prosialomd twlae eax imall ediud ect i on of

of 30 m/ s. During the infiltration stage, t he
CNT, which i1is the pressure wave which overcoc
feedviangegr into the CNT. On the other hand, for
the axi al density is approximately a constant

that of Thhilk waggests that t hrei eedk cbeys sa weer yp oit ref
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water molecule is about the same. The axi al d
of infiltration (as well as when the pore is
movement of crmadpeaculeeds wat er

At a higher i mpact velocity (50 m/s), t h
proceeds, which indicates that wunder stronger
i nteecalmatd ecul es becomes mor e compacted ( wh
mol ecul es) ; on the other hand due to the vol
maxi mum captured energy (and the axipm)l fdermnsa't
given pore geometry. Li kewise, the axi al dens
the density remains fairly wuniform in the axi
and released through rcoensedumnalsedic!l ist earsd toh
rates are different.

Figure 2.14 gives the radial density prof
fluctuation i s observed -watee rt oa-ccaor nivpeett e irt ni toenr abce
showinyeera dliatribution of water mbo?*éT uSwech ai
| ayered structure can also be seen from Fi gl
solvation shell (FSS) become<®3s marpgleyi nwi tthh et

mol ecul es areacnkoerde wiltohs edtyr onger pressure wa

potenti al energy. The decreased FSS also ech
rat® The radial derfsilttyr agri wfni lies urtpare uni form
(which i1Is consistent with the | ess ordering
2.1), indicating a more fAuniformo releasing o

Il n addition, eshe nddngiutrye Rr.df3ili ndicates t
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approxi mately constant along the axial direc:
l i nearld y cwintsh st ent with 4 he findings in Secti
The reduction of pgulasitemeneregly fwirtche tame ii mc i
can also be understood by the ordering of in
axi al and radial density pboflineshefsmwaltleegr mC
fewer caeptubkresds, mbhe axi al density is higher,
The result implies that higher porosity (with
performance of energy mi igation.
4 o 4
(@) V=som/s Inflitration Defiltration ()  v=50mis Inflitration Defiltration
— 70ps ---- 160ps — 40ps - - 120ps
—— 90ps -« == 200ps — 50ps -+ 160ps
3 —— 120ps(filled up) - === 250ps 34 —— 55ps ---- 180ps
> —— 140ps(maximum) - - - - 320ps —— 60ps(filled up) - - 230ps
., Lo — 90ps (maximum)
o ’ o ‘ol * '
X < A
o 2 ;,:2_ S (S
~ [ ."'-;.;"a
14 14
0 T T T T T T 0 T T T T T T T T
0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 -0.6 -04 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
L/Lo L/Lo
Fi gwRda8&8Nor mal i zed dré¢li/sg t yof prwoaftielre, mol ecul es at

along the axi

al

di

rect

on

i mpacting( a¥d ®om/i &@byapodm/ s .

o f t tecCND®) wautnedre r
T hE= 2C NTLorsEi, Z8e4:n m.
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20 2.0 - -
Infiltration process (@) Defiltration process (b)
—— Vv =10m/s V =10m/s
— Vv =30m/s — VvV =30m/s
15N ——vVv=50m/s 159  ——v=50m/s
— V =70m/s — V =70m/s
o
o
N
p:) p:)
c N—r
k \
T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
2r/D 2r/D

FigwddNor mali zed averager(rj/agdi aolf dveantseirt ymop reocfui

CNTs a(tapnhel trati qrbd@friolctersat iaonnd pr ocess unde
vel ocity. D=h2e. 1CITEh,s8 4znem.

3.0

—— (10,10)CNT @) —— (10,10)CNT (b)
—— (12,12)CNT —— (12,12)CNT
—— (16,16)CNT 254 ——(16,16)CNT

44 —— (18,18)CNT —— (18,18)CNT

r (s,
r (n/r,

T T T B
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2
L/Lo

0.4 0.6 0.8 1.0
2r/D

Figrdid Na)y malized aver abeéegdenfsi waygt eprr omoll @c ul e

axi al direction of (bMer nMaNTisz/endat v e rsaygset ema d i a
r(r)! g, of water molecules inside CNTs at the i

CNTs. Thel€NT84nmep: t he v=MB@Padtsing velocity:

2.3.7 Extend to silicananopores

I n this section, the CNT is replaced with

of ddlqgiud d i nteraction B NEXCS mMmMmlamnded=sSNal lwe
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0.84 nm aréethepvesdigaeeceerataref ama( dDgoudo6) oCNI
CNT, respectivel y. When the diameter of SNT
accordingly, | iSkeThbaatengt Beofiahl 2t 8bes is f

For the | argemggutrebe . di6dmgt ethoows th®F transn
=69. 09DW=a2d 44 % r atnkde fsmal |l er t ulFed 1 .n6 dWgrud e 2.
=45. 69 %medst rar e similar tDhd heorsrieeperddiercg ifm
of the CNT systems are givenDkanbdWagrbade ® 82%. 16 (
and 75.22% respectively for the |l arger CNT, a
CNT. Thus, in the silica system the reductic
counterpart, whereas the reductilder of The apan
charged surface of SNT results a st'fongardiinmgt
to fewer i ntercal at eds swarteedru crha loenc uolfe st raannds nti it
Meanwhil e the stronger interfacial i nteractio
and that could reduce the transmitted force.

are rel atncvee [EyG estmdiclhlansiism i s more dominant .
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t, ns
FigeieCompari son of the transmlétrel) $NMT/cwa tmera .
an@db()l16, 16) CNT/ water systems. T2h el 7 a¢hima maentde r2 . df¢

respectively and is considered match each otft
i mpacti nyg=50en/osci ty:

112 112
v=50m/s,D=0.84nm &) v=s0ms,p=0.8tm
: — (6,6)SNT/water system = (6,6)CNT/water system
. - - - - Reference system 84 ' = = = Reference system
84 .
. z
zZ . <
< 005 56
© 56 = 7]
&) o
B L
L
28
LY O ? T O T
0.00 0.05 0.10 0.15 0.20 0.25 0.00 0.20 0.25
t, ns t,ns
Figar2Compari son of the tr afs(hi,t6t)edN T/ owactee rmesays
(b()6, 6)CNT/ water systems. OTIBdndni amaet &r. 8ad M MCNT
and is considered match each ot her in si ze.
vel owis5tOyn/ s .

2.38 Extend to electrolyte solution

Il n addition to the solid phaamet &aifdgteccd | mhga
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the-lsgluiid interface interactions, thus systen
phases, NaCl and KCI electrolyte sol uttihens, é
(16, 16) CNT with tthheofdi2anie/tnenr e @madc Oli eBrednym a
i mpacting velocity is 50m/s.

Figures 2.18 (a) and (b)) show the history

KCI solution with the same mol ar concemtrati
show a similar trend with that for the I iquid
t he NacCcCl solution is employed, t he cabDFcul at i c
=73. 53DV ah&l 6 %, respectivel vy, | arger tthke@h t hat

solution is eDhrpbB8yBaDM=H7SdYy2 7&%.¢ Ther eDFwbi hedecH
DN r emai ns appr oxcamapaerl egdh avhietons amer e wat er pha:
concentr at Dfoan @Vvaanrgyge saccordi ngl vy (Fi gbH es 2.
decréeéasemarly with the increasandf vaheeKChoslo
wi t he NaClcoxnalewttirwhteiroenas t her eDMws td g lhewiinrca re
ei tkh@brNa Cl solution concentrations. Bruander c¢
DWar e F atrhgeerempl oyment of fNarfé sametconcéhtnat
solution.

Generally esmpealeichgol whe solution is empl oy
water molecules in the nanotube wild/l decreas
s ma IDF a nOW. On the otheonhahdsoltheatsédt maastioc
among water mol ecul es, |l eading to a stronger

water nidf% cwhliecsh enhances theDFaapW.ur eldn eacdigtlyi
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during the transport of |liquid molecules, the
(see Chapter 3), | BRaanldWwg tWhtantdecrinamaseaskt o
there enmsis Inbmbers of infilastaoegemwacenf mplreatul
of infiltrated water molecules and aefhhaotetdhte
system performance. From Figurerd2omfd, | tirtatean v

mo !l ecduwlnetsetah e v ar DRaa m@\h.s Boefswii dtdinse, s a me concentr
bi gger “snakesofa KWumber of infiltrateasmadtlerr m

DF anldVNi h hkeCl s olvwetri arhe Na Cl solution.

105 105

v =50m/s () v =50m/s (b)
, — (16,16)CNT/2M-NaCl solution system — (16,16)CNT/2M-KCl solution system
1 84 - - - - Reference system
84 4 34 - --- Reference system .

[<2]
w
1

Force, nN
Force, nN

42 1

21 1

o , -~ ,
0.00 0.05 0.10 0.15 0.20 0.25 0.20 0.25

t, ns

FigfLB8Transmitted f of a@l 6melats)uaeCd 2fBfodmt i on Sy s
(b()16, 16)-KAIT/ 28l uti on systems. The concentrat:.
2moMhle. CND=2i Brf, 84nTnthe I mpawth b/ vyel ocity:
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2.3.9Extend to charged CNTs

- 80

- 60

440

100

61

80 -

60 -
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DW, %

40

20

T T T
CNT/KCl-solution system

@)

80

- 60

DW, %

< 40

20

n

20

(©ofiaganCGlr adg a lquidkKiCo n sah dit i on
reducti on i

on 1

t h@& h &€ NTN & D=e2d. tArganl ny,t e

i mpaowt5 g/ yel oci ty:

During the fabrication of CNos,chsungkacart
properties of tube walls. The injection of el
and as a result the induced charge on each ca
charge '@d%®hsinythis section, we will <conside
di stributions of CNTs on system performance.
is uniformly distributed on each car bon hat om
of 9.8nm is chosen as a representative. The |
i's 50m/ s.

Figure 2.20(a) shows the history of transn
+0. 03 774X =l&i’c) . Compathed hw reference system ¢
force reduction is observed, similar with theée
calculation shows that t heBF =6 0r 8 &DWamad8 %e3rle r gy
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respectivel y. When the surface of the (16, 16
butegati v,e0.chla‘rgg@/amm ot her conditions are kep
al so observed (Fi gur &F=25 42. 02 8oy )aonMc @ wer el siptotnide nhg
| ower t han t hat of a positive charged CNT/
(16, 16) CNT/ Wager esy 2t §gfpbpooh 2havgbyg (16, 16)C
show a | ower force and energy reductions when

Series of <calculations are performed with
and their wvariati onsr ewiutcht itolmes faorece |l @and ednerr
surface charge density increases, bogit Wehfieor c e
same surface charglkerdemsesi ¢y, anti®oe s ai gyoar éd waet
di stri bmpaoheomegati ve charge density, i ndi ca

energy capture performance on surface charge

either hydrogens or oxygens in water tmel ecul
Coul ombic effects, resulting Iin interatomic I
Such attractions wil lrtdritvlee waheaerrgemdol @NTUul wal
uncharged wall , and | oosen thé oanfeirnerdo!| £tcrul

CNT8? thus decreasing the force and energy re

charge of CNT is positive, It wehl aabmeadcmn o
mol ecul es, |l eading to distribution of confine
wal | than hydrogen atomua,ckwhldi csh ahas tdhanel d&tatt
closer to CNT wall t h amh aorxgyegde ns uart foantse awala .n eA

force and energy reduction is observed i n CNT
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2.4 ExperimentalVerification

I n

order

t

nanopor oulsi que dl i ¢yest em

charged CNT with s
0f0. 037awatner FBlystEMD=28i 1&g M, 8.4nTrthe i mpacting
100
- 80
-600\0.
g
440
1 1 1 L 20
-0.06 -0.03 0.00 0.03 0.06 0.09
Charge density, aClnm?
f surface charge density of on t
CNT/ el ectrol ytTeh es o ND=i3ai nk Bgayds t8Am.en | mpacting ve
o verify the energy <capture mec
was perfor med. Throug
about 0.24 ml/ g arldg.t helean@aso@ o r «

nanaopory

wa s
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materi al was in parti3Xxfime ffTdhrem pwiof lepmsrsd @messsa andg

treat ment procedures have been empluayyedet ofo

nanopres, and 8% sThiet safdtteerlds mamemp®r ous particl
a dliiske geometry, and put into polypropysl ene
pol ypropylene pad at its mass ratio to nanopo
for a testing sampl e. The overall Byhiwkinegs

adhesives, the gslauepdl € heas usthauom gglufp paomr talngmip | &
il lustrated in Figure 2.22.

I n order to genewvmaateea ab lhaisgth cihnmaprabcetri nsget u p
i n Figure 2pr2e2s.s uTlrhei sc hhaingpher was made of 2.54
wi t h -scercasison al diameter in 203 mm and depth i
coul demern at adhercthagmbusing a 1.6 hp Craftsman
di aphwiatghm t hi ckness of 0.4 mm was placed at t
wave. When the generated pressure inside the
di aphralgdn bvobeak up, generating a Friedlander
the guide tube, and i mpact on the testing sa
transmitted force when the i mpacting wave tr
measured by a pressure transducer which conne
pul se was directly measured by a similar pres
the mounting stage, open to tshenalialr.de 6paradiad
polystyrene (EPS) was empl oyed for compari sol

absorption materials (EAM).
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Blast wave

' quide tube Protection
Pressure |77/ pad Pressure

diaphragm / sensor

s
NN

T

Pressure
chamber

Nanoporous
material disk

Blast wave

7
T

Fig222The bl ast chamber setwipl.| Abérigenarmateendiiv
chambaeaprhopagate along the guide tube after br
the testing sample. The testing sample is tig
transmitted uflsrecet hafouigmp uthep samptlheeedapr bses i
sensor.

Figure 2.23 shows typical measurement resu

the wave propagates through the EPS wsaavnep lies, a
nearly identical with the input pul se, I mpl yi
at such a short time to coordinate a so fast
mil1lis¥tomdsger the first 1.5 milliseconds, t|
compared with generated pressure (input pul s
During the following overpressoed pya3®0Baut 20

When the wave transmits through the mixtu
pressure reduction takes place almost 1 mmedi a
st amgreu,ch pressure reduedi owmtihs bobésenthed i apmp a
the peak pressure is only 0.035MPa. The maxi m
t hat I nput pul se and EPS sampl e, redpegat idv el

system can absocibenetneyr gayn dnomuec he fffast er . Mor e
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pressure curve 1is qui t e -psrneosostunr ei nvcallul deiynsg. tAhse
transmitted wave profile consirstss ngh ook hfyr an ts
foll oywead sHleocwleyasi ng pl ateau, i mplying that p a

' i qui dguawhit a hiavbeolvye vMeD isfiineusl ati ons.

0.25

Input Pulse
0.2F

Transmitted through

olystyrene
0.15F polysty

Transmitted through
0.1 Nanoporous liquid
composite

Pressure (MPa)

0.05r

0 2 4 6 8 10
Time (ms)

Fi gu228 Typi cal bl ast i mpacting pul se and me a
polystyrene (ERQUiand omprospdree sampl es.

2.5 Summary
We have shown a new protection mechanism o

energy wave mhwentetdi nogn albhibpwirdbsus composi te mater

the MD simulations. Upon an i mpact | oading or
the i ncoming biemeteidcotetnlee gpyo tceamt i al enkrgy of
and is tragpwpaed, naddi hhenthe CNTs for a while
i mpacting force and energy will have much of
materi al system via the energy dturagpiomg i me cetxa

weakening the stress wave gr adgreandualTlhye atr aypm
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stage due t o twvnet tiinrhge rsewnrcfea cod walnl of CNTs th
mol ecul es outdedbf | tGMed sdeoplemals on t he ¢tlriagupead e
interfacial tension. MD simulations further d
increase with impacting velocity due to the
l ength ofobCdliTeaed swith the same trapped ener

dependence trapped energy s hagvesr aCNmosr ed uteo ttad

number of intercal atdhewateerssdotiy | vweactwefre $neo Ine cQIN Ti
axiaanld r adi al diareextaimo medf t GNTusnder st and the
trapping- i Kkefdoclemsetrgry trapping and releasing m

The study al so extoéend-sipth@asc & hsauarefda caeb €c hoafr g e d
of TGN dndui eNafchased KCI eleecttrind ys estsedhup e oh
little itmmeedaséi om of transmittetde f oedfac tainan
transmitted ifropwnd ewseeneiadgdpe ulses arer edmpivoybd
CNTso.r chargednd€&fendent of octhlgntlod ted @mcd miitct &
energy wiFurtdeermas® shoger sensitivity to ne
with positive charges. The transmitted force
electrolyte concentration, and thbeseaasmenhse
shed some Lt hghtopti mi zation of system perforr
systemic parampmat &lrilsel Fb Inasntayneoxppmeorewemttert oD MPOS

mat eirsi aclarri ed out and the results quantitatiyv
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Chapter3Me cami cal t o Ther m

ConverNsainoonf:l[Emniedigy Di s s |

ra

at

pa

Ho

On

ei

I n Chapter 2, a novel energy capture mecha
pidly compr e9oshefdt eirmmtac da madeo hi ghly compres
r oouhgeh nanochannel s, and part of kinetic ene
rce exerted to the | iquFdgmbkseedcutli@sogn2 blyT hd sl |
rictiono force reflects aoma@ainofdapaends tomnk
teractions between the confined |iquid mole
tributed to surface hydrophobicity of nanop
rameters of dwortingl | itregnpley édt apleo ha'®"h%en us
wever, the temperature dependent transport

the other hand, many nanoporous material s

ther by natur al crystall agroaphiec @&pmeagr amc &

bri'2®a% iDwmring nanofluidic transport, since
iquid molecules interact closely at the inte
play a crucial role
I n this <chapter, the temperature and surf
nofluidic transport resistance iIs investiga
ansport in a model CNT, theathestma&lssdamaen o

iscosity are explored with the CNT size and

ectrolyte liquid transport is also studied
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water. The underl ying dmeotleeccubywrtmechampemat $r
radi al density di stribution and hydr ogen bon
carbon/ water system is carried out to qualita
3. 2, a car bon pnearntoutrubbeed (WONTh) a ssi nusoi dal sur
that observed 'P)n @MTd ftaabkreinc attoi ome a model r ou
out MD simul ations, we iwalelstrn gwudlendthse cecif fteltce
resistance, where the effective shear!*tsress
al so employed towaharacheeraetitbe. sol i d

3.1 TemperatureDependence ofluid Transport Resistance

3.1.1 Computational model and method

A segment of CNT is emphopedetstmodelura 6

axi al | engtlh afs tctheoRs@MviiRaose btehe8 radi us of the
number of water molecules inside a CNT remain
constukfit® thus, in the present study, the num
given CNT with specific diameter and | ength.

in order tonsipohlti dphethatvh®r t md water mol ecul e

mol ecul es inside the occupied vo'OI:L9r9€8.d§,f kdgtM Trs

300 K and 0.1 MPa. During the ciodnputhéi ances$
vol ume of CNT to water molecules is deduced f
esti meR,eR 3, whsgiree the commonly used van der \

i }°°°° Periodical boundary condition is impose:
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cel | so as to mimic an infinitdce é&rintg efofrec tasn
transpor®®h emthhaevipoerr i Riks bergt heoffBed to be |
data collection.

The simulation is per foagalea atsd migc /LmoMMPcU |
paral |l el'*% jArhulhaotucgrh) t he fl exi biliwgtef {LNITI ahg

emptyi°fgfor the curreft imodelreallgrédidthedCMit

nanotube flexibility-diifsf ussiigonni fatcaat | owl ypr €es
pressure gradient increases, such A&%%°°efimedcthew
present study the nanopore wal/l i €1 ads lbmed hre

extended Simple Point’° Camd georf StPICAdiEDecpobent ha

The 612 pairwiJse potenti al and Coul omb
U(r)=4gl( s/r)? {,9M)° aq /(4 B, are used tavamedel nteeaw
and cwatbem i ntemaetniodre,s wher ei sitaanpdeea nkelet we e n
are the energy andjplaeinrgtatr qprap qpameq) we 5y if ne al ec

charge cougtergairet ,peamd ttivity of vtaicamusn. a '

empl oyed, this governing potenti al equation i

and at oms. The <c¢cross inter actBeorntsh edrodg ardtxa inmn

eg=Je,. apE(§ +9/2. The r el ewamnametlers aP%’ taken

ij

These parameters have been confirmed to repr
contact angle of water*adrdpt e Minn dai wggr tagprhe rt gei
inter'dEtAllnisht eracti ons -oafrfe dtirsutnacnactee do fatl .a0 cnur

short range vah daed Whalrpaftdmesdmr(tRRAM) sol ve
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ot -smeuaamr e acdusa@ppbdbiedOto account -rfamrget he
ecicoédPate the present sbetweebhhB800empOr Kt u
ch a moderate range, it i's generally assume
me through6®! Bedsnudeast,i owi thin this temper at
ansition for the employed CNTs (with the di
"4t m

Sever al met hods have been developed to si
chniques, -desi ot fd¥ fodaal t yogt andl wahamecal n
namifcand fluddizet' *pamwng ot hedsi verrhef Igovav
rticularly attractive because ofisite Ttompst
e properties of the fluid. I n this approach
analog of gravity force to each molecul e
sired flow rate iIimeasarcdetdhei hl owdeesi ot bred
e ther mal noi se) , the applied gravity forc
celerate freely.

The simulation procedure consists of two s

iged temperatur e, the NVT ensemble is emplo
en a conRasctcaenlitergartawint yis applied on each wat
the CNT so as to initiate ag utnhifor it dd o,
mperature is maintained by using a Nose/ Hoo
is only applied to the |iquid phase since

ating caused by tkekatsmpotbed meaanalaxdiasplvad @

nter I s subtracted from the axial component
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calcul ation of temperaturé&, Abtteeaahddsiradth
the applied acceleration is removed and the
subjected to the transport fAfrictiono resista

i s empl oyed t o amodnidteodru cteh ef lvueildoicci tcyhar act eri st

3.1.2 Fundamental transport behaviors upon different temperatures

We first examine the vel ocity profile of
representative (20, 20) CNvVél awaittey cfyswatmer tihe
the CNT section [T=a30@hkK) tiesnpplratued oh Figure
profil4ike, pfFegturing al most uni form velocit)y

consistent *3W*% h literature

150 T
| (20.20)CNT CNT wall |
120 S
1
1
H .. . o . . 1
™ - & g @ 1
gﬂ_.:ﬂq'.r.'- 1.-:*:--.__ ,':.. |
@ . 0d o ointe; !
E : |
== 60 :
1
7 1
1
304 1
1
1 !
ﬂ 1
0 2 4 6 8 10 12

R.A

FigBi:d8he average axi ali nvdlhaecirtaydi dail s tdriirbeucttii com
inside a (20,20) CNT at 300 K. The diameter

Af t er a idse srieraecdh e d, the | iquid molecules a
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average flow rate is recorded to identify an
during which I ts magni tude drops by a smal|l
temperature iIis closely monitoriend $ysmaket smp &

Upon the deduction o&, tthree aesfefreacgtei vdee csetd EeErda t g to

interface cdp.,=brefjha)f(@ )d’lalcefeyi s the total ma

water mol ecul es Riinssitdlee itéhdee et rudbcki,usanaf | i qui d
the 'fAbean Aoverall o measure of the transport
offis opposite to the axial fl owa, ditrheectg yosnt. e
temperature idcdg tcd omaeke gnornd ttoreet t here is no ¢

I n a nanofl ui dicasglsdreanct drhies tmocsti sdotmien i n-
wal I and | iquid molecules i mmediately near it
mape invalid for highf8% i nfbmogéheactys wihaosteklart
majority is exerted by the carbon wall to wat
the transpBasedesnsthpepcebti@i nea ftilhret hsehre ade fsitmr

Vi sca V3®’5 a quantity that has the same di

't i s | argel yl ibgausiedd ionnt etrhaec ts wlni dand refl ects t

through a nanochaemtelnomindalougihsd dhei tpy eiss di f i

bul k Il iquid viscosity, It i's still useful fo
nanofl ui ds. Il n what fof halps, atbesmplt wpedp atr ar
temperature dependent transportf.behavior, and

Atv=100m/ s, t he e fffaemdt invoemi sk faorv | sw@rdeesrs ymo | e

transporting in a (20, 20) CNT are obtained
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curves in Figure 3.2, and bofthThfe Ehemrdbdare a
the smaéftainty of determining tohe edle cled gear astein
coordinate system (not s/iwavni exgfliT®s ,a icth acraanc thbeer
that is sonoewthtae \siisnddalr®yalaofhohuwglhk iwatiesr ,r e mi
nomi/ifadr nanofl uidic transpoesrotl iids waal nlg eilngttecraabct
viscosity of bulk fluid is dominated by the i

Il n addition, the pore size effect i1is coupl

ot her CNTs with chirality (16r,s la6br)e, 2(.1107,, 110.)3,€

nm, respectively), itari/s nf osumad |telratt utblees ‘aaleu
counterparts in | arger tubes. That is, smalle
wit h'*°Mdrse i mportantly, in a smaller tube, as

decreasi hgn/ feeman of heat tiurbegd ,l amgli cating that

more sensitive to temperature variation in a

increasing-srodlied ofntlerq@eitdon on nanofluidic t

s i%2'a°
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Fi gwBBeEf fect of temperature on the effective
viscosity (@da¥2h0,cu2rOv)e sGQNTo/nyw der 63y CINthwamneér s
di fferent transport rates.

3.1.3 Molecular mechanism of temperature effect coupling with size

and transport rate effects

Nanofluidic transport behawilod wal bndeaert @iri
essence, bbbavrans peafotnedc tfsortchee impmsed by t he
mol ecul es, and a stronger van der Waal sd cons

The radial density profile and hydrogemd bond

structur al di stribution of confined water mol
reveal mol ecul ar mechanism of the temperature
size effect and transport rate effect, and ex

Fgures 3.4(a) and (b) give the effect of t
20) CNT and (10, 10) CNT /water systems at th
fluctuations indi-satectihree sananfuliadaet ¢CNTesoThec ul e

maxi mum density near the wall iI's usually ref
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spacing to the wal/l I's the equilibrium diste
amplitude of FSS and equil i brwielark ed i sstwd i ede wdhd
interaction. Mor eover, under such a circumst
water molecules 1Is | ess sever e, and thus the

i's relatively morsemap rlioemi nternatn s ploeratdirnegs itsot anc e

When the diameter of CNT decreases (Figure 3.

of both the FSS amplitude and the equilibri
guali tavoeselwytkechhe coupling between size ef
transport resistance in smaller tubes i s more

Figure 3.4 gives the variation of the numl

mol edNy) ei s calcul ated by dividing the total n
of water molecules in each annual | aNygeirs al on

based on'’%Y ewhmeerter yt woswarer asmsuemedlotrdebe omy gr o d
t he oxwywyeen di stance is smaller than 3.5 | an:i
the oxwyeen directi on -haynddr oogneen odfi rtehce’.i mfysg Bins |

FigurM®;8rdi,ves maxi mum at the center of CNT,

(3.78), and decreases away from the center. O
velocity, Nbhe s mhlibkehnfl eads to a | ower transpo
simulations .Ngnéhe diEeNgwafhmerer face indicates t

hydrogen bond and a weakened water net wor k s

previoud®%tudinesaddi tion, a |l arger QWNThesahows

the -@dTernterface, |l eading t@argargedf fecanspor
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which al so agree with above simulations.

25 4.0 3.0 4.0
(20,20)CNT (a) (10,10)CNT  (b)
— 300K 25 —— 300K
2043~ ____ -z = —— 320K ’ —— 320K
Ts-IZT=--=-- TIoINa 340K L35 L\ — 340K 3.5
------ -7 TS — 360K C cx==
» 1.5 LO .
< Lso £ 305
— z =
1.0
o5 F25
0.5 '
2.0
0.0 2.0 5
0 14
R,i
25 4.0
(20,20)CNT, 300K (€)
—100m/s
204 TN e === —— 150m/s
3.5
o
=~ [as]
30_T
- z
F2.5
2.0
14
Figd4bor mali zed r ad#i/ag( sdoelnisdi tcyu rpvreosf)i,l ea,nd t he

bond per waNgerdansohl eccuuwr(vage2 ), 20) t@GNT/ (wh()6e,r 6sS)y st

CNT/ water system at di fferentr ateempefr ai1(0d)e m/ s 3
(20, 20) CNT/water system at different transp

3.1.4 Water transport vs. electrolyte solution transport

The preceding study on the water/ CNild syste
nomi nal viscosity depeqgdi ¢ogri maerfgcioal tihet esrod

phase changes, the transp'é%¥t drdaivi orhiis s«pte
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on the ther mal effect Tohe eNaeCltsreon dyttikd htsr aanrsep ocrl
substitutes of the water | iquid phase, whose
the same simulation procedure above, taking a
of a | argerandresmaédct ipvel vy, the variations of
viscosity witWw=ltOOmpme/rsa)t uaree (gitven in Figures
decrease with the i ncreasé whteemgélfasyseemsi
in respective amplitudes. Besi des, they al so
size NaK | eads to a higher effective shear stre
i nteracti orng ebretiweere,n vaatlear and CNT. Wi th the dc¢
the deviation of the effective shear stress
i ncreases.

The corresponding radial d e M\sgiatrye pprlooftitleed
Figure 3.5(c). Both the amplitude of FSS and
with electrolyte solution (compare with that
empl oyed, oOwi ngi ct oi nttheer aelt e oinr oosft atons wi t h
mol ecules tend to become more cohesiv&,(which
in the CNT/electrolyte solution system), | e a

equilibrium distance, with more prominent rad

shear stress.
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F2.5

2.0

14

Fi gwBhbeTemperature dependent transport behavi o
Effect of temperature on the effective shear
curve@Sa)20n 20) CNT/ el ec(tb(l,y tee) s@NTu/te loenc tsryos
syst(ecphe normalized raaldg(asloldeansciuryvemr)agfi |l &nd

hydrogen bondN ,femsmolceicwless,), at 300 K. The tr

3.1.5 Comparison with experimental data

A pressure induced infiltration (PI'IT) e X [
car/bwat er, sayrsd emt s data are ¢ealaibtoastei vMeO ys icnoun
resul ts. The materi al u R2d0e0r0 i nnavneospt oi rgoautsi o @ma rwbal
small est nanopore radius of about 1.0 nm and

Brun-&gmmeTe¢l |l er (BET) analysi s, it was measur ec


http://en.wikipedia.org/w/index.php?title=Stephen_Brunauer&action=edit&redlink=1
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was 14@®0 @dMheeaxsyed material was in powder for |
mm . For the nanoporous carbon material s, t he
recei ved. | f the untreated nanopor dwes oanarzkan
water), the water molecules would spontaneous
di fficult to deduce the nominal viscosity. Th
carbon was treated by stiilgé gfoulpse tonenodpdrie
hydrophobicity, the detail’s of which has been

I n a stayvhledsesrst@eB g of the surface modi
dei oni zed water were sealed by two stainless
reinferacnegd.o The schematic of the experi ment al
sdd onal area MAFE P86 pintsd one mmaesr at ure of the t

293K, 308K, 328K, or 348K by wusing an Al drich

i Deionized (DI) water :
! or water solution:
! non-wetting to

: nanoporous carbon :

i Nanoporous i
~ Carbon

FigadB88chematic ofeteaxperDiumeetoaitnhge onfon i qui d ph:
car bon, the |iquid wildl not i ntrPude ncneasaan
soHiidqui d interfacial capilla force is overc
| eading to the decrease of
t o

S em volume. The
be employed study the int

ry
yst
erfacial property
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By using a type 5580 I nstron macihnitnreu,d etdh e

e cylinder at a constant rate and an exter |
e piston diwplvwese mbntmmf mt B, The Pl I proces
nopores, and as the pseatlee nacoopased, weao e
guid infiltration. Eventually, as the | iqui
stem became nearly incompressible. The | nst

essur e anpl atmee(draﬁ)ritst(on di s

The liquid infiltratdAn Ve umemicmal bfel wxs si

it h a Rcadi use oefQtEV MdNedwbNgiree the nanopore num

e vaN canoftbe obtef\lpo@/épch/)thrde@(gri@s the specific
| umes the effective | ifguwihde IiBhBETi |dmalty ins dree
obability density of pore vol u’ V)isttheéeut.

mi nal Vi scosityrl (B@Le, ewshteirpea taesscs umed hal f

NOoOpoOr oeussipzddi.tsi TaHlee pressure acting on the ir
n be measured from the sorption isotherm cu

| l owing the analysi’s$*®proocedornkbcudli scedseds.i.l

i ggdr &. It I's seen that the nominal Vi scosi't

sides, the smaller nanopore radius i s, t he

e results of MD simul ations (des®piiptee i mbat

simul ation).



83

Pore size, R

1 —&— 1.0nm
—— 8.0nm
17nm

10°] *\*\,\_v_jonm
10'6 ] r\'\'

10

Nominal viscosity, Pa @

T T T T T T
290 300 310 320 330 340 350

T, K
Figar€al cul ations of the nominal Vi scosity wi
induced infiltration (Pl1l) experiment on a na

Note that there are sever al factorsemaki:r
matching between simulation and experi ment: (
some variations in its pore size; (2) the por

(3) the porous carbon surifalt emalse snoidti fdiefdf ibgu

reproduce the exact surface structure in simu
very high yet the simulation in MD cannot be
is focused od m@manoifildueiadiiczemod el so as to re
mol ecul ar mechani s ms. Neverthel ess, the qual

(simulation) and 3.7 (experiment) have demon
approachexaoreri ment al setup I n t he present pr
gualitative trends reported in this paper a |l
guantitative coordination between simud,ati on
including the effect of surface group iIin exp

functional group structure.
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3.1.6 Summary

The temperature dependent transport behav

studied by usingtNMP s&fMmekcaivensheBotbBtress an

with the i1increase of temperatur e, owing to t
thermal effect is coupled with the tube size
hgher fl ow rates the transport resistance i s
addition of I ons, the shear stress of electr

water) owing to t hseolmod ewaplrloeni mteenrda cltgijoura.deT g u
verified -bgpdacpdesrbiretration experiment on a

The thermally dependent nanofluidic trans
designing temperatur e xcaonmptlreo | |lae dl onva ntordaensd gaerst.
beneficial for nanoconductor s; wher eas a hi
performance energy dissipation nanomaterial s
temperatur e. Be srimersc e tden sbye tfeur tplearf copt i mi z-
pore size effect, transport rate effect, var.i
the transport behavior changes when ions are

some | ight on separating molecules or ions.

3.2 Effect ofWall Roughness orfFluid Transport Resistance

3.2.1 Computational model

A similar CNT with that employed in sectic

sinusoidal waldxiparlo f dzitliee @&atd itoonrmn {t hteo mi mi ¢ a r
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schematic I S gi ven I n Figure 3.8(a). The

R=R +Asin( z/ /), whReire the radius of t he RS moothhe HhAlL

| ocal z.addisug hat ampl it ud/ei soft hreo uwgahweelsesn g tahn.d Ac
accounts of degree ®fPAisughhenstof bgr aplssne h:e
| endgt ht heL, CNB, chosen to be/atBaeadtosevbealo
characterization of di m&nstihcenl pssesentughalkasi
characterized by t woA/RiamdéhRs.i onl ess parameters

I n addition to the same considerations for
more i mportantly, I f the CNT is flexible, aft
may devi at e from the designed tshemusoudahahesgse
prominent), whi ch makes It di fficult to quan
resi stance. Therefore, the CNT remains rigi

ii deal 06 surface roughA/RsasnbtpR, dohi t Be phasamedr s
geomeA/Rwnb/RRare chosen to be within moderate

tube profile i s trheelratd ovred iyt isotnasb | ®u c hT haes ob o u n «

mo d e | remain the same with these used in sect
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constant of 0.2 ps. After a desirsdffked at ¢
250 m/s in the present study), the gravity fo
(decel erate) freel vy, and NVE ensemble is emp

during this deceleratwi bh paryo&andt he toemdeer a
i mpact, we only obtain the deceleration of f
(during which the variation of temperature 1is

t he averatgien,m,g el erf fecti ve -sdleiad isntrersfsaad daa
ag=gma/S'*WheSies the surface area of C@Miisncl ud

the total mass of all ''iquid molecules inside

Taking the (20, 20) CNT/ Ret elr3.&HH g )r evprtehs @
par ame/Rel.BanAdA/R=01 the effecftjvandheami/salresgss

are determined and plfatntfedmcireaBiegnioal 3neé@a) y

and amplitude of the roughness. SimilBr trend
6.78 j) in Figure 3.9(b), where the enhanceme
the same | evel of relative roughness (compare

wal | roughness is more prominent in a smaller
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Fi gBB&ffect of relative roughness of CNT on
nomi nal vi scoé¢iadoyu g(hr i(g2p0b;)@adxyihsa)p tdc0f, 1 0) CNT nano

Il ntuitively, the rough fAextrusionso on the
water transport, perturbing the wuniform axi al
mol ecul es near the wal/l. The ragdreesoefnttaltea veor
water molecules inside a (20,20) CNT are give
smal | radial velocity component is observed w

zero radial velocd?tyWbyhJobéRbnaoea #iRgs @ hef

radi al movement i's more prominent and water
affected. Such radiadl Imosvieame np @ s seinbhialnictey tdhfe

carbon wall, | eading to an increased transpor
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(a) Smooth (b) A/R,=2.0:4/R,=0.06 (c) A/R,=2.0;A/R,=0.1 (d) A/R,=1.0;4/R,=0.06

BLO&Representative flowing velociidly gliaena a
20) CNT with different relative roughness

I n order to further understand the mol ecul
i nduced by nanochannel roughness, the commonl
profil eogagdhawn cdiydg of water mol ecules inside CN
of confined water molecules and their interac
il lustrated in Figures 3.11(a) aned f(lbuc tfuat itohn
radi al density profi l-esr uicntduirceast eo ft hwa taenrn umal
consistent wit?h%pméei masi mumdidegsity near the
solvation shell (FSS), and its distance to th
same roughneé¢hbR,waavseltemgthougAiTRess nmagasesde|t
seen from Figure 3.11(a) t hat the magnitude

becomes smaller. On the oARes hamedf{r omtRi ghe
/1Ry, both the magnitude of FSS and equilibriu

gr adaofenwater density toward the rough sturface

the smooth wall3% consistent with ref.
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Generally, a smaller magni tude of FSS and
weaker hydrophobicity of t hehINTr eval ll t & oi nwadn

resi %4 ntkese trends are consistent with the

nomi nal vielcaotsiveg moudhmess in Figure 3.9. Mo 1
hydrophilicity, water mol ecules are closer toc
radi al movement s'3%t adastoerc omosliesctued rets wi th tr at

Figure 3.10 and hence the trends of resistan
smal |l er rough (10, 10) CNT/ water system in Fi
equilibreuvanra@di moma@acpr omi nent , suggesting a st
small er tube, condiantent Fwguhet Be9reJhkerefofe
serves expl aiamlseciun aparmechheai sims of the &effe
nanofluidic transport resistance.

Next, the characteristics of the hydrogen
are explored. Along the same rul &, ofheahcmbat

the averaged hydr ogeNg,boinds ipdee twhae erro umph e(caud ,e:
CNT systems under consideratioNgzis ploseetdoi

bulwlkat er (3.78) near the channel axi s, and it

Overall speaking, when the rel ad@/Rwadr csumgahnes
/IR) Ngi s smaller, which is consistent with th
dr opN,gonfear t&Twaneerface indicates the | ocal

degree of depl eti on i nlcateiavsee sr owi ¢t hhn etshse. iTrhci rse

Ngnear the rough wall surface, as well as it:
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consistent with Mittal'®%anldn Hausmmen de, MDh es i dnaip Iz
bond indicates a weakened water network struc
the radial movement of wat er mol ecul es. Besi
roughanemsre seriouBomrmeplietobsenvedd (compared
counterpart), which i1s in part responsible foc
simulation (Figure 3.9) Therefore,inheowmph e
nanochannel can be understood via the studie
profil-eondndf Hconfined | iquid molecul es
2.0 T T T 4.0 2.0 T T T T 4.0
(20,20)CNT, | /Ry=4.0 @ (20,20)CNT, A/IR,=0.06 (b)
1.5
435 =0  F M T ===~ ~435
:O ] S 10 v o
- Z T z
—— A/R(=0.0 (smooth) 130 —1/Ry=1.0 130
05f  — AIRy=0.01 05 —1/Ry=2.0
—— A/R(=0.06 — /Ry=4.0
—— A/Rp=0.1 — 1 /Ry=#2 (smooth)
0.0 L L L L 2.5 0.0 L L L 2.5
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
r'R r/R
3.0 T T T T 3.0 3.0 . . . . r r T T T 3.0
(10,10)CNT, | /Ry=4.0 © (10,10)CNT, A/R,=0.06 )
. —— A/R=0.0 (smooth) N - —1/Ry=1.0
—— A/R=0.01 25 -~ 77 R — 1 /Ry=2.0
. —— ARy=0.06 - oIz — 1 IR=4.0
) ——ARp=0.1 In 2 —1/Ry=# (smooth) 1%°
.y [aa]
- I o o
<> Z o154 =t
—42.0 1.0 2.0
0.54
0.0 L 15 0.0 . . . 15
0.0 0.2 0.4 0.6 08 1.0 0.0 0.2 0.4 0.6 0.8 1.0
IR 'R
Fi guwrdle Nor mal i zed radi al/l § (densidt yc uprveefsi)l,e,and
hydrogen bond pd;,(daséadr cmoN@gdflbnwght (&0, 20
CNT/ water ¢ygadnCdmpughnd( 10, 10) CNT/ water syst:¢

roughness.
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3.2.3 Summary

We study the influence of wall roughness o

inside rough nanompdrags obg. Ui CNTMWhes®m surf a

sinusoidal mor phol ogy is employed to mimic an
wavelength of roughness decreases, or the mag
shear sheessemiamal tvi scosity increase. That 1 s,
relative roughness is higher. I n addition, th
smal |l er nanopor e. The underlying mbkeewwll arci m
profile, radial density profile, and hydrogen

The present study may provide sever al pr om
adjusting the wall roughnmngseys agfesnasnamaree £.anFa
to increase the energy density of nanof !l ui di
addition, the | arger transport resi stance ma

predict®d by Chu
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Chapter4Ther mal t o EMeaolgan
Conversion: Nanofl uil di «

Il n chapter 3, the transport resi stance shec
l iquid molecules flow through a nanochannel
behavior results 41 gmid vateafaoa bénsiobmndwit
exampl e, for temperature vari at DI=B-b8&)s,octi g ec
solliidqui d interface -5t0e%,si ®om ara rotflhoeogr/ duch 0 a
variation, when multiplied by the wultralarge
A~1@008& g, can lead to a significant energy
rel ati wde weettttiinmngg tsr,a ntshiet iloinq uwicdc umol ecul es coul

out of the nanopores at a hipglhopspeedn egabk

considerable energy and power density. I nspir
such a-capel hébfaesscetd nanofl uidic ther mal actuat.i
both atomistic simulations and experiment 1in

I n the beginning, MD simul ati on I s- empl o

dependence of the cisnfoifl tlriagtuiiodn nooH aercaud teesr iisnttio
and the underlying molecul ar mechanisms are e
effectiHvegusdl iichterfaci al tension on temperat
energy cosyetremo(also referred to as ther mal
system in this thesis) is proposed. The perfo

which demonstrate that the | iquids oaeBsbbyco
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adjusting the system temperature. Finally, an
performed to qualitatively validate these fin
4.1 FundamentalThermal-Dependence ofnfiltration
Characteristics
4.1.1 Model andcomputational method

The computational cel l consi stwaldfeda cao de®
nanotube, CNT) and a reservoir with model I
boundary condition is imposed onnalt hceelflourOnleat
the nanotube is closed, and the open end is i
by two rigid planes, with the wupper one fixe
moveable in the axial direction.

MD siimumstare carri e’d® oluhe uisnintgi alA MMPtSe r

me

the reservoir is crhb-0%5%8.t0m tkgBa0m0 Ko fa nkdu |1k aw art. e rS,i

of CNT flexibility is %%thatheo@8NThesinfeatedt

Theigteamd van der -cVdarab osn (ivndtWe)r accatriboorn i s accoul

1% Lenrlmoaredd ) ( Ipo tUérntdef@dr,)? { )7, whredenotes the
di stance betwaeansmlaatomhe &@ameérgy and | ength par
water is modeled by the rigid ex%®emthéed hSicromlse
of a Coul omb potenti al bet ween parti al point

L-J potential between oxygen a't'dfmse; Pa3 Mc- tPaafrft i

Particl-mesPm)tietkenique with a r'dios emphoyada
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handl e t he l ong range Coul omb i nt ervaxttearons
i nteraction I's Jdepotehbhedalbywhohsee Lpar ameters

exper i mermtvelr algew i sot herm dat a o'f.> oByy gesi nagd stol

mol ec wld@d smand parameters, the i nnwettsiumg ace
wataenrd an external pressure is required for i
silica nanowatber asal uMaiCdn are also chosen, w

interaction with water molecfes are describe

LIX I yS O6LAA&Gz

Figdi:@#he MD computational <cell of the model n
nanotube is inserted into a liquid reservoir,
bounded witer gl fainreed ndppmovabl e bottom pl ane.
the piikteorbottom pl ane. Periodical boundary ca
of the cell

The system pressure can be adj-ssaéedcall yno
dynamically. By sampling a region near the en

presBuriess calcul ated based on themoheeumebtetht
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the Viri aIP:I‘Q'}%'ﬁ/r\/e@i%pi B\ , whi'ries the number of

mol ecul es insidektfet samBbli nfimaegh®aoawatanttem

Vis the volume of sampling region, and the se

wi se body inteN'wateonm@€imeogaker to be suffici

a nearl vy i sotropiocf odmeantseirt.y Adi se¢ aclibut i one ste
atoms/ molecules inside the sampling region is
pressur e. The Nose/ Hoover thermostat with a d
the desteemgewatere, which is a main variabl e

4.1.2 Infiltration behavior and thermal dependence

We first explorestaei tundetimkent ati gnabehavi

a representative (12, 12)i a@GNTo.n Foifg utrhee 4n.u2nbae)r sc

mol ecules with applied pressure at the temper
infiltratR=-5In2 pMRas sium et,hi s case, a | arge numbei
the CNT after the capill ary -lriegsuiisdt ainnctee r(fwahciicah
overcome. Afterwards, the infiltration platea

of CNT is quite smoot hn aingd uvweérey igmalclt.i oAtal @i fd
the ther mal dependence of the infiltration p
coupled with the pore size effect. 't i s seen
(wi th Phi gahheern t he pore gets smaller or when th
related to the enhancement of the interfacial

mechanism in the confining nanoenvironment i s
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200 200

(12,12)CNT, 300K (@) —a— 300K (b)
160
g 150
=
U 120 - <
;5 o
@ 2 1004
o c
S 80 oS
k5
<%40-, 50
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0 20 40. ‘ 60 80 100 120 8 1'2 1I6 2'0 2'4 28
Number of infiltrated water moleclues D (A)
Fi gd?e Yaj)i ation of the number of infiltrated
function of -gthat ia@ pp 1 teedm pgeuraast( art e tdife 300 K) . Fro
infiltration curve, tRPhe ccarni thigchkAleaiuefefdgct abif om
di amBt eand telmpenathbheecriticRBl infiltration pr

4.1.3 Underlying molecular mechanism

Dur i ngstqgautaisci i nfiltration, the equilibriun
i mbi bing pressure of water into-YONThgdasn elgas ad e

P, = 4gcos gD, wigerse t he surface tegsbsohhefcwatact m
the confined wakiesr tmod exad essi balned di ameter of
CNT. Note thatR doaesFnguready?2 @b h tphdrse idrnpd meet
botglangar e -deipzeendent . I f the system i sgamad mer ,
greduces si ®dreinfliacragretsl yslyiegtht |l 'y, | eaBing to the

First, some qualitati ve ciunlseisg hctasn obfe tlheea rcnoe
average radial density distributions in Figu
fluctuations indicate that the water molecul e

mo st promi nenvtatiimnt lseheflilr (tFSSgl near the tube
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di ameter, the smaller fluctuations imply that
wat@&NT interaction is weaker, which reduces t|
the position of FSS moves closer to DO hentdube
contributes to a snmy.l | Mgpanmwhiolfe,t hteh e eadmpltii tound ¢
and that suggestisalt he@gcossdifonst(reduiceder f ac
Next, we quantifyahnde Tchoentaadrtuadtonan plfe c a
from an independent anaflYfsoirs Ihygufial Inowiercqu | Wesr
cavity, at the eiqal | pbsiutmoss abe the mphecul e
averaged over a |l ong computational ti me, and
contact angle can be deduced, Il lTustrated in
variafgwon h temperature and two different por
angle is smaller in a warmer system or'°in a s
The current result of contact angl®®’iandltshe
smal | di fference is due to the different wate
val ugy Fogure &£, @GKiagyreand. 2( b))youhgosn e heatLiagp
sur f acegctaennshieoncal cul ated (Figure 4.4(b)), whi
system or a | arger por e.galmglasr,e tphre ntalrarl mngalr edser

the relative wetting transition of the nanoch
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Figu4Be Thp normalized densityr(/rgfiilne tdhies tcroinbf
CNT along the radial direct,i=098(kg/ais( a)i®, 16 mp e
CNTG;Gb(O)12, 120c()@MT;16(0d)AMBT;18) CNT. The | eft
with the tube and inner surface,
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116 0.24
—8— (18,18)CNT (@) —=— (18,18)CNT (b)
—e— (10,10)CNT —e— (10,10)CNT
0.20 4 1
112 4
0.16 4
o £
. 108
o <
o 0.12 4
104 4
0.08
100 T T T T 0.04 T T T T
300 320 340 360 300 320 340 360
T.K T,K

Figd4a@d@her mal v(aa)bat aog, eofifglteh,e confinedbwater
surfaceg.t efrhei «CNT, si ze i s also varied.

4.1.4 Variation of solid and liquid phases

The analyses above are based on the mode
di fferent solid and | iquid phases are empl oy:e
characteristics also vary. DA24ub6é6siet sivhkesmht cl
with that of a (18, 18) CNT, and a substitute
2.0mol /L, are explored in th0.s44s5eectaroen.i nPpaastd
silicon and oxygen &NOmjsrespeéectalvelvegraahd Fb
the i nitial stage, certain waaned tQlt amsachr & h
concentration of 2.0mol /L.

Foll owi ng tshteatsiacmes igmualsati on proceduf e, Fi o

Pras a function of t d&mpt@hient uSrNeT./ wlpg ;e tolre CsNalmeN

system i s slightly hi gher t han t hat-l iiqui @NT/

i nteractions. The cgrramsgpoadri f,gc&rodi éng s i@gauT gelse
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4. 5(b) and 4.5(c), resgpelcutiiveerl,y.amoextinrfal womrk

the hydratioR ishelilgheandotmpwas e with that of

l iquid intgeacthan tbheesCNdnsystem, owing to t
and polar water mol ecul es, and therefore its
similar findings have been reprwbdchomafl ptd
feasi ble strategy of ni neparpoavciingy tohfe neameorfg yu i adbi sc

100 120

—=— (18,18)CNT/water (@) —=— (18,18)CNT/water _ (b)
—e— (18,18)CNT/NaCl-solution —e— (18,18)CNT/NaCl-solution
—A— (18,18)SNT/water —A— (18,18)SNT/water
80 - 115 4
= o
= 604 o 110
£
ol
20 105
20 T T T T T T T 100 T T T T T T T
300 310 320 330 340 350 360 300 310 320 330 340 350 360
T,K T, K
0.20
—&— (18,18)CNT/water (c)
|—e— (18,18)CNT/NaCl-solution
—A— (18,18)SNT/water
0.16 -
E
Z 0124
o
0.08
0.04 T T T T T T T T T T T T T
300 310 320 330 340 350 360
T, K
Figds&@he thdemahdgnt infiltration characteris

(ad)nfil tr atkRj6bQopnrteascsyu(raugrlfea,c eg.t ensi on
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4.2 A Conceptual Thermal Actuation System

4.2.1 Working principle and MD realization

For a nanoporous materi al wi-wvét tgiive nl ippuied

infiltration pressure decreases monotonically
t hnearl |y controlled flui 8ianBtatuathieonc rsiytsitceam.
pressuffg aumbdernt teMmpet avate)d awedper ature), r e

fixed exteR, ool threegpdwsrteon throughout tM'e actua

Papp<PirT°. When the worHKinfggigempgeratovudessinto the
volume is reduced, and part of the ther mal e

system temperTgt utrhee rneatnuorpnosr et obecomes rel ati ve

mol ecul egradenf it hter matamopores, thus part of the
to mechanical wor k. Both processes are simil.
present model i sc adpriilvleanr yb ye ftfheec tt hoefr moanof | ui ds

I n pracei may empl oy tByo sheafegseéfjopnetsst t

belBw and the secBpjduswtn @b cVhiteos makeproach i s

a wide range of Twormkhidmgbtedmgdreat drhee out put w

| arger. The second strategy wlerskisginfeodr)aa qb asg e
static manner. lorc utsh iosn & thued yf Ty @56t Oaks)tlirya vfa b v a ( & i
out put wor k, power , as wel | as ther mal effici

The actuation system is firs)t ANT/uwsattreart esdy s

where the | ength and diameter of the CNT i s ¢
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(58i158;120ij) initially contains 2312-swdtuer m
during the dynamic cedsesr &siuohf tdkeédl| asatai ccro |
bel Bw When the system temperature is elevated
4. 6) : The higher the temperraatuue e(drtiheerhilgyhet
diffelﬂmr&ﬁ}c.e,When the system is cooled to ambi
defiltrate at a rate slower than infiltration

During t he I nfiltrwaei owmor Rpr oocuetspsu,t tchaen ebfef
W, =P_ OM, whD¥ries the volume reduction of t he 1
maxi My mwhen the CNT is filled up.erSimalee dulee sc
di fferentT(&t gdirgf ®#aeBnegs sl ightly with tempera

(18,18) CNT/water system with specified di men

densWtiper mass of the entire system), whi ch i
than conventional actuation materials such as

The second performance index of Ppaessatuat
during infiltration), which is almost a const

of the flow rate with temperature diDIferasnce,
shown in the donwnFitgruiraen g4 .e7 (cbur vfeori the repre

system.

The systembs ther mal eA=W,tWe ) y00anwher e st

the total consuklgd ctamerbneal e setnemaggyed( via t he

speci fdap ahceiatty of the system (note that for
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variation considered herein, one may assume

respect to temperature or pressur,el)8) CHANTY uwraet e

system (down triangle curve). The system ef fi
more pronounced d4educdi omtef ache ownol i d
300
(18,18)CNT
3 — 320K
3 1- - 340K
2 - 360K
E 200
O t N
e ; .
; _-:'- -
- = .. -
(] . L »
< : . N
= - 'y YL | )
= N [ hi"l, .
£ 100 ; ','.'mv‘ Ml o,
(@] J v
,CT.) ] i ‘\,'-
E Ry "y
> \
zZ o‘\'
0 T T T T T - T T
0.0 0.8 1.6 2.4 3.2
Time, ns

FiguBé&or a representuative shyemem with (18, 18)
fixkd the water mol ecul es continuously inva

temperatur e. Wat er starts t ot efmpoew ad wtr eofi st h &
ambi ent
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30 75
-m CNT/water @ T(=300K (b)
—@ CNT/NaCl-solution —&— (10,10)CNT/water
—A- SNT/water 604 —o— (12,12)CNT/water
—&— (16,16)CNT/water
—v— (18,18)CNT/water
> 20+ —&— (18,18)CNT/NaCl-solution
S (10,10) E@ 457 ¢~ (18,18)SNT/water
é - i(~12,12) =
S < - 30
= =~ e
104 ~ _ T(16,16)
=~ _é(18,18)
H 15
O T T T T 0 T T T T T T
1.2 1.5 1.8 2.1 2.4 2.7 10 20 30 40 50 60
D, A DT, K
18 —
T,=300K . (c)
—&— (10,10)CNT/water -
15 1—e— (12,12)CNT/water g
—A— (16,16)CNT/water g

—w— (18,18)CNT/water . s
—&— (18,18)CNT/NaCl-solution ~
—< (18,18)SNT/water . ~

= = Carnot limit s

12 1

10 20 30 40 50 60
DT, K

Figure (tadar maxi mum eMyepreary mesnss;i tlyere the erro
smal | VaWnhyaitt mnr @e$pect to the tdyperatupet rpo
densPiptey, (hashse; t her mail efft dEedutagyi mon system.

4.2.2Parametric study of thermal actuation system

I n terms of the performance indices (maxi
efficiency), a parametric study can be carri
system performantckee pForestsi we efxfpéeotre as t he

keep the ratio between the pore volume and r &€
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with the help ¢#otl uenehir@ahern swmaf ed ¢iomtgerrf acira

i n egreanl a smaller CNT can | ead to better perfc«
the CNT size is too small such thati®*®bheeinfil
system performance may decrease. Our study i

whi ch may be adehn seivtayb | ngasaosprontifed™da triac e
Li kewi se, one may al so adjust the liquid

replaced by &o0Ru®moh/ whiN3h €l 8t)h eCNsTames (empl oyed

system mass is inclhieqsied,i nther s¢ctrioomgefFisgui @
the energy density, power density, and effici
di ameter whislaemekeoapiengphlase, -daseitientbeactiro
4.5) , SNT is considerably heavier than CNT, I
present study. A more systematic parametric
optimize the materi al and system parameters,
treat ment , l i gui d phase, l i guid concentration

Il n al l numer i cal examples discussé¢diabowne,
the order of half of the Carnot efficiency, w

nanof-basedcpropul si on system.

4.3 Experimental Verification

To validate the feasi bislyisttye nof weh e emra nafmeuwd
controlled infiltratzeonl ittees.t A ns &reiod sy saf ZtSrMe a
control the degree of hydrophobicity of t he

ref® The average pore diameter was about 1. 26n
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overal/l nanom@mbdroatyv dl7wme Abaouut 1.0 g of =zeol it
ioni zed water. The suspension was sealed i n
steel piston (Figure 4.8, i nset) . By compr es:
| nrsotn mac hi Rset aitni ca ngaunanseir , an exter nal pressur
mai ntained by an Aldrich Digi Tr ol 'l 228 wat e

The typical sorption curves at elevated te

shows t hialtt rtate onnfprocess took place when th

pressuR)e gndeafterwards the infiltration plate
plateau is related to tmellspscopecopotédevoldt
resulted from the slightly nonuniform pore si
pores are filled up, the pressure increases a

With the incred®&sdcke eosfe st earlpreasatt ulrienear | vy, w F

consistent with the simulati on -sreenssuiltti vien iFifgu

behavior implies that if the appliedPpreasssur e
the temperature increases, the |l iquid would i
part of the ther mal energy to mechanical wor k
infiltration pressufe PRiAa8skiagnuriel 14u s8t(raat,i vee el
measured pd®Pweof ostutpbt a conceptual t her mal ac
4. 8(b) at el evated temperatures. I't can be se
gualitativel iDceshmubatenonswitNote that due to
assumptions and parameterization adopted in t

specific pore structure wused in experiment,
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expenent is rather qualitative, and more gquant
270 300 T,K 330 360
120 4 Container W Zeolite (a)
-4 120
90 -
- T=318 4100
o o
= ™~ T=358K s
S 601 m {80 =
7 3 c
[} o
0-30_ \D\D .
\D_>
0 T T T 40
0.00 0.05 0.10 0.15
Specific infiltration volume, mm 3/g
100
Ty=278K + (b)
'
%50 /
a /-,i
|
25 /
[ |
0 T T T T
0 20 40 60 80 100
DT, K
Fi gd8e Eaperi mental result of the sorption iso
variation of the deduced infiltration pressur
setup iIis illustr(aWed ati dmeofcbewmtexpte npawarn aod f
actuation system.
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4.4 Summary
The thermally dependent infiltration behav
t her mal actuation (or propulsion) and storage

system canhgdnopbobic naweddhamnelli qaund, nowvi t h

temperature or pore size, the critical i nfilt
reduceldi pwild di nter faci al tension. T hieg hmotl keec u |
t her mal dependence of fundament al vari abl es,
and surface tension of the confined | iquid m
t her mal effect and porei®i nag,e pdriasphased. an
relative hydrophobicity 1is stronger with the
nanopore, or electrolyte.

Based on the thermally adjustable infiltra
puftor ward a conceptual design of a ther mal ac

t he system becomes rel atively mor e hydrophi |

nanopores, converting ©part of t -hgeu i tdh eirmmtad r f er
tension. When the temperature I s reversed, th
vol ume increases as the | iquid molecules are
pressure applied on t hiecasly swoernk, caans ibgeni d u tcmuntt
reduction/ expansi on, sTihme | @aut puwt ap otweer ndad n sma
increase with the increase of temperature. F

study, the ebeuvgyldéhgjtandsthe efficiency i s
efficiency. The parametric study shows that t

optimizing the pore size, solid phaseataonod |
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experiment on a zeolitel/ water system i1 s carr
principles and simulation findings.

We remar k t hat the thermally controll abl e
i nto/ out of naaoiplireast enatyheal dewndi 6 gy marter snfa |l F
devices. That I s, the ther mal ener gy-sonaiyd be
interfacial energy, which can be on the order

opti miwadtli dre reported in the future.
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Chapter5El ectri cal t o Mect
conversion: NaowotAd auti ida |

I n the presence of an external el ectric
moment s, water moieteltastifeas uwet Bttbegel ectr
or pol ar solutes, and they are attracted to

effective surface tension %!’ vaatdert hmes| emaw! ebse
to control the nanofluidic motion. Besi des,
control is in particular attracti ve thaicnasu steh d

inherent characteristics of nanopores such as

while affecting the nanofluidic behavior by
mol ecul es i n nanoenvironment.
Similar withlkntoleéudesicgn hefr ma | actuation sy

proposes a simple electroactuation system bas

First, the infiltration of l i qui d mol ecul es i
field is studied, i n particul ar, the dependen
field and pore size. Both | iquid and solid ph
el ectrolyte, and both tcakdmnasanmcodell i canonaman
di fferent influences of electric field can be
and l i qui d di stribution densi t-yi qauried @ mpgleay

characteristagcisc Whi kidng tmechbani sm of an ele

system based on nanoporous materials and | iq
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Ssimul ati ons. FHinndaulcleyd iamf iélte attniom experi ment

Si mulfaitnidonngs.

5.1 Model and computational method

The comput atil éuailtnr afeiegluries 5. 1, similar Wi
uni form exterBaliselaexglriiecd fdledrdg tpher eexxhoasle di
magni tude vafV/eiE&petaedmnj 1Which on the same o
channels an®®’mewibtrhamest he range of this elec:
bel ow, the hydrophobility wil!/l decrease, neve
| n addition, the applied é¢lie¢dr ircedfuiceli o n d de
pol arization, and this assumption A2% b@temerr a
conditionmodenlc|l di@ls aargi pti ons, simulation techn

can refer to Chapter 4.
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LIX I yS O6LAA&Gz

Fi gwbdeThe computational cel |l of the model wa t
nanotube (CNT) i s inserted into a water reser
mol ecul e wil/l fl ow outufFaobomondhe Brédesuresmdi due
pi sltiokhe bottom plane of thestaéeservA®Ai rperThhai
condition is imposed to the four I Bt ersalapppllane

in the tched Il eadgptnlg di rection of CNT (the currer

5.2 Fundamental I nfiltration Characteristics inthe Presence ofan
External Electric Field

5.2.1Effect of electric field on infiltration pressure in CNT/water

system

Wit hout aecexterhalkl dl from Chapter 4, wh €

critical value (refR),retdhescamiflillamytr @ni Ptraersc
mol ecul es will bur st i R sthhomwa &NBt (Bngurse z&. :
nanopores, and will decrease with the increas

With an applied electric fieldl6the) i@QNT
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reference system is distwater mbbacal &s2cande

CNT (atR)!l ometrh the increase of electric fieloc
hydrophobic. An interesting phenomenon can be
swihted. I n FiguEe0508 Va), wheme| is a small

negative electri & oifntaensmaliles( 10mvhleG)e GMTe i s s

system is a bit | esse heglde otprhiod i icnt arpint ya tphoas|
el ectric intensity.ndSiuccehd aa snyammoect anyf iinse nmeonrte ok
of the applied el ecElr=0c 1li nM/ejn,siRiyguirse i5nc3r(eba)s.e
such &89 ,(XT%heh in case of a smal/|l magni tude of

bet ween the positive and negative el &ctrsc i

increased to 0.1 V/j the asymmiefteryen ce aiprp airrefn
behavior is stildl |l ess prominent than that [
120
E(VIA)
= 0.00
e 0.10
90 4 L] 0.14
= (16,16)CNT
o
=3
o 60
5
2]
(%]
g
Q30
Og T T T T T
0 50 100 150 200 250 300
Number of infiltrated water
Figb2dhe effect of electric intensity on the

system.
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Fi guBeThe effect of the decectcordiefdtbe eh
characteristic of wate(raNNhoOB&cMuU(bN®, l&td;a (10,

100

100
(a) (b)
80
S < E(VIA)
S o 60
= s n 0.0
g ~ e +0.1
> e A 1
2 5 .0 -o.
o E(VIA) a2 (18,18)CNT
o = 00 g
0.06 a &
e +0.
A -006 20
(18,18)CNT
0 1 T T T T T O T T T T T
0 20 40 60 80 100 120 0 30 60 90 120 150
Number of infiltrated water molecules Number of infiltrated water molecules

g us:eT h e effect of the direction of t he e X
aracteristic of wate(raNNho0O6cV(lbNP, l&¥Hdja (18,

Figure 5.5 plots thRkfeffbekedff @NEctadici fi

seen tPhdecntdaeses with the increase of electri

negative electric field is more obvious if t
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smaladned ,t he system -wet tsilmght¢iyt momethin@hpepresen

negative electric field. These features are ¢
The underlying mecliampiessmmehor iaff ectriaci bhelb
to the inherent physliicgui dc hiarrtaecrtaecrtiisatn ,c ss uocfh
surface tension, and densityiphofairlee i off | centi
only the electric field but also the size of

200

—a— (18,18)CNT
T —e— (16,16)CNT
—A— (14,14)CNT
—v— (12,12)CNT
—— (10,10)CNT
—<— (8,8)CNT

150

100

P., (MPa)

50 4

T
-0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20
E (VIA)

Fi gb5d&dhe coupled effect of npgarhe osni zteh ea ncdr ietliecc
presfBur e,

5.2.2 Molecular mechanism of electrically driven infiltration

Al ong the similar analysis pr®c ebdeutrwee einn wGht
mol ecul es inside CNT and vapor (@vacoomi hanet b
empl oyed to study the molecul ar mechani sm in
gualitativeltyatanvdeltyhe iWhewmarnthiere i s no an exte

systemgwhgrg, ab~dD,) The analysis in Chapter 4



117

constriction of water mol ecul es-li quiad smat éea:
whi ch | eadgggand a gliogvear

Wh e n an external el ectric field S appl i
eIectrochegﬂ'ossqrrogosot-@édirywh:dalsethe inter ffasi al ¢

the applied pbdttemthiiasl edjiufafteroencendi cates that

applied voltage, t hegcasfidleway svedaeanrteadaciwilt i e
f, and that woul d reduce ®Bhe tchreistei calbs eirnvfaitl
gualitatively consistent with MD simulation r

cannot directly egpbainnthketsazeodepehdenor (
field dependence) and the asymmetry of positi

I n order to quantify thecamdloec uil mtrermedh a
nanoconfinement, bwohamnhmélesen(lmod@) amd (18,
representative cavities for accommodating wat

of wa(t)er along the radial direction of a (10,

mol ecul es have i ntruded t he nanopor e. The f
hydrophobic nature of the considered Mmiamed ube
in concentric rings/layers inside the tube; t
has also been observed®?®® %%ther previous MD s

From Figure 5.6, under the applied el ectri
profile decreases; moreover, the difference o
el ectric efsi etlhdast itnhde cvaet t i ng properties are d

MD simulation results. Figure 5.7 shows the r



118

the | arger (18, 18) CNT: It can be emdean ct Haty e
with smaller amplitude (density) than that 1in
density profil e -lsiugwied ti mt eweaackteironsodnadd t hus |

electric field (aspailtli vaes arhde mesgyartmeve ye logdct
increase of CNT diameter, It is envisioned th

homogenous and deduces to that of the classic

Anot her Il mportantbtfeeianeud ef rtchmtt hcea nr abdei ad (
position of the first solvation shell (FSS) .
di stances from FSS to the nanotube wal/l (refe

and 2. 3®mM5i10)Horandl (18, 18) CNTs, respectively.
value of water dr &p%2% nanad gtrhaep hsemmael |( 2d i5fif)er enc

curvature conf’%“nwmenttkeéfientrease of the appl

and 5.7 indicate that the position of FSS mo\
equil i brium distance. This i s consistent wi t
gapheme observet® > bfFomDaabgeveml nanotube, a sm
i mplies a | ar geD, eafnfde catcicvoer dd ivagymettgpe rd chiea tLiaopnl,a c

anotheorfaontributiBforotheesyestdemt uodeof el ec
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wher,e998.kg/nm.( aBcN0O. 06 V( pEEFN@®@ndOoOVI egftThais is all.i
the tube axis.

Besides the eDbf etchhe veu rgfaancee stioenntgaacbth eacrnt g lteh e

infiltration behavior in a mor eatpirwd oiumfdo rmmaantn
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gt hrough an independent analysis. Fol'fofwomg t
water molecules confined in a given CNT, at
mol ecul es at the meniscus front are averaged
aveged meniscus profil e, the contact angl e i
exampl e of (18, 18) CNT subjecting to gams el ec
presented as a funcditome odowpleed rper stsiengt éf
(10,10) and (18, 18y i GNT®D,6dt6A d Zcedsnpteacctti vaen gyl, e i n
of electric field, consistent withfikekédhydhe
cont acydenrgd ®&s e s, and such a reduction of hy
electric strength than the neBgatFiiyaurenes,. 5§01
ani soitmowgter mol ecule response to the direc
possible new electrochemistry mechanisms in a
Finally, baseduog €iReradgeop Yramed Fi gure 5. 8(
elterci ccddpendlentdepraiglsanrz ebe <cal cul ated in Figu
variation anbarde pteaaldeem cientod account . 't can
water in the (18, 18) CNT is ~0.11 N/ m withou
of CNT diameter due to the effect of @MNT cur
20807 The result is comssilstse mtf 2 nlRt60é aw atodr MD
system at 300 K. Li ke the contact anglle, t he

el ectric 1 ntienndsuicteyd. rTehdegy @fnigenloch orf i wtteh t o t he
hydrophobicitR) (rrerdubei en eof r i claildwi dc osiyhsetod m ¢

variation trend of surface tension and cont ac
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agrees with the experiment f?%°% wetwatnheartn otne ptlhe

present stwudy, the electric field effect is c
15 15 116
(18,18)CNT; E=0.1V/A —=— (18,18)CNT (b)
—e— (10,10)CNT
112 4
12 12
9 l—"l--._._‘___.“‘--i‘—‘ . 108
= -‘hf = c’::104-
N 6 B\\_s N
100 +
3 L3
96
0 T T T T 0
0 s s s 12 92-0.16 008 0.00 0.08 0.16
r(A) E (V/IR)
0.25
—=— (18,18)CNT ()
—e— (10,10)CNT
//Q\\\\
0.20 4 = N
& Lv;
E
E 0.15
=)
0.10 /3_./-\\\1
0.05 T T T
-0.16 -0.08 0.00 0.08 0.16
E (V/IA)
Fi gb8e () ustration ofacdetaemrgmienii mg at (€ 8¢ dAr8t) C
electric intensity of 0.1V/ j; the Il eft axis
tube surface. The red dash |l ine indicates t he
mol ecdlront in the CNT, based on(bvarchttbe obr
cont act, awigtilre ,t he exte(rav)ati at eochrot fighewsthi g

el ecintieaasi ty.

5.2.3 Extend to other nanopores and liquid phases

I n previous sections based on a model CNT/

mechani s ms of the effect of el ectric field o
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solid g¢ghlasguiach composition, the infiltration
the absence of electric field, the infiltrat
introduction of electrol'$f®%°as well as using

To demonstrate the i1 nfluence of electric f

with pore size very c¢close to that of (18, 18)
(with mol ar conceamter athiossre no fas2 .sumcslt/ilt)ut es of
phase, respectivel y. Here the diameter of the

bet ween two opposite oxygen atoms.

Foll owing the same computati onale prfdceeaedurod
external elPe.ctlrn ccdmpedrdi sooon to the CNT/ water
intensity, with the employment of SNT or aque

hydrophobic Pwi tvni tah htihgeheeal ectr ol yte have a bi
contacg, aanngdl es,ur fbacar @ emlsototned i n Figures 5.9

resul ts aitndihccatienctrhe ment of surface tension i
hydrophobicity when the | iquid/solid phases
electrolyte (in comparison with that of pur e

hydration shell foR hliighgeird;i wiiltraat iapm!| mailde ®

and anions tend to move toward different dir
dependent i nficlatsreatwihem eb arhrei eSINT lils used, the
stronger interaction with the polar water mol
Y

interfacli®hlwhienhsiiosn al so sensitive to the el e

the energy absorptidoduaefysieimency of nanopore
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100 120
—i— (18,18)CNT/water system (a) —— (18,18)CNT/water system (b)
—@— (18,18)CNT/aqueous solution of NaCl system —@— (18,18)CNT/aqueous solution of NaCl system
80 4 —A— (18,18)SNT/water system 115 { —A— (18,18)SNT/water system
110
60
<
o o~ 105
s )
~ 40 (=3
S
a 100
20 4
95
O T T T T T 90 T T T T T
-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15
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0.18
—&— (18,18)CNT/water system ©
—&— (18,18)CNT/aqueous solution of NaCl system
—A— (18,18)SNT/water system
0.15 -
= 0.12
£
£
(=]
0.09
0.06 T T T T T
-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15
E (VIA)
Fi gwbBeCompari son of di fferent solid and |iqui

i ntensi(tay)r iomi ¢ &le i nfAR ,I(thc)ani @aay,p asPugrisfeayceeg.t ensi o

5.3 An Electro-actuation SystemBasedon Nanofluids
5.3.1 Design strategy and MD realization

Figure 5.5 implies that f otr-o nae gciovrerne spomaeal
bet weelhanEhe Ther ef oraec,t uaant i ®lne styrsd em can be de
PranBto be the criticalE prespeacei welthPypAnaaxt

whose magnitude is fi x&Pt>Rr ouigshoiurhp otsheed porno cte
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Once the electric field is applied, the syste
water i nvasi on i nto t he nanopor e t he system

producedi s Whemoved, th er eslyasttievre Ibye cltoyner ophobi c

defiltrates, and part of the stored interfaci

We first investigate the performance of a
containsapupeldnds8) CNT of l ength 4.9 nm and
mol ecules in the reservoir. Throughousi the si

such that thePfiesekepirapr a s £ n sAtsa netx pjewstte db g

5.10) , with the application of electric fiel
operation, the effective WOV\é#:FggpLOMWUtDVthv@iCh
vol ume reduction of reservoitrhis$ncmplhises thabD
out Piug al most a constaBitsdiuai ggr actthhatwaner Wh)
a, is higher, andStmukawitbd bhhgherapowerpipe f
be proportional t oq=tx {® FP)r e swodde we nddisf f @em emaeer

system parameter sE) ( arkttse mkcenweredeomwtt haft @ut s al

same since that procelsisquisd dirntvesrnf adcgi alh et esmanec
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Fi gwbleFor a (18, 18) CNTR, Wwast efri xsys taennd, uwphoenn e n
electric field, the number of infiltrated wat

The maxi mWgp)wohlat ( can be output by such a

CNT is jJust ifniflilletdr.atSeidn cwea ttehre mol ecul e Econf i gt

so dMes In Figure 5.11(a), the down triangl e
available eWepgry masnsmawséries tthheat of Eff loe ent |

the current (18,18) CNT/water system with spe
The aver age Ppewe rmacdsensiutryy ng infiltration)

curve in Figure 5.11(bREThewhsgbtem af stcioamgcy u
a sh=W, /(W, W) 0%, whgire the input required to ma

electric field. I n Fig. 3b the average Eeffici

due to thelirgdiudednset adti on.

5.3.2 System parameter optimization

The perf or maanccteu aafi ol edcetpremds on character
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pore phase, pore size, pore | ength, ' i quid p
field direction, et c. To i1l lustrate, we first
Si zes. I n these systems thiei XCdNd, |lamdgthheandatie

pore volume and reservoir volume keeps a cons
that i n gener al a smaller CNT diameter i s mor

densi ty, and et hiecihe gdtewp otsummdkasc@t oo and stro

action between carbon and water mol ecul es. N
small, the infiltrated wat er-f mbé&red utlreast nragd woe
system performance. When otimari cmaressmeatne rospta rme

of about 1nm.

The CNT can be replaced by other nanochanr
with di ameter 24. 56 | t hat mat ches with that
Al though the nnsNTaand owdb'etSW@e i st c@omrpeétdhearna b |
CNT and thus having | ower energy and power de
2. 0mol /L aqueous solution of sodium chloride
soHiidquid interactf'oryelteddme smnastsr drsgeirot si gni |
the systems tumdert hienversdrigya density, power (o
increased compare with the pure water counter

There are many other factors that can affe
the ratio between therwvoliumds dfi xthle pdrd esr
energy/ power densities and efficiency wild/@l T
field direction (or pore aligunmént ht &F°f'aciadlsc

and a more systematic paramefutoaretudy will b
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x _
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60 1 1 1

45 |
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Fi gbt®var i at(iaagme odner 9Yyux(dEmsi bgr mal i zed out put
P(normalized bywathaB-Oath8¥d/ {icthmenaafdfij cioén dh,e
electrically controll el @otrieatsiiaemr, s ysotrem.p hTalse
are varied.
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5.4 Comparison with Experimental Data

i nf

nan

v ol

v al

suf
hyd

of

To qualitatively validate the comprudwmdeaedna
iltration test on a nanoporous silica crys
oporous silica crystal, hehidelgrwas odurhfyala e p

i nner surfdedhef naaoppoess were confir meod
orption analysis by30usOi nAgn aa yMiear; o niehrei ta vcesr

about 14.6 from.] Awasalruempienauned!| yv folded to

ated silica disks of about 16.5 mg were in
ra aluminum | ayers were connectedetcdgotdlre
pectivel y. The silica disks and the electr
S a nanoporous | ayer stack is formed. Thi s

ide which 10g of 15% aqufek@ls) swdautseal eod L

el piston from the top. The inner surface
aluminum | ayers by a Teflon | ayer. -By wusi
cui tf, voehasagpplied betweehecheobdewewhantd wa

m t+aé umi huema | ayer stack by a porous polys
tage created an electric field madal | ellThet

ufewasf i n t H3e8 Or avhgteo o420 V. By using an | ns

ruded into the cylinder at a constant rate
ficientlyistowdesoeaannwotate effect). Since
rophobi c, only when the applRedaptasger aumw

water mol ecul es could be forced into the n
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Pressure

: B

Piston

Counter-
electrode

Testing cell

.

Nanoporous
silica disk

Insulation/

film

Electrode Membrane

Separator Liquid

Figbt2Schematic of the dxfKer ipmearmtuasl sddtiwp. shine
i ot the adjacent ayerded Thleuminuma di sks and t
porous Tefl on imeimbaasesack Thhedsthe anode wer

polystyrene membrane, and placed at the Dbottc
solution of potassium chloride (KCI), seal ed
insul atetdeiinont.heThe upper and bottom extra al
el ectrodesleaerd rooadwrst,err espectively, through th
with vigl twage,appl i ed toparmdlaliel atno ed&mcdporce fwa

The me&sauwsr emde|l | as the deduced effective i1
5.13 as a function of the applied voltage, W
compati onal resul ts (Fi gurRedecdSr.eb5a saersd WE.]J &) ,i nl

despite the di fference bet ween the experi mer

direction of the el eRtranodfPpied dawbsanesr weodnei reftf fe

of the positive electric field, which i s al si
phenomena again suggest thatotrlye sbhomV entbieo real
nanoscal e. The power outapcuttu aafi otnh es ytsh tean d ess idg

5. 14, whi cRi stboewasdhandnl Thearelnergiyt hdensity
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whi c h, ad dbsweesscan be significantly i mprove
gualitatively consistent with simulation, des
used.

Note that the current agreementhbéetgaahi ta

owing to sever al practical chall enges that he
system is much | arger than the simulation ce
Second, the diameter nafalnanyspcernss iisn ntolte geux pee
structure is also quite compl ex. Third, t he
i ncorporate into simulation. Last but not | ea
Si mul aet ieolne c ttrhi cal strength applied in simulat

more quantitative coordination between simul a

14 T T T T T 0.042
13- é/é 4 0.040
—
124 - 0.038§
Z
b Y 1
11 ——_ 40.036 Q
¢ LA )\ N >
D.:E 10- <}/ ’ \CP- 0.034
v Ty
9 T T T T T 0.032
-400 -200 0 200 400
f,v
Fi gurl8Experi ment al result on a nanopor ous S

chloride(KCI) systemP,, Thmaendi rtfhiel tldriesgtwica®nd i psriostsi St

t ensgcasn, in response to the applied external v
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Figb#&ariation of output @ewemtiwomnt g spireonf
5.5 Summary
By tgakaidnvant age of the | arge specific surfe

of nanofluidic devices have been proposed who

to control the qgef d ectnitvee f aoi ald tiennvseisatn.gak e

possibility of-sadjdstiinfgegrbabeéei dngubg wusing el
electridepaeanceeamgtt hi nfiltration behaviors of

nanopores. Systemati c MD ssihmuw atth aotn st g cCrNiTt/ iw
pressure reduces with the increase of electri
the reduced hydrophobicity include the electr
angle, asl wédéhsiasyrpdofil e of confined | iquid

of asymmetric response to positive and negat.
with the asymmetry in radial densinytlpe odliéet |
field effect and pore size effect i's elwucidat

nanopor e.
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Based on t he critical i nfluence of t he el

concept of an el eaatnionalslyyst ®@onntirsol dreadp oascetd by

hydrophobicity of a nanoporous materiall/liquli
field the infiltration threshold is reduced,
vol umet d emask output. The power density and ¢
strengt h, and for the current system under i1
hi gher. The system perfor mance, suicédnaays, paolwsec
varies with pore size, solid phase, i qui d |
principles are verified qualitatively by exp
perspective applications oftlRoaeteotitiogfnahdf

design of other electrically controlled nanos



133

Chapter6Me c hhacnal / Tthe rEnlage ct r

E

n e rCgpyn v e rNsainoonf:|Emnied ig g
Harvesting

The lniagnuoipdo r o utse cmanpersi alde g8 $ ematheads an e

capa
i mpa
prev
expe
el ec
beha
as t
wi bt
thro

mot i

city with high retiiooi eapryatiec tfemrgr goybj ab s
ctiagdnenglseme-att axaftoronout puti ng i medhteaeni c
iouslLichawit®ee s. thecesoarmgpasmvapedi fbiy nanor
ctemdpyl ti b4 e mechanoel ectric and otvaeymge | ect
tricity from ambient Wecdhant baeal uandud heae
Vviors are undteirgpn nanredd ewo Itthtei an sdfr i danf i ne
he strong i1 ntilmatua di mMmod reaxatlliercn RAiNnEt vwdoen tde |
udy the voltage gehéoaitcomciddydHed ) bwahye
ugh CNTs wusing the MD approach. The mol ec

on and number density of ions in the fir

fl owing vel ocienypereantvuirreon mehnT adi zte, and conce

i nve

nano

stigated. The resul ts may be hel pf ul foo

deomcambifent wastbememahaerneabyand

6.1 Model and Computational M ethod

The campanal cel |l iI's shown in Figure 6. 1.
CNT i s employed to model a dmA@oTh2namomomde | e
L=10. 7 nm. The CNT i s assutnteaorteot ibcealr iagniadl yasdc



134

Shapi’rdahe CNT contains a HCI/water solfitsion w
combined with water molecule 0iaTberenmmbevaloé
wa er moNeciusl ecshosen such that the density ins
998.0° kat m300 K and 0.1 MPa. The extended Si m
to model waf% rasmoweelcluladss b dhrad sOHonmadnighh € @ of t he
ion. The O asd othsataomes GhbHied awmidt 0 251 Gend 1 e
eachi sClchar-gfede wi $ach that the total ' i qui d s

transfer is not cohn'8i°d@hedp&inrfJwipsoe elmuli at i ans
i nterdgXx=delhs/r)® {,9r)° aq /(4 M, are used toamgdel

van der Waal s and el ectrostatic I nteracti on:
respectivdeypyotebetde disitanplega nfatr wedrmheatemms gy
l ength parigmaterat 6myqaegspreectti vel gl ectric cha
andis the permitti-Jiitryt eorfa ovtaicauruan. arAd It rLuncat e

Additionally, to aceaawnmgte a&dceurrntatoesiltyatfiacr itnherla
t heir periodic-Plamaged-me Pl ®gbei awie h a root
accur acywaosf elndpl oyledparTehmetler s and pdrmtoimal C

ref*8’ and |isted in Table 6.1. Theherbssemnint

Berthel ot quni,ﬁiiéﬂmg aped| ge 8,9)/2.
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1 M H:0 o8 Hs0+ @ Cl-

Fi gwil:An exampl e of computational mo d el of HC
(20, 20)gr@NT redl, O; Ywhite, H or H

TabBleThe-612 potential parameter®8’used in the M

At om/ i e( kcal S(i) q( e)
C 0.296 3.21F5 0

H ( pOn 0 0 +0. 42]

O ( O 0.650 3. 16€ -0. 847

H ( gOh) | 0 0 -0. 554

O ( sOh) | 0.650 3.16¢€ +0. 51
Cl 0.418 4. 404 -1

MD simulation is perfogaoeelde uasti mrgi cL/AMbM PeSc u(l

parallel simulator )*Pweirtitoda ctail meb outneamrof cb.n@ift

axi al direction of the computational cel l S0
procedure is the following: after ilnatedlfiarat
100ps to minimize the system energy. To si mul
l ength) in the middle of the GCNTwi s hmsch ghadg
than that wused in expéefemenbfsbobhasmb mons ei o
water molecules. The tempertdauver itsheromdgtodtl e\

constant of 1.0 ps. At the same ti me, to avoi
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mean axiyalofvetthobpeiti qui d mass <center i's subtr
vel ocity of each | iquid molecule during the

monitored via the accumul ated di splacement to

6.2 Results and Dscussion

6.2.1 Fundamental ion distributions and thermal dependence

Taking a representative example of (20, 20)
first examine fered dd sO)H iibountsi oinnsoifdeClt he CNT a
Sshotwlseir number densities along the r adoinasl di
oscill ates and arrives at maxi mum near the CN
direction. The shaded regihen oiun eFimpsite |l Gdy2ran
referred as the first solvatioos sahellcohfFSaed
due to their strong interaction withscaelaen

promi nent duteer ac tai ovgadkeedr w@Nh. H

6.2.2 Voltage generation: transport rate and thermal dependences

Upon a steadynfsl onm,y thtogp @GiInd move forward n
strong interaction with carb®n%howmsgslaidpsadfg
moti on. Meanwhil e, t heszOmoornes ufnoilfloorwnltyh ed ifsltorw b
since their combination with wat emaymalheucsul lees
responsi ble for voltage generation, and such

through CNandbumyd|FBaphenemg a current opposite
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the present study, wdkatue et MD ma ortud mitd m nasn d oe x|
effect Iinside the CNT, as wel |l as its depende
temperature. Note t:ianm wvhétagaeat giemeriaomnonf i 8

cations ngirnaesliate nanotube wi?tThunsot wgee nfeadau s
hopping and movi higonnse cnheaanri stmse owa ldl,j owhiod h Cina
nonuni form along the flow direction. Mor eover
Clion inside FSS is al most a constant, wher e
accumul ated displacementgiofeg etspecaverage®ndr iF
Clionws,as a function of wt haet adp0Kedarndndoa w~wehl

trend (close to | ogarithmic) is found.

ler

First Solvation
Shell (FSS)

Fi g62&adi al nauimbye anfdk@@®lons, where the inset sbh
di stribution of water mol ecul es and i ons. The
axis is aligned with the tube axis

With the aforementioned mechanism of ener (

nanofluidic flow=R&Ee\’wdeRiss i maé¢ e GNTEEsi sr etshiest a
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avercahgpeg ge caeirs erheeamlsé ¢ tyn.63i0™C,Ad lsant e amd siss s

area of VvONT,t haendaverage drom$i FESvelBacietdy omf
experi mernt?ihe esaRit sitsanrceel,at ed t oOR=URIE@ONT geon

wheRes the refer400W@T°trElse st amper oatfure depende
is negligible @f6@dK tchhensi dege'dbit h3oG®iferpaper )
6. 3(b), a nonlinear increase in the induced vV
trend qualitatively agree3% with the experi men

Nanofluidic behdependest tempersaourse the en
Figure 6. 2(a) shows the ther mali omar,i awh cmsne oHF
amplitude decreases at ed ewaadlkdr tiemperacuirens
mol ecul es, i or%8 cannsde qCNeTh piapi nli;h g ofncsr cteo oFfSSCld e ¢
and a few of them may migrate to the eEnter o
ions also shows a smaller oscillation and sm
temper at uree odepeéredearnveer agei dnsfitnngS8e( brgtuyeo
t hat undev, viiher sasnes with temper atdeapendlehne 1
voltage is plotted in Figure 6.3(b), twhtbolk al
| ower number i @deassiitny F&SS @it el evated temperat
drifting velocity is more dominant (consi ste
strong temperature dependencre e&tfOsml tvheer ioftiheesr th
with further i ncrease of temperatur e, t he ir
nonlinear ther mal dependence which i s’imaisnl vy

in the FSS.
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o |@o20)CNT @ (20,20)CNT (b)
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Fi g®eB8evari at(iatgme odr i fti ngponel Do HpPIHaumredl vol t ag
axi al direction, as a function of the flow
specified for a (20,20) CNT containing 0. 9mol
of fluctuation of the drifting velocity, whic

6.2.2 Response of voltage generation to ion concentration

|l on conadretarrdtyi canf fects the anion hopping r
generati on. Take a (20, 20v)0 OMT satas3@hKidnd swir
Figure 6. 4vdseltawsasebBatwi th the increase of Co
enhanced resistance to hopping and motion of
more dominant term of t hieo nhsi gihre r F SiS9i,mbre e s wletnisr
increase of the induced vol ttahgee vwilttha gieo nt ecnadnsc
at very high concentration of i ons, due to t
densityowm$d &hd decrease of drifting velocity.
with experiment abDhimaandtlathGlade hofett &Ndatlby t hat wh e
concentration of HCI sohappiomg | me czhearnoi,s nt, h earne

harvesting by é&towhngugh pheeCNati’$®?whitchbut e
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generates | ess prominent voltage and such a m

1.5 : : : 1.5

5 121

2 1o E

= [¢]

5 g

2 0.9+ S

§ >

g

2

E 0l60.5 1:0 1:5 2:0 2.505

Concentration(HCI), mol/l

Fi gwdevari ation of the 'idandtimgF88| aodt yy nduc €
function of the concentration of HCI solutior

V=9 m/ s .

6.2.3 Size dependence of voltage generation

Foll owing the similar procedur e, we I nvesHt

woul d affect Ttobaeafdegmeetof Fhngonoe 6.5(a) shows

of 'iCdns in FSS decreases with ke wiema&r eadger o
interaction among ions, WAhersmoletwd®lsofhinglarc
mol ecul es and ions (inset in Figureié6bnsS(aphndf
to gather in the FSS and there is no ion | eft

Vo= 9 m/ s, t he dr’ifothisngp|lwealtcedi tiyn oFi gulre 6. 5(b) .

increase of CNT si ze, consistent with the | ow
CNT'$®2Fhe deduced voltage is thus smaller in
smal | er numberomMensnt ¥ hef FEBE and | ower dri ft

dependence could be used to optimize energy h
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Figese Thg radial di stribution of (ibarsi atnisordeo
the driftingovwel oostgeoFSE&land induced voltag
The inset in Figure 5a shows allison Tdies ttreimpetria
300K, concentration ofw=H@l/ ssolution is 0. 9mol
6.3 Summary
When an acid solution fl-®wisptmobiugm af namio
an i on gradient al ong t he axiimg. dWer eempbay

simulations to study the voltage generation b
mol ecul ar mechani sms of ion hopping and mot.i
configurations in FSS, |bcomywbidel@utcleal awnar sgqda
used to obtain the voltage. The voltage incre
concentration, and decreases with pore size
previous exdpeersi)meanrtealu nsdteur pi nned by the compet
of anions in FSS and drhief ttihreg mad|l, o csiitzye, o fc otnlte
rate dependences may be employed to desrgn hi
instance, t he3wak)efhemt tlie3PRhatstmagf ba pov

through nanopores, and part of the relevant Kk
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Chapter7Concl usi ons and F

7.1 ConcludingRemarks

Il n this Hysseamhesshy tailoring nanoporous
we have demonstrated I n e>xhee rfi amemendd n kangdu odism
composite materi al system providbashaghi déal cp
including energy absorption, actuation and ha

We start with the energy absorption protec
MD simul ati ons. Upon an i mpact | o-adnapgoroausb
compesmat er i al system, a new protection mechsea

bl ast energy wave is discoverebdguiThlalty d®qg n v diret

t he potenti al energy of water mo | netcou | € si gahntdl
hydrophobic nanopores for a whil e, |l eading to
energy. The captured energy will/l be rel eased

nowetting sur face wal le aofi f hasdbpar est tlhrqgoauu glh

nanopores. The characteri stlidsetome, omakiheg piro
mitigpgatghgy nonlinear stress wave such as bl a
not necessarily converted to other forms of e
unl oadi ng, it I's totally distdnesti pabmomomeer
thus making the system reusabl e. MD simul ati o
wi || not al ways increase with iIimpacting veloc

as nanopore si ze, alsied @omdp ocshiatrigoend, sltiagtuei do f
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external conditions, such as i mpacting veloci
the same i mpacting velocity, the transmitted
dur agshow aan loviennrcrease with the increase of n

energy capture per volume decreases for an
nanopore, the transmitted forcauamdienein Qg r ee

arriving at a maximum first and then decrease

pore size and i mpacting velocity, I f the <car|
nanopore, the transmittedtfher cenergduateidaurctwiolr
littl e drop; if the sur bactacmmalhy e anfd etpleerdeart b c
sign of c¢charge, or the I|Iiquid phase of water
KClI solution)e,d K otric et raasnrds neinter gy reducti on wi l
water molecules at the axial and radial direc
mechanism of energy capture. The axialedensit
of infiltration and defil tr at i-sotnr upcrtoucrees sd,i satnrdi
radi al direction i s -loibkseeor veende r giymptlrya pnpgi nag fAacnl du

These MD findings ar e svterexfpeerdi newdd wgnh o mpeaod ai
materi al system.

We then study the energy dissipation duri
t hrough nanopores, where the kinetic energy
resi stanceheexneeratreedstt d itqui d mol ecul es by soli
confined | iquids and wall roughness of nanop
friction resistance, and investigated. The e

reresent an fioverall 0 resisreeanp¢®yeldetwalchaeae
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flow resistance. As the temperature of confin
nominal vi scosity decr easfef.e clTth eb ectowepd n ntgh ee frf aer
transport rate effects are further studied, s
temperature in a smaller nanopore or higher t

to the cbobds§jnedel itgou t-bel iecdhwakclkdi hi guadti on,
stress shows an enhancement compared with t

mol ecules transport through a rough nanopor e,

shhe stress and the nominal Viscosity increase
the increase magnitude of roughness. Besides,
small er nanopore. Vel oci ty prodf iwaet,err andoilaelc ud e

nanopores are employed to understand these f
mechani sm. Either a le;mvaeroptog mp esrhatwsr eaw adrterra nrgce
interaction and an ewémerrcte mefnt watnert hrmo Ireacdu lad s
|l eading to a higher transport resi stance. The
induced infiltration exweatrarmesnytstoenm.a nanoporo

Next, we develop aemhbamat aeot mamniodh usgsc
out put and conversion efficiency, all owing ¢
When | iquid molecules invade a hydrophobic na
dependence. Byl ati oag, MRe ssynstemically invest
infiltration behaviors of I iquid molecules in
arrives at a critical value beyond which the
stréa invading the nanopores, where the critice

of temperature. The ther mal dependence of I nf
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tensions between water mol edulbes samddyn aargo g chree
of confined water motl hmeawli earl  dternwsd tt wr epsr otf h rl ey
surface tension. I n addition, the infiltratioc
phase as wel lIThas ilnifguitd apha&@asne. pressure decr eas
while increases when either solid phase <carhb
Ssubstituted byobkutica aodntNerCdart due to a ¢
compiat ®mmrwaher system. Based on the thermally
mol ecul es into CNTs, a conceptual design of t
through MD simul ati ons. The wor keinnvgi r pnimeat p
temperature varies, the system transits betwe
through which the | iquids outside nanopores
inside nanopores can beamrem@mdlilomd odutsysft.eml ea
external mechanical pressure is applied on th
an output of mechani cal wor k, similar to a
i ncreases, they oauntdg udf fpioowiean cdye nign da eera skee dad eh ie
about. 10dégsystem performance can be further
materi al parameters such as the pore size, S
simul attilersmal d vy controll ed i nf iwattreat i oyns texp
perfor med. Both the ther mal infiltration beh
principle of proposed ther mal actuation are (

el

t h

Cl osel y feolsltorwaitnegg yt ho f designing the therm
ectric infiltration characteristics of | iqu

at it can also be adjusted by an exwyernal
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creases, the critical infiltration pressur e
mper atures, It can also be attributed to a
rough the empl oyment of eselLlIfaceraednsilomdens:t
nfined | iquid molecul es. Besides, further N
e sign of thewiatphpltiheed sed neéch ma gn ifti ved el i nfil
e preaporsdalievdet ri c field is a | ittdneghitglver
ectricinfdiieclad i ng t hat the conventional el e
noenvironments. The electric infiltrantion [
|l ica nanopore and electrolyte solution. Gen
havior is more sensitive, and the empl oymen
ows the same trend. Giabée mecbaoil emr omokétec
nofl ui dic infiltration behavior, a concept
oposed. As the external electric intensity
riatiomobtmeysduemng the | iquid into or out
rk can outoput. Both the output power densi't
ectric intensity. The energy densidt ycains bab
gher by optimizing the pore size, solid an:
ndings are verified qualitatively by an el
o-KCt e sol uti on materi al usygame mt pnowihdei nap p:
ectroactuation in practice.

Using MD siinmutlhaet iloansste ehkpptoer voltage gene
ssing hydrogen chloride (HCI) solution thr
cumul at eadntdiafmin@t ennear est t he nanopor ous  Wq
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Simulation ti me, and a constant drifting velo
The contri uddmnbd rmemglHect ed due to an.qulihee ul
voltage generation mechanism of the i1 on hoppi
i s confirmed. Given an ion density distribut]

velocity, the generated vadletdauge dal drug tthlree fMDo

show a nonlinear increase of voltage with the
well with experiments in |iteratures. More i m
a small t etmpeaetriadmuu,r ewhilawmlct can be e mpglroaydeed hteoath
I n additi on, ot her critical factors of such &

through which an enhanced system performance

7.2 Recommendation$or Future Work

Nanofl uidics i s a truly interdisciplinar
mechsnincat eri al , physics, chemistry, bi ol ogy,
uncl ear for far. On the other heacnt de,d spurcohmi © in
applications. Both are worthy of future study

On the fundagmefntexdanmpsipegctsoth MD simul ati
chapter &anaifaowttrladati on procesaniasxtdempen&decanip toif
fieladontirnmry to the conventional el ectrochemi
behavior with respect to the sign of the &ele
applied electric field? Which ial & hien ntolsd prre
an electric field? Does this asymmetric respi(

Can this electric asymmealrtier nbaethadvwiadaiualrée nd & e
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wor ks are expected to be helpful for building

The confined l' i qui d mol ecul es i ke water
somewhat differently from macr odc ocpoincd upcrtd dvii ctty
phase chanmgreec dsoéw nteo t hem remains uncl ear. M ¢
behavi or of water mol ecul amrtdrearedp ocrotnfii guoat
hydrogen bond manmwoy Ki.c aNetsuradfp ewat er depend o
and the number of the hydrogen bonds. What i s
bonds and fluidic properties such as Vviscosi
achi evemenmsti nigh @tc wheehasmobeencapsceclkeE®d Iclagteq
i nsuliafticnmg any-bbpdi ngere?ftihrposroveindtes an opport
guantitatively bByddypygepg bDbedef Dacsn aa tbfelhuaivd ioa s
water mol ectudceys . caFrutlue eemphasds oah: w{ith stud
transpor tHOp@@®®Eed sclobsely relating it to the f
macrochannels down to naywopghwpaineals thdexgé$, sE&
Vi scosity, and ther mal conduct i v iHIO@® O( Itlo) annv
external field, such as pr es(slulrle), eXdpelcdarriircg fa
oHO@®BO0 i retteltea iddn and storagepovd)bong shaghet enl
a single water mol ecule in this totally isol.
surroundi ngs.

Parall el wi phopeet,G@® dyf ngbt bretbecadevot ed
encapsulating molecul eantp «k#ardal evactreer (MdA ) c uWle
deemed a nanoponéeewi bh asapaocéeguwewhich is simile

mol ecul es into a CNT. The migkung whek whahei p
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water molecul€60ntsorubéunppenadd obtaining the

infiltration ti me; (') studying the effects ¢
the opening reidge, pracmperdefsumgct i onal groups to
infilttake EKE6® spontaneously at room temper a

empl oying electrolyte solugi bosianesbit pat e mt Kk

infibbr aff water mol ecul e, and obtaining the
mi xtures to water mol ecul es) ; (I'V)investigat
behaviors such as pressur e, el ecdtralclad faxnwi tt
functional groups through which the trapped n

C60. This proposed st-€£6606t hnal atlesi gheopothbatoD
areas of far futur e caocuwretairrcgh dme smamg lpeu | naadli encgl

On phactical, afpoprl i @obhammplee,ergy has Dbeen aclk
energy formefaor bearget s I n addressing ener
sustainability. Nanost r uecd utroe di nrearteea g ga | sso hsaevres
efficiency through the use of su?*f?2c&i phasme
encouraging results on energy conversion enab
material s coupl ed by nanofl uidi csj; ntwehgrcat ed.
nanophotoni cs, i's expected to i mprove sensiti
|l iquid molecules offers great friwesedomhadrocimani
soleamrer gy conversion efifniteigemdy.d Thhea ompdairod folnu icd
expected to provide a r eloinackelng raagp roma ccho mfpmrm ed
resolution by f 1l owi ngnotchheanm nteH r, o usguhc ha apph athoen i e

(Cf)O cont amil®dn tmg(i bl Owat er , which is urgently
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protection &h° Msfyusitiayi,n asbuiclhi tsyt udi es can be car
This prospective application based on thi
model ing and t hdeofrfye,r ednocoeh i tiai snfeF DTiDY emet hod f or

new theory and mwoaleviimg mplptrioacaéal @ and mul tip

among | ight, nanofluidics and nanostructures
of nanaeafnltwigdiadsed nanophotonics should includ
andtefnobnlinear dielectric response, especial
ti me,othaenirrati on feedback in the field of dy

nteraction potentials of pawt imolded i ing tlkeehm
expected to provide a design optimization to

components of media in the search for new e

=

el evant to solar energy and mol ecul ar detect
Filnlay, we want to point out that through t
the nanoscal e, the unique characteristics of
enhancing enef §y cacmeneegnrvsiiroonn me nWhad n sruasnt afi Inwaibd il
combined with other disciplines I|ike chemical
f aanstt i ¢ b eehrape wtresd atree provi de unprecedented op

in both theories and applications.
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