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AKISKANLAR: MiKRO-AKlSKA}lLAR MODELLEMESININ KUTSAL
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LIQUIDS: THE HOLY GRAIL OF MICROFLUIDIC MODELING
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OZET

Geleneksel akiskanlar mekanigi, belirli benzerlik
parametrelerinin - en dnemle Reynolds sayisi - eslendiriimesi
durumunda, svi ve gaz akislar arasinda bir fark olmadigini
sdyler. Bu durum, nano ve mikrocihazlardaki akislar igin gecerli
olabilir de olmayabilir de. Aligilimis sdrekli orfam, Navier-Stokes
modellemesi; makrocihaziarda hem su hem de hava akist icin
olagan olarak uygulanabilirdiir. Hava ve su gibi yaygin akiskanlar
icin bile, bu modellemenin yetferince kuguUk dlceklerde
basarisiz olacagi agikfi, fakat maddenin iki formu igin bu
basarisizigin baslangici farklidir. Ayni zamanda, kaymaz, yari-
dengeli Navier-Stokes sistemi arfik uygulanabilir olmadiginda
ise gazlar ve swvilar icin alternatif modelleme semalari degisik
olmaktadir. Seyreltik gaziar icin istatistiksel yéntemler
uygulanmaktadir ve Bolizmann denklemi bu farz yaklasimiarin
femelidir.  Sivi akislari icin, maddenin yogun dogasi, gazlarin
kinetik tfeorisinin kullanimini - olanaksiz  kilmaktadir ve sayisal
olarak kuwetli olan molekdler dinamik benzetimler kokleri ilk
prensiplere dayanan tek alternatiftir Bu makale,
mikrodlceklerde swvi ve gaz akfarimi  arasindaki - farklar
wurgulayarak yukarida bahsi gecen konulari ve ¢ok kUguk
cihazlarda sivi akisina has fiziksel kavramiar tarfismaktaalr.

Anahtar Kelimeler: Sivi tasinimi; Gaz tasinimi;
Mikroakiskanlar; - Mikromakineler;  Nanomakineler; MEMS;
NEMS

Bir an igin sol bacagimda canli bir seyin yavasga gégsimun Uzerine
dogru, oradan da neredeyse ceneme kadar ilerledigini hissettim;
g6ézimu egebildigim kadar asagiya dogru egip, bu seyin, alfi in¢
uzunlugunda bile olmayan, elinde bir ok ve yay, sirfinda da ok Kilifiyla
bir insansi yaratik oldugunu fark effim. ... O an felleri kirip, sol kolumu
yere baglayan kancalari gekip ¢ikartacak kadar sanslydim; onu
ylzime dogru gétdrdrken benim egilmemi saglayan yéntemi
kesfettim ve ayni zamanda bana inanilmaz aci veren sert bir gekme ile
beni sagimin alt kismindan sol tarafa baglayan felleri bir miktar
gevsettim, boylece basimi iki in¢ kadar ¢evirebildim. ... Bu kisiler en
mukemmel matematikgilerdir ve mekanikteki bu mukemmeliyete
égrenmenin Unld  bir savunucusu olan imparatorun destek ve
cesaretlendirmesiyle ulasmislardir. Prensin agac ya da baska agir
yUkleri tagimak icin tekerlekler Gzerine kurulu bir takim makineleri vardir.

("Gulliverin Gezileri”nden - Lilliputa Yolculuk, Jonathan Swiff, 1726.)

Nevada ¢olinde bir deney sirasinda isler fena halde ters gifti. Bir
nanopargacik yigini — mikro-robotlar- laborafuvardan kacti. Bu yigin
kendi kendini devam effiren ve dreyen niteliktedir. Akilidir ve
deneyimlerden &grenir. BUtdn pratik amaciar igin, o bir canlidr.

Bir aver olarak programianmigtir. Her gegen saat blyuk bir hizla
degisip, daha élimcul nitelik kazanmaktadir.

Onu ortadan kaldirmaya ydnelik her hamle basarisizlikla
sonuclanmisgtir.

Ve bizler artik birer aviz.

(Michael Crighton'in romani ‘Av“dan, HarperCollins Publishers, 2002.)

* Tercdme : Emine MUTLU, M. Murat YALCIN, Tugba SARICAY
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ABSTRACT

Traditional fluid mechanics edifies the indifference
between liquid and gas flows as long as certain similarity
parameters-most prominently the Reynolds number - are
mafched. This may or may not be the case for flows in
nano- or microdevices. The customary continuum, Navier-
Stokes modeling is ordinarily applicable for both air and
water flowing in macrodevices. Even for common fluids
such as air or water, such modeling is bound to fail at
sufficiently small scales, but the onset for such failure is
different for the two forms of matter. Moreover, when the
no-slip, quasi-equilibrium Navier-Stokes system is no longer
applicable, the alternative modeling schemes are
different for gases and liquids. For dilute gases, statistical
methods are applied and the Boltizmann equation is the
cornerstone of such approaches. For liquid flows, the
dense nature of the matter precludes the use of the kinetic
theory of gases, and numerically intensive molecular
dynamics simulations are the only alternative rooted in first
principles. The present article discusses the above issues,
emphasizing the differences between liquid and gas
fransport at the microscale and the physical phenomena
unique toliquid flows in minute devices.

Keywords: Liquid fransport; Gas fransport; Microfluidics;
Microdevices; Nanodevices, MEMS; NEMS

In a liftle fime | felt something alive moving on my left leg, which
aavancing gently forward over my breast, came almost up fo my chin;
when bending my eyes downward as much as | could, | perceived it fo
be a human creature not six inches high, with a bow and arrow in his
hands, and a quiver at his back. .... | had the forfune to break the
sfrings, and wrench out the pegs that fastened my left arm to the
ground; for, by liffing it up to my face, | discovered the methods they
had taken fo bind me, and at the same fime with a violent pull, which
gave me excessive pain, | alitfle loosened the strings that tied down my
hair on the left side, so that | was just able to furn my head about two
inches. These people are most excellent mathematicians, and
arrived to a great perfection in mechanics by the countenance and
encouragement of the emperor, who is a renowned pafron of
learning. This prince has several machines fixed on wheels, for the
carriage of frees and other greatweights.

(From "Gulliver's Travels - A Voyage fo Lilliput,” by Jonathan Swift, 1726.)

Inthe Nevada desert, an experiment has gone horribly wrong. A cloud
of nanoparticles — micro- robots— has escaped from the laborafory.
This cloud is self-sustaining and self-reproducing. It is intelligent and
learns from experience. For all practical purposes, it is alive.

It has been programmed as a predator. Itis evolving swiftly, becoming
more deadly with each passing hour.

Every attempt to destroy it has failed.
Andwe are the prey.

(From Michael Crighton's novel "Prey,” HarperCollins Publishers, 2002.)
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1. Giris

emen hemen 3 yudzyll dncesinde yukanda

alinfi yapllan roman yazarlar, sasirtict, hatta

bazen korkutucu bizden ¢ok daha buyuk ya
da kucuk canlilarnn var olabilecegi olasiligini
dusunmuglerdi.  1959'da, fizikgi Richard Feynman
kendilerini yapan kisilere oranla ¢ok kiicuk makinalarnn
Uretimini hayal etmigtir. Alet yapimi, tGrimuaza ddnya
Uzerindeki diger butun tdrlerden her zaman ayirmigtr.
Aerodinamik olarak duzgun tahta zipkinlar yaklasik
400.000 yil éncesinde eski insanlar tarafindan yapilmisti.
insan, esyalan Sekil 1'de gosterildigi gibi, kendi boyuna
uygun, tipik olarak sinirlar kendinden iki kat buydk ve iki
kat kiguk olan bir araliktainga eder. Fakat, insanoglu her
zaman uzunluk ve zaman OSlgeklerinin sinirlanni
arastirmak, onlara ulagsmak ve kontrol etmek igin buyuk
caba sarfetmigtir. Gulliverin Gezilerinde, Lilliputa ve
Brobdingnag'a seyahatlerde Jonathan Swift, fiziksel
bUydkligin azaltimasi ve arttinimasinin - sagladigi
dikkate deger olasiliklan yansitmistr. Khufu BUyUk Pramidi
M.O. 2600 dolaylarnnda tamamilandiginda orjinal olarak
147 m yUksekliginde idi; bunun yaninda 1931'de insa
edilen Empire State Binasi, 1950'de bir televizyon anten
direginin eklenmesiyle 449 m yukseklige ulast.
Spekirumun diger bir ucunda ise, insan yapimi bir demir
paranin  ¢apl, 2 cm'den daha kudguktdr. Saat
yapimcillan onudguncu yy'dan beri  minyaturlestirme
sanatyla ugrasmislardir, Onyedinci yy'da mikroskopun
icadi mikroplarn, bitki ve hayvan hucrelerinin direkt
olarak gdzlemlenmesinin yolunu agmigtir. Yirminci yy'in
son yansinda, daha kiguk seyler insan tarafindan
yaplmigtl.  1947'de icat edilen, buginun entegre
devrelerindeki transistor, 45 nanometre uzunlugundaki
bir kapiya sahiptir ve arastrma laboratuvarlannda 10
nm'ye kadar yaklasir (kaynak: International Technology
Roadmap for Semicanductors <http://public.itrs.net>).
Peki ya Richard Feynman [1]in, 1959'da aktarian
efsanevi derste hayal eftigi mekanik parcalann -

makinalarnn minyatUrlestiiimesi ne durumdadir?

1. INTROdUCTION

Imost three centuries apart, the imaginative

novelists quoted above contemplated the

astonishing, at times frightening possibilities of
living beings much bigger or much smaller than us. In
1959, the physicist Richard Feynman envisioned the
fabrication of machines minutely small as compared to
their makers. Tool making has always differentiated our
species from all others on Earth.  Aerodynamically
correct wooden spears were carved by archaic Homo
sapiens close to 400,000 years ago. Man builds things
consistent with his size, typically in the range of two
orders of magnitude larger or smaller than himself, as
indicatedin Figure 1. But humans have always striven to
explore, build and control the extremes of length and
fime scales. In the voyages to Lilliput and Brobdingnag
of Gulliver's Travels, Jonathan Swift speculated on the
remarkable possibilities which diminution or
magnification of physical dimensions provides. The
Great Pyramid of Khufu was originally 147 m high when
completed around 2600 B.C., while the Empire State
Building constructed in 1931 is presently—after the
addition of a felevision antenna mast in 1950-449 m
high. At the other end of the spectrum of man-made
artifacts, a dime is slightly less than 2 cm in diameter.
Watchmakers have practiced the art of miniaturization
since the thiteenth century. The invention of the
microscope in the seventeenth century opened the
way for direct observation of microbes and plant and
animal cells. Smaller things were man-made in the
lotter half of the twentieth century. The fransistor-
invented in 1947 -in today's integrated circuits has a
gate length of 45 nanometers, and approaches 10 nm
in research laboratories (source: International
Technology Roadmap for Semiconductors
<http://public.itrs.net>). But what about the
miniaturization of mechanical parts-machines
envisioned by Richard Feynman [1] in a legendary

lecture deliveredin 1959?
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Sekil 1. Metre cinsinden &lgUler. Kluguk Glcek Ust gizgide soldan saga devam etmektedir. Referans [3]den, izin alinarak

cogattilmugtr.

Figure 1. The scale of things in meter. Lower scale continues in the upper bar from left fo right. Reproduced with permission

from reference[3].

Mikroelekiromekanik sistemler (MEMS), T mm'den
daha kucuk fakat 1 mikrondan daha buydk karakteristik
uzunluga sahip olan, elektriksel ve mekanik bilesenleri
pbirlestiren ve entegre devre foplu imalat teknolojileri
kullanilarak Uretilen cihazlan ifade eder. MEMS, dunya
capinda milyar dolarlik pazar potansiyeliyle, cok cesitli
endustriyel ve fibbi alanlarda artan sayida uygulama
Otomobil
ivmedlgerler, anahtarsiz girig sistemleri, yuksek-netlikteki

alani  bulmaktadir. hava yastiklan igin
optik ekranlaricin yogun mikroayna dizileri, tek bir atomu
goruntllemek icin tarayici elekiron mikroskop ugclari,
elektronik devrelerin  sogutulmasi i¢cin  mikro-isi-
degistiricileri, biyolojik hiicreler aynstirmak icin reaktérler,
kan analizi yapan cihazlar ve sonda uclarn icin basing
algilayicilan, bugunku kullanimi alanlanndan sadece
birkagidir.  Mikroborular kizil &tesi detektdrlerde, diyot
lozerlerinde, minyatir goz kromatograflannda ve
yuksek-frekans akiskan kontrol sistemlerinde

kullanimaktadir. Mikropompalar, mirekkep puskurtmeli
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Microelectromechanical systems (MEMS) refer to
devices that have characteristic length of less than 1
mm but more than 1 micron, that combine electrical
and mechanical components, and that are
fabricated using integrated circuit batch-processing
MEMS are finding

applications in a variety of industrial and medical

technologies. increased
fields, with a potential worldwide market in the billions
of dollars. Accelerometers for automobile airbags,
keyless entry systems, dense arrays of micromirrors for
high-definition optical displays, scanning electron
microscope tips to image single atoms, micro-heat-
exchangers for cooling of electronic circuits, reactors
for separating biological cells, blood analyzers and
pressure sensors for catheter tips are but a few of
Microducts are used in infrared

diode

current usage.

detectors, lasers, miniature gas

chromatographs and high-frequency fluidic control
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baskida, cevre deneylerinde ve elekironik sogutmada
kullanilir. - Ki¢uk pompalarnn potansiyel tibbi uygulama
alanlar, ¢ok kiguk miktarlarda ilaglamanin izlenmesi ve
kontrolli aktanmi, kimyasallann nanolitre miktarlannda
Uretiimesi ve yapay pankreaslann gelistiiimesini icerir.
Uzun zamandir arastinlan yonga - laboratuvar, biyolojinin
ve kimyanin ofomasyonu acisindan, hesaplamanin
buylk-dlcekli otomasyonunu saglayan entegre
devrelerle ayni dogrultuda umit vaat etmektedir [2].

MEMS cihazlannin hepsi sivi akiginiicermez, fakat bu
arastirma icerenler Uzerine olacaktir. Oncelikle kisaca
gaz akislanna deginilecektir fakat bu makalede asll
Uzerinde durulacak konu sivi akislandir. Mikroborular,
mikropompalar, mikroturbinler, mikrovanalar,
mikroyanma odalar, sentetik jetler ve yonga-
laboratuvarlar, sivive gaz akisini iceren kicuk cihazlara
ornektir. Boyut sinilamasindan dolayi bu makalede, sivi
akiglan ve yuzey kavramlarn Uzerinde énemle durarak,
konuya genel olarak deginilecektir ve daha detayl
bilgi icin okuyucu diger cesitli kaynaklara
yonlendirilecektir [2-6].

2. Akiskanlar MekaniGi Konulari

Son on yilda mikroelektromekanik sistemlerin
fabrikasyonunda ve kullanimindaki hizli ilerleme, kaguk
cihazlarn imalatinda ve isletiminde gerekli olan
alisiimadik fizigi anlamamizdaki ilerleme ile
ortismemektedir.  Bu anlayisi saglamak, gelistiriimis
MEMS cihazlannin tasanmi, en iyilenmesi, fabrikasyonu
ve igletimi icin oldukga dnemilidir,

Kaguk cihazlardaki akiskan akigi  makroskopik
makinelerdekinden farkiidi. MEMS-temelli  borularn,
[Ulelerin, valflerin, yataklarnn, tUrbomakinalarnn, yanma
odalarnnin, sentetik jetlerin vo isletimleri, daha buyuk akis
cihazlanicin rutin olarak ve basarli bir sekilde uygulanan,
sivi-kati - araydzinde kaymama sinir sarfinin - oldugu
Navier-Stokes denklemleri gibi geleneksel akis modelleri
ile her zaman tahmin edilemez. Birgok soru,
mikrocihazlar icin yapilan deney sonuclarn, geleneksel

akis modellemesi ile agiklaonamadigi zaman ortaya

systems. Micropumps are used for ink jet printing,
environmental festing and electronic cooling.
Potential medical applications for small pumps
include controlled delivery and monitoring of minute
amount of medication, manufacturing of nanoliters of
chemicals and development of artificial pancreas.
The much sought-after lab-on-a-chip is promising 1o
automate biology and chemistry to the same extent
the integrated circuit has allowed large-scale
automation of computation[2].

Not all MEMS devices involve fluid flows, but the
present paper will focus on the ones that do. Gas flows
will first be briefly discussed, but the emphasis of the
paper will be on liquid flows. Microducts, micropumps,
microturbines, microvalves, microcombustors, synthetic
jets and lab-on-a-chip are examples of small devices
involving the flow of liquids and gases. Because of size
limitation, the present paper only touches on its broad
subject matter, with particular emphasis on liquid flows
and surface phenomena, and the reader is referred to
several other sources for further details [2-6].

2. Fluid Mechanics Issues

The rapid progress in fabricating and  ufilizing
microelectromechanical systems during the last
decade has not been matched by corresponding
advances in our understanding of the unconventional
physics involved in the operation and manufacture of
small devices. Providing such understanding is crucial
to designing, optimizing, fabricating and operating
improved MEMS devices.

Fluid flows in small devices differ from those in
macroscopic machines. The operation of MEMS-based
ducts, nozzles, valves, bearings, turbomachines,
combustors, synthetic jets, etc., cannot always be
predicted from conventional flow models such as the
Navier-Stokes equations with no-slip boundary condition
at a fluidsolid interface, as routinely and successfully
applied for larger flow devices. Many questions have
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clkmigti. Uzun bir mikroboruda basing  basamaginin
sabit olmadigr gdzlemlenmis ve dlgcllen debi
geleneksel surekli ortam akis modelinden
hesaplanandan daha buyuk ¢ikmistir. Mikrokanallarda
kayma akisi gdzlenmistir. Mikroyataklann yuk kapasiteleri
kagultlimuas ve mikromotorlan hareket etttirmek icin
gerekli olan elekirik akimlan olaganUstd yUkselmistir.
Atmosfer kosullarinda c¢alisan mikroislenmis
ivmedlcerlerin dinamik tepkisinin asin séndimid oldugu
gbzlenmigtir.

Bu heyecan verici yeni alanin  gelisiminin ilk
evrelerinde, amag olabildigince verimli MEMS cihazlan
yapmakti. Mikroduyarlar birseyler okuyordu ama bircok
arastirmaci bunun tam olarak ne oldugunu  biliyor
gorunmuyordu. Mikrouyarcilar hareket ediyorlardi, ama
geleneksel modelleme bu hareketi tam olarak
6ngodremiyordu. MEMS  teknolojisinde on  villik esi
gordlmemis bir ilerlemenin ardindan, belki de arfik
zaman ince hesaplamaya hazir oma, biraz yavaslama
ve ortaya ¢ikan bircok soruyu cevaplama zamanidir. Bu
uzun-dénem ¢alismanin en buydk amaci, yararl
mikrocinazlar icin rasyonel-tasanm kabiliyetini basarmak
ve mikroduyarlar ile mikrouyancilann calismalarini
mumkun oldugunca oz deneysellikle tam  olarak
karakterize edebilmekfir.

Mikrocihazlarda akiskan akigl ile ilgilenirken kisi, hangi
modeli kullaonmasi gerektigi, hangi sinir  kosulunu
uygulayacagi ve eldeki probleme ¢dzumler Uretmek
icin naslil ilerlemesi gerektigine dair sorularla ylz ylze
gelir. Acik bir sekilde, kucuk cihazlarda yuzey efkileri
baskindrr. Karakteristik uzunlugu 1 m olan bir makina igin
ylzey - hacimorani 1 m” iken 1 um boyuta sahip olan bir
MEMS cihazi icin bu oran 10° m" olmaktad. Kicik
cihazin kutlesine gore yuzey alanindaki milyon katlik artis,
ylzey boyunca kutle, momentum ve enerji aktanmina
blylk dlctde etki eder. Mikrocihazlann kuguk uzunluk
Olcegi surekli ortam yaklasimini tamamen gecersiz
kilabilir. Kayma akigl, 1sil surinme, seyrelme, viskoz

yayinim, sikistinlabilirfik, molekdller arasi kuvvetler ve diger
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been raised when the results of experiments with
microdevices could not be explained via fraditional flow
modeling. The pressure gradient in a long microduct
was observed fo be non-constant and the measured
flowrate was higher than that predicted from the
conventional continuum flow model. Slip flow has been
observed in microchannels. Load capacities of
microbearings were diminished and electric currents
needed to move micromotors were extraordinarily high.
The dynamic response of micromachined
accelerometers operating at atmospheric conditions
was observed to be over-damped.

In the early stages of development of this exciting
new field, the objective was to build MEMS devices as
productively as possible. Microsensors were reading
something, but not many researchers seemed to know
exactly what. Microactuators were moving, but
conventional modeling could not precisely predict their
motion. After a decade of unprecedented progress in
MEMS technology, perhaps the time is now ripe to take
stock, slow down a bit and answer the many questions
that arose. The ultimate aim of this long-term exercise is
to achieve ratfional-design capability for useful
microdevices and to be able to characterize definitively
and with as little empiricism as possible the operations of
microsensors and microactuators.

In dealing with fluid flow through microdevices, one
is faced with the question of which model to use, which
boundary condition to apply and how to proceed to
obtain solutions to the problem at hand. Obviously
surface effects dominate in small devices. The
surface-to-volume ratio for a machine with a
characteristic length of 1 mis T m”, while that for a
MEMS device having a size of 1 umis 10° m". The
million-fold increase in surface area relative to the
mass of the minute device substantially affects the
fransport of mass, momentum and energy through the
surface. The small length scale of microdevices may

invalidate the continuum approximation altogether.
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alsiimadik etkiler; tercihen yalnizca kitlenin korunumu,
Newton'un ikinci yasasi ve enerjinin korunumu gibi ilk
prensipler kullanilarak hesaba katilabilirler.

Bu makalede, sivi akislanni ve yUzey kavramlarni
irdeleyece@im. Konuyu bir perspektife oturtmak icin,
Oncelikle kisaca mikrocihazlardaki gaz akisindan
bahsedilecektir.  Sivilann - mikroakiskanlar  mekanigi
gazlanndakinden daha karmasikfi. — Sivi molekulleri
normal basing ve sicakliklarda cok daha yakin
konumdadirlar ve sivi molekuller arasindaki ¢ekici ya da
kohesif potansiyel, katilar ile sivilar arasinda da oldugu
gibi, akisin karakteristik uzunlugu yeterli oranda kucuk
olmasi durumunda etkin bir rol oynar. Geleneksel surekli
orfam modelinin dogru éngdrller veya songdrller
vermekte basarisiz oldugu durumlarda, pahal
molekdler dinamik benzetimler mikrocihazlardaki sivi
akislanni mantikll bir sekilde karakterize edecek mevcut
tek birincil-prensip yaklasimi olarak gérinmektedir.  Bu
fip benzetimler, gergekgi akis dlgUst veya molekullerin
sayisl icin henuz uygulanabilir degildirler. Sonug olarak,
sivilarin mikroakiskanlar mekanidi, gazlannkine gére cok

daha az geligmistir.

3. Akiskan Modellemesi

Bir akig alanini modellemenin temel olarak iki yolu
vardrr, Bunlar, ya -molekullerin bir yigini olan- akiskan ya
da maddenin surekli ve sonsuz sayida bdlinebilen
olarak kabul edildigi strekli ortam yontemleridir. Onceki
modelleme kesin belirli metotlar ve olasilikli- olanlar
olarak alf kisimlara ayrilirken, daha sonraki yaklasimda
hiz, yoQunluk, basing, vib uzayin ve zamanin her
noktasinda tanimlanmistir ve katle, enerjive momentum
korunumu, bir dizi dogrusal olmayan kismi diferansiyel
denkleme gotUrar (Euler, Navier-Stokes, Burneft, vs.).
Akiskan  modellemesinin  siniflandinimasi - Sekil  2'de
sematik olarak gosterilmistir.

Geleneksel makrocihazlarda akiskan ve 1si akislari,

aligiimig olarak kutle, momentum (Newton'un ikinci
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Slip flow, thermal creep, rarefaction, viscous
dissipation, compressibility, infermolecular forces and
other unconventional effects may have to be taken
into account, preferably using only first principles such
as conservation of mass, Newton's second law, and
conservation of energy.

In this paper, | shall discuss liquid flows and surface
phenomena. To place the topic in perspective, gas
flows in microdevices will first be discussed briefly.
Microfluid mechanics of liquids is more complicated
than that for gases. The liquid molecules are much
more closely packed at normal pressures and
temperatures, and the attractive or cohesive potential
between the liquid molecules as well as between the
liquid and solid ones plays a dominant role if the
characteristic length of the flow is sufficiently smaill. In
cases when the fraditional continuum model fails fo
provide accurate predictions or postdictions, expensive
molecular dynamics simulations seem to be the only
first-principle approach available to rationally
characterize liquid flows in microdevices. Such
simulations are not yet feasible for realistic flow extent or
number of molecules. As a conseguence, the
microfluid mechanics of liquids is much less developed
than that for gases.

%. Fluid Modeling

There are basically two ways of modeling a
flowfield. Either as the fluid really is—a collection of
molecules—or as a continuum where the matter is
assumed continuous and indefinitely divisible. The
former modeling is subdivided into deterministic
methods and probabilistic ones, while in the latter
approach the velocity, density, pressure, etc., are
defined at every point in space and time, and
conservation of mass, energy and momentum lead to
a set of nonlinear partial differential equations (Euler,
Navier-Stokes, Burnett, etc.). Fluid modeling

classificationis depicted schematically in Figure 2.
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Sekil 2. Molekdler ve surekli ortam akis modelleri. Referans [3]'den izin alinarak cogaltilmustir.
Figure 2. Molecular and confinuum flow models. Reproduced with permission from reference [3].

yasasl), ve enerjinin korunumu (termodinamigin birinci
yasas!) denklemleri kullanilarak modellenir. Bunun yani
sira, buttn surecler termodinamig@in ikinci yasasi ile
sinirlandinlirlar. Bu prensipler tipik olarak, hiz, sicaklik,
basinc gibi makroskopik buyUkltkler surekli ortam
uzayina ve zamana bagll oldugunda, kismi
diferansiyel alan denklemleri formunda ifade edilir.
Geleneksel cihazlardaki akigkan - aktanm kavramini
tarif etmek icin ifade edilen ilk prensipler topluca
Navier-Stokes denklemleri olarak adlandinlir, bunlar
yeterli miktarda baslangic ve sinir sartina maruz
dogrusal olmayan kismi diferansiyel denklemlerdir ve
tipik olarak akiskan-katl araydzinde kayma ve sicaklik
sicramasticermeyen formdadir.

Navier-Stokes  denklemlerinin  gecgerli olmasi igin
saglanmasi gereken U¢ femel varsayim vardir:
e KUfle ve enerjinin ayn ayn korundugunu, bir eylemsizlik

cercevesinde butun kuvvetlerin  toplaminin,

parcaciktaki momentum degisim oranina  esit
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Fluid and heat flows in conventional macrodevices is
fraditionally modeled using the principles of conservation
of mass, momentum (Newton's second law), and energy
(first law of thermodynamics). Additionally, all processes
are constrained by the second law of thermodynamics.
Those principles are typically expressed in the form of
partial differential field equations, where the macroscopic
quantities of inferest such as velocity, temperature,
pressure, etc., depend on a confinuum space and time.
The first principles, as expressed o describe fluid-transport
phenomena in conventional devices, are collectively
called the Navier-Stokes equations, a system of nonlinear
partial differential equations subject to a sufficient number
of initial and boundary conditions, the latter is typically in
the form of no velocity slip and no temperature jump at a
fluid-solid inferface.

There are three fundamental assumptions that must
be satisfied in order for the Navier-Stokes equations to be

valid:
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oldugunu belirten mekanigin Newtonyen cercevesi

gecerlidir.

* Uzay ve zamanin belirsiz bir sekilde bolunebilir sdrekli
ortam oldugunu kabul eden surekli orfam yaklagimi
uygulanabilirdiir.

* Gerilme ve gerinme orani arasinda ve isi akisl ve
sicaklik basamagi arasinda dogrusal iliskiye izin veren
termodinamik denge veya en azindan sanki dengeli
oldugu kabul edilir.

Akiskanin izotropik ve stres tensérinun de simetrik
oldugu varsayimi, her zaman olmasada, yapilir.
Yukanda listelenen varsayimiardan herhangi birisinin
ihlali, Navier-Stokes denklemleri gecersiz kilar, bu
durumda alternatif modellemeye basvurulur. Sirasyla
bu ¢ varsayimin Uzerinde aynntil olarak duracagiz.

Newionyen Cerceve: Ele alinan akis hareketleri
gorecesiz olarak kabul edilir, dmegin karakteristik hizlan
islk hiznin ¢ok altindadrr. Bu ylzden, kitle ve enerji
birbirlerine déntsmez ve dolayisiyla her biri ayr olarak
korunur. Atomik veya atomalti pargcaciklar veya uzunluk
Olceginin ters tarafinda olagan Ustl bulydk yildiz ve
galaksiler ile ugrasmadikga, Newtonyen cercevesi
mikroelektromekanik sistemleride iceren birgok mekanik
problemi icin  mukemmel bir modelleme aracidir.
Kuantum ve goéreceli mekanik acikga gorildugu gibi bu
makalenin  kapsaminin - disindadir. Bu ylzden,
Newtonyen kabull, makalenin kalan kisninda  artik
deginmeyecegimiz bir kabulddr.

Strekli ortam modeli: Hem kative hem de akiskan
mekaniginde, surekli ortam yaklasimi buatan
makroskopik bagimli  degiskenlerin  uzaysal ve
zamansal turevlerinin kabul edilebilir bir sekilde var
oldugunu ifade eder. Baska bir deyigle, yogunluk, hiz,
gerilme ve 1s1 akisi gibi yerel dzellikler, her bir akiskan
elemaninda yeterli sayida molekudl oldugunu garanti
etmek igin, ancak makroskopik kaosa yol agcmayacak

sekilde, mikroskopik yapiya kiyasla yeterince buyuk
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* The Newtonian framework of mechanics - which
specifies that mass and energy are conserved
separately and that, in an inertial frame of reference,
the sum of all forces is equal to the rate of change of
momentum -is valid.

* The continuum approximation-which assumes that
space and time are indefinitely divisible continuum-
is applicable.

* Thermodynamic equilibrium or at least quasi-
equilibrium - which permits linear relations between
stress and ratfe of strain and between heat flux and
temperature gradient - is assumed.

Fluid isotropy and stress tensor symmetry are also
typically, albeit not always, assumed. Violation of any
one of the three assumptions listed above invalidates
the Navier-Stokes equations and alternative modeling is
then called for. We elaborate on the three assumptions
intum.

Newionian framework: The fluid motions under
consideration are assumed non-relativistic, i.e. their
characteristic velocities are far below the speed of light.
Thus, mass and energy are not interchangeable and
each is separately conserved. As long as we are not
dealing with atomic or subatomic particles or, at the
other extreme of length scale, with stars and galaxies,
the Newtonian framework is an excellent modeling tool
for most problems in mechanics including those
dealing with microelectromechanical systems.
Quantum and relativistic mechanics are clearly beyond
the scope of the present paper. Therefore, the
Newtonian assumption is one that we no longer have to
revisit for the rest of this aricle.

Continuum model: In both solid and fluid
mechanics, the continuum approximation implies that
the spatial and temporal derivatives of all the
macroscopic  dependent variables exist in some
reasonable sense. In other words, local properties such
as density, velocity, stress and heat flux are defined as

averages over elements sufficiently large compared
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elemanlar Gzerinden, ortalama olarak tanimlanir fakat
bu &zelliklerin tanimi icin akiskan elemaninin
diferansiyel hesaplamanin kullanimina izin verecek
mertebede, makroskopik dlcege kiyasla kicuk olmasi
gerekmektedir. Surekli ortam yaklagimi, hemnen hemen
her zaman saglanir fakat istisnalar da yok degildir.
Boylelikle, neticede elde edilen denklemler,
seyreklesmis gazlar, molekdler uzakiga oranla ince
olan gsok dalgalarn ve mikro ve nano cihazlardaki bazi
akiskanlann  &rnekledigi gibi, akiskan molekullerinin
arasindaki ortalama uzakliktan ¢ok fazla buylk
olmayan uzamsal OSlcekler ile olan akislar istisnasi
disindaki durumlarn genis oranda kapsar. Daha sonra,
baz kUguk cihazlar icin surekli ortam yaklasiminin
basarisiz oldugu belirli sartlan tarif edecegiz.

Surekli orfam yaklasiminin, denklem sayisindan
daha fazla bilinmeyenin oldugu belirsiz bir denklem
setfine yol achiginin vurgulanmasi gereklidir [7].  Kismi
diferansiyel denklemlerin ¢dzulebilir son halini elde
etmek icin, gerilme ve gerinme arasinda ve isi akisi ile
sicaklik basamagi arasindaki iliskilere ihtiyag vardir. En
azindan sikistinlabilir akislar icin, yogunluk ve i¢ enerjinin
her birini basin¢ ve sicaklik ile iliskilendiren ki durum
denklemine de ihtiyag vardir. SUrekli ortam
yaklasiminin, bizi Navier-Stokes denklemlerine
goturmesi gerekmedigi gergedi, basil belgelerde sik
sikkarngtinlanince bir noktadir.

Termodinamik denge: Termodinamik denge,
makroskopik niceliklerin degisken cevrelerine uyum
saglamak icin yeteri kadar sureleri oldugu anlamina
gelir. Hareket durumunda, tam termodinamik denge,
her bir akiskan parcacigi momentum veya enerji
verilmis ya da alinmig surekli bir hacime sahip oldugu
icin, mumkun degildir, bu yuzden akiskanlar
mekaniginde ve 1si transferinde sanki-denge
durumundan bahsederiz. Termodinamigin ikinci

yasasi denge durumuna geri dénmek icin bir egilim
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with the microscopic structure in order to guarantee a
sufficiently large number of molecules inside each fluid
element and thus to effect molecular chaos, but small
enough in comparison with the scale of the
macroscopic phenomena to pemmit the use of
differential calculus to describe those properties. The
continuum approximation is almost always met, but
exceptions do exist. The resulting equations therefore
cover a very broad range of situations, the exception
being flows with spatial scales that are not much larger
than the mean distance between the fluid molecules,
as for example in the case of rarefied gases, shock
waves that are thin relatfive to the molecular distances,
and some flows in micro- and nanodevices. We will
describe later the precise conditions under which the
continuum approximation fails for cerain minute
devices.

[t should be emphasized that the continuum
approximation in and by itself leads to an indeterminate
set of equations, i.e. more unknowns than equations [7].
To close the resulting system of partial differential
equations, relations between the stress and rate of strain
and between the heat flux and temperature gradient
are needed. At least for compressible flows, two
equations of state, relating density and intemal energy
each to pressure and temperature, are also required.
The fact that the continuum approximation does not
necessarily lead to the Navier-Stokes equations is a
subtle point that is often confused in the literature.

Thermodynamic equilibrium: Thermodynamic
equiliorium implies that the macroscopic quantities have
sufficient fime to adjust to their changing surroundings. In
motion, exact thermodynamic equilibrium is impossible
as each fluid paricle is continuously having volume,
momentum or energy added or removed, and so in fluid
dynamics and heat transfer we speak of quasi-
equiliorium. The second law of thermodynamics imposes

atendency to revert to equilibrium state, and the defining
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gosterir ve burada asil tfanimlanan konu  akis
miktarlarinin yeterince hizli uyum saglayip
saglayamadigidir.  Molekdler zaman ve uzunluk
Olculeri, makroskopik akis - dlceklerine kiyasla ¢cok
kUguk ise, tersinme orani ¢ok yuksek olacaktir.  Bu,
molekuler uzunluk Olcekleri ile kiyaslanabilir
mesafelerde, &zellikleri pek az degisen akigskan
pargaciklarinidengelemekicin, yeterince kisa strede
bircok molekuler ¢arpisma gerceklesmesini garanti
edecektir. Gazlar icin molekuler carpisma
karakteristik uzunlugu, ortalama serbest yol L'dir; bu bir
molekdlin digeriyle ¢arpismadan 6nce aldigi
orfalama yolu ifade etmektedir. Diyelim ki L, akis
uzunluk Olcusinden bir mertebe daha kuguk
oldugunda; hiz ve sicaklk gibi makroskopik
buayukltkler, molekuler mesafeler Uzerinden
neredeyse dogrusal basamaklara sahip olacaklardir
ve dengeden ayrnima bu basamakliara bagl
olacaktir. Bdylece, sanki-denge kabull, gerilmenin
gerinme orantile (Newtonyen akiskanlar) ve isi akisinin
da sicaklik basamagi ile (Fourier akiskanlar) dogrusal
olarak iligkili oldugunu ifade eder. Bu konular Lighthill
[8] tarafindan ¢ok ince olarak ortaya konulmustur.
Termodinamik denge ek olarak, kaymama ve sicaklik
sicramasinin olmamasi sinir sartlarna goétarar [8,9].
SuUrekli orfam yaklasiminda oldugu gibi, sanki-
dengeli yaklasim, mikrocinazlarla ilgili bazi durumlarda
ihlal edilebilir. Bu durumlarda, kaymama sartina veya
Navier-Stokes denklemlerinin kendilerine bile
alternatifler aranmalidir. Artik surekli ortam yaklasiminin
veya sanki-denge kabulinun yapilabildigi  sartlan
belilemek icin hazirz. En azindan gazlar igin her ki
sorunun cevabl, ozellikle yanm yuzyll once seyreklesmis
gaz dinamiginde yaygin olarak uygulanmis olan
istatistiksel termodinamikten, iyi bilinmektedir. [9,10].
Bu nedenle sivi akislan daha sonraya birakip, ilk olarak

gaz akislannitarfisacagiz.
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issue here is whether or not the flow quantities are
adjusting fast enough. The reversion rate will be very high
if the molecular time and length scales are very small as
compared to the coresponding macroscopic  flow-
scales. This will guarantee that numerous molecular
collisions will occur in sufficiently short time to equiliorate
fluid particles whose properties vary little over distances
comparable to the molecular length scales. For gases,
the characteristic length for molecular collision is the
mean free path, L, the average distance traveled by a
molecule before colliding with another. When L is, say,
one order of magnitude smaller than the flow length
scale, macroscopic quantities such as velocity and
femperature will have nearly linear gradients over
molecular distances, and it is on these gradients alone
that departure from equilibrium will depend.  Therefore,
the quasi-equilibrium assumption signifies that the stress is
linearly related to the rate of strain (Newtonian fluids) and
the heat flux s linearly related to the temperature gradient
(Fourier fluids). These issues have been described quite
eloquently by Lighthill [8]. Thermodynamic equilibrium
additionally gives rise to the no-slip and no-temperature-
jump boundary conditions [8,9].

As is the case with the contfinuum approximation,
the quasi-equilibrium assumption can be violated
under certain circumstances relevant to
microdevices. In these cases, alternatives to the no-
slip condition or even to the Navier-Stokes equations
themselves must be sought. We are now ready to
quantify the conditions under which the continuum
approximation or the quasi-equilibrium assumption
can be made. For gases at least, the answer 1o both
questions is well known from statistical
thermodynamics particularly as was extensively
applied to rarefied gas dynamics half a century ago
[9,10].

deferring the discussion of liquid flows to afterward.

For that reason we discuss gas flows first
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4. Gaz Akislari 4. Gas Flows
Sekil 3'te ftekrar olusturulan iyi bilinen grafik, The well-known chart reproduced in Figure 3 clearly
aradigimiz cevabl agikga gdstermektedir. Bu grafikteki illustrates the answer we are seeking. All scales in this

butin dlgekler logaritmiktir. Alttaki apsis, referans bir plot are logarithmic. The bottom abscissa represents
yoguniukla normalize edilmis yogunlugu, p/p,. veya the density normalized with a reference density, p/p,,. or
esdeger olarak normalize edilmis yogunluk sayisini (birim equivalently the normalized number density (number of

hacimdeki molekiil sayisini) ,n/n,, gdstermektedir. Ustteki molecules per unit volume), n/n,. The top abscissais the
apsis, molekller ¢cap ile normalize edimis  olan average distance between molecules normalized with
molekuller arasindaki mesafedir, 8/c. Gorlldugu gibi, the molecular diameter, §/c. Clearly, the density ratio is
yogunluk orani, 8/6'nin kiip koku ile ters orantiidir. Soldaki proportional to the inverse cube of §/c. The left ordinate
ordinatf, metre cinsinden karakteristik akis boyutu Lyi, represents a characteristic flow dimension, L, in meter.
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Sekil 3. Farkl akis modellerinin etkili limitleri. Referans [10]'dan izin alinarak gogaltilmustir.
Figure 3. Effective limits of different flow models. Reproduced with permission from reference [10].

Muhendis ve Makina | Cilt : 47 Sayi: 556 61'




makale

ifade etmektedir. Bu ise, gradyenin mutlak degerine
bolunmus, yoguniuk gibi, bir karakteristik maroskopik
ozellikten hesaplanabilir. Sag taraftaki ordinat, molekuler
cap ile normalize edilmis uzunluk dlgcegidir, L/c.  Sekil
3'teki grafik, molekuler capl, 6 =4 x 10™ m olan bir gaz
icin olusturulmustur, ki bu cap Tijit kdreler olarak
modellenmis havay! cok yakin temsil etfmektedir. Benzer
grafikler diger gazlaricin de gizilebilir.

Sekil 3teki dikey cizgi, seyreltimis gaz ile yogun olan
arasindaki sinm géstermektedir. Seyreltimis gaz gizginin sol
tarafindaki §/c>7 olan bdlgededir. Bu tip bir gaz icin
molekdller arasi gucler hicbir rol oynamaz ve molekuller
zamanlannin  bldytk balimund, moleklllerin yéonu ve
hiznin ani olarak degistigi kisa carpismalar arasinda
gecirir. Bunun yani sirg, ikiden fazla molekulun carpisma
olasiligr cok ktcuktir. O halde sadece ikili carpismalardan
s6z edebiliiz ve konu seyreltik gazlar oldugunda guclu
kinetik feorisinin  bdtdn  basitlestiriimis  hallerinden
yararlanilabil. Standart sarfiarda kuru hava, 1.01 x 10°
N/m’lik bir basinca, 288 K sicakliga, 1 yoduniuk oranina ve
8/c = 9 oranina sahipfir. Bu ylzden standart hava
neredeyse bir seyreltikideal gazdrr.

Sekil 3'teki hafifce edimli ¢izgi molekuler kaosun
limitini ifade eder. Makroskopik nicelikleri hesaplamak
icin bircok molekul Uzerinden ortalama alirken,
L/8>100 tarafinda en az 100 molekdl oldugu zaman
veya baska bir deyigle ilgili en kiigUk akiskan hacminde
en az 1 milyon molekdl bulundugu zaman, énemsiz
istafistiksel dalgalanmalar olusur. Bu yUzden, surekli
orfam yaklagimi bu cizginin  sadece Ust kisminda
gecerlidir. Molekuler kaos sinilamasi, makroskopik
niceliklerin mikroskobik bilgi Uzerinden hesaplanmasinin
dogrulugunu artinr. - Aslinda; Uzerinden ortalamalarin
hesaplandigi hacmin, istatiksel hatalan azaltmak icin
yeterli sayida molekUle sahip olmasi gerekir. Makroskopik
akis dzelliklerinin bir miktar molekdl Uzerinden ortalama
olarak hesaplanmasi, 1T milyon molekudl kullaniimasi
durumunda %0.1, bin molekul kullaniimasi durumunda
ise %3 olan ve bdylece devam eden standart sapmall
istatiksel dalgalanmaiile sonuglanacakir.
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This can be computed from a characteristic
macroscopic propery, such as density, divided by the
absolute value of its gradient.  The right ordinate is the
length scale normalized with the molecular diameter,
L/oc. The chart in Figure 3 depicts a gas having a
molecular diameter of 6 =4 x 10" m, which diometer
very closely represents air modeled as rigid spheres.
Similar charts can be drawn for other gases.

The vertical line inserfed in Figure 3 represents the
boundary between dilute gas and dense one. Dilute gas
is to the left of this line where &/6>7 . For such Qaos,
infermolecular forces play no role and the molecules
spend most of their time in free flight between brief
collisions at which instances the molecules' direction and
speed abruptly change. Additionally, the probability of
more than two molecules colliding is minuscule. We then
speak of only binary collisions, and all the simplifications of
the powerful kinetic theory of gases can be invoked when
dealing with dilute gases. Dry air af standard conditions
has a pressure of 1.01 x 10° N/mY, femperature of 288 K,
density ratio of 1, and 8/ = 9. Standard air is therefore a
dilute, ideal gas, but barely.

The gently sloped line in Figure 3 indicates the limit of
molecular chaos. When averaging over many
molecules to compute macroscopic quantities,
insignificant statistical fluctuations occur when there is af
least 100 molecules to the side L/6>100, in other words
when af least T million molecules reside inside the
smallest macroscopic fluid volume of interest.
Therefore, the continuum approximation is valid only on
top of that line. The molecular chaos restriction improves
the accuracy of computing the macroscopic quantities
from the microscopic information. In essence, the
volume over which averages are computed has to
have sufficient number of molecules to reduce
stafistical erors. It can be shown that computing
macroscopic flow properties by averaging over a
number of molecules will result in stafistical fluctuations
with a standard deviation of approximately 0.1% if one
million molecules are used, around 3% if one thousand
molecules are used, and so on.
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Sekil 3teki dik cizgi, sanki-denge kabulinun gecerlilik
sninni ifade eder. Bu snr, orfaloma  serbest  yolun
karakteristik makroskopik uzunluga olan oranini gésteren
Knudsen sayisi Kn = /L tarafindan belilenir. Navier-Stokes
denklemleri sadece, kaymama sartinin Kn<0.001 sininni
kesin gerektirmesine ragmen, Kn<0.1 olmasi durumunda
(dik cizginin Uzerinde) gecerlidir. Bu kesin sinira karsilk gelen
Cizgi, Sekil 3te gdrildugu Uzere daha dik ¢izgiye paraleldir;
fakat yukan dogru ki onluk &telenmis  durumdadir.
Orfaloma serbest yol n"le orantiidr ve bu ylzden,
logaritmik grafikie, sanki-denge ¢izgisinin egimi, dolayisiyla
molekuler kaos ¢izgisinden Ug kat daha faziadir. Bu bilgilerin
bircogu Knudsen [11] tfarafindan  gerceklestilen  kiasik
deneyler sayesinde ediniimisti. Bu deneyler, son
zamanlarda U.S. Ulusal Standartlar ve Teknoloji EnstitUstinde
Tison [12] tarafindan buydk hassasiyetie tekrar edimigtir ve
Beskok ve digerleri[13] farafindan rapor edimistir.

BUtUn bunlar mikrocihazlarla nasil ilgilidir? Yogunluk
azalirken, gaz yogun olandan seyreltik hale dedisir.
DusUk-yoguniuklu bir gaz icin boyut kiculurken, akig
kayar bu da, Navier-Stokes denklemleri ve strekli orfam
yaklasimlarnnin ikisinin birden basarsizligi ile izlenir. Yogun
bir gaz icin, L azalirken tersine bir gidisat gdzlenir: ilk
olarak surekli ortam yaklasimi duger ve bunu sanki-
denge kabullinun dustsu takip eder.  Acikga, surekli
ortam yaklasimi ve sanki-denge kabull iki farki seydir.
Sekil 3'te, kendine 6zgu limitleri tarif eden iki izgi yalnizca
tek bir noktada kesisir.

Somut bir émek verecek olursak, T atm de hava igin
eger L< 100 mikron ise kayma meydana gelir, (gerime)-
(gerinme orani) iliskisi eger L< 1 mikron ise dogrusalligini yiirir
ve L<0.4 mikron icin strekli ortam yakiasimi basarnsiz olur.
10° atm hava igin, L< 100 mm ise kayma olusur, (gerime)
- (gerinme orani) iliskisi L<1 mm ise dogrusalligini yifirir ve
strekli orfam yoklagimi L<4 mikon ise basansiz olur.
Helyum gibi hafif gaziar bu limitlere dnemli dictude buyuk
karakteristik uzunlukiarda ulagir.  BUtln bu sartiar, mikro ve

nanocihazlann  ¢alisma  arallgl  icerisindedir.  Boylece,
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The steeper line in Figure 3 indicates the boundary of
validity of the quasi-equilibrium assumption. This limit is
govemed by the Knudsen number, Kn=L/L , whichis the
rafio of the mean free path to the characteristic
macroscopic length. Navier-Stokes equations are valid
only if Kn < 0.1 (above the steeper line), although the
no-slip condition demands the stricter limit of Kn <
0.001. The line corresponding to the stricter limit is
parallelto the steeperline in Figure 3, but shiffed upward
by two decades. The mean free path is proportional to
n', and therefore the slope of the quasi-equilibrium line,
in the logarithmic plot, is three times steeper than that of
the molecular chaosline. Much of that has been known
since the classical experiments conducted by Knudsen
[TT]. These experiments have been recently repeated
with great precision at the U.S. National Institute of
Standards and Technology by Tison [12] and reported by
Beskoketal. [13].

How does all that relate to microdevices? As density
is reduced, the gas changes from dense fo dilute. As
size shrinks for a low-density gas, the flow slips, followed
by a failure of the Navier-Stokes equation, followed by a
failure of the continuum approximation altogether. For
a dense gas, a reverse tfrend is observed as L is
reduced: the confinuum approximation fails first
followed by a failure of the quasi-equilibrium
assumption. Clearly, the continuum approximation and
the quasi-equilibrium assumption are two different
things. The two lines in Figure 3 describing the two
respective limits meet only at a single point.

To give a concrete example, for air at T atm, slip
occurs if L<100 microns, (stress)-(rate of strain) relation
becomes nonlinear if L<1 micron, and the continuum
approximation fails altogether if L<0.4 micron. For air
at 10° atm, slip occurs if L<100 mm, (stress)-(rate of
strain) relation becomes nonlinear if L<1 mm, and the
contfinuum approximation fails if L<4 microns. Light
gases such as Helium will reach those limits at

considerably larger characteristic lengths.  All of those
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mikrocihazlarda aktanmin  geleneksel denklemler
kullanilarak modellenmemesi gereken durumiar vardrr.
Hem gaz hem de sivi akislan igin ileriki adim, geleneksel
modelleme basansiziga ugradiginda ne  yaplmasl
gerekiigini cozmekdi. En azndan gozlar icin, Knudsen
sayisinin 0.001 olan kritik limiti gectigi durumlarda, hassos
olarak kayma ve sicakik sicramasi miktarnni veren birinci-
tfemel denklemler vardrr [3]. Burnett denklemleri gibi yUksek
dereceden denklemler, Kn sayisinin 0.1 deg@erini asmasl
durumunda, Navier-Stokes denklemlerinin yerine gecebilr.
Son olarak, eger surekli ortam yaklagimi tamamiyla
basansiz olursa, akiskan gercekte oldugu gibi bir molekdl
foplulugu olarak modellenebilir. Bu durumda kisi, molekuler
dinamik benzetimler (sivilar icin), Bolizmann denklemi
(seyreltik gazlar icin) veya Monte Carlo dogrudan
benzetimleri (yine seyreltik gazlar igin) kullanabili.  Kendi
sinomalanna maruz kalan molekuler-fabanir modeller de;
dengenin olmadigl, surekli orfaom durumlan gibi daha
yusek dereceli momentum ve enerji denklemlerinin yerine
kullanilabilir. Burada listelenen butin stratejiler Sekil 2'de
sematik olarak gdsterimistir ve Karmiadakis ve Beskok [6] ve

Gad-el-Hak [5]'In kitaplannda aynntilanyla anlatimistr.

7. Sivi Alkaslar

Surekli ofam acisindan, hem sivilar hem de gaziar
ayni hareket denklemlerine uyan akiskanlardrr. Omegin
skistmlamaz akislar icin, Reynolds sayisi, verilen bir
geometri icin akis alaninin karakterini belileyen esas
boyutsuz parametredi. Omedin su, havaninkinden
sraslyla 1000 ve 100 kat daha blUytk yogunluk ve
viskoziteye sahiptir, fakat Reynolds sayisi ve geometri
eslestiginde sivi ve gaz akislannin ayni olmasi gerekir.”
MEMS uygulamalan icin, bununla beraber dengeli

olmayan akig sarflannin olasiigini ve sonucta ortaya

" Swilara has kavitasyon, serbest ylzey akislari v.b gibi kavramiar disinda.

conditions are well within the operating ranges of micro-
and nanodevices. Thus, there are circumstances when
fransport in microdevices should not be modeled using
the traditional equations.

The next step for both gas and liquid flows is to figure
out what to do if conventional modeling fails. For gases
at least, there are first-principles equations that give the
precise amount of slip or tfemperature jump to include in
case the Knudsen number exceeds the critical limit of
0.001 [3]. Higher-order equations such as those of
Burnett can replace the Navier-Stokes equations when
Kn exceeds 0.1. Finally, if the continuum approximation
fails altogether, the fluid can be modeled as it really is, a
collection of molecules. There, one can use molecular
dynamics simulations (for liquids), Boltzmann equation
(for dilute gases), or direct simulations Monte Carlo (also
for dilute gases). Subject to their own limitations, all the
molecular-based models can also be used in lieu of
higher-order momentum and energy equations, i.e. for
non-equilibrium, continuum situations. All the strategies
listed here are schematically depicted in Figure 2, and
described in greater details in the books by Karniadakis
and Beskok [6] and Gad-el-Hak [9].

?. Liouid Flows

From the continuum point of view, liquids and gases
are both fluids obeying the same equations of motion.
For incompressible flows, for example, the Reynolds
number is the primary dimensionless parameter that
determines the character of the flowfield for a given
geometry. True, water, for example, has density and
viscosity that are, respectively, three and two orders of
magnitude higher than those for air, but if the Reynolds
number and geometry are matched, liquid and gas
flows should be identical.” For MEMS applications,

however, we anticipate the possibility of non-equilibrium

" Barring phenomena unique to liquids such as cavitation, free surface flows, efc.
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cikan Navier-Stokes denklemleri ile kaymama  sinir
sartinin gecersizligini tahmin ederiz. Bu gibi durumlar en
ivi, molekuler yaklasim kullanilarak arastiniabilir. Bu gazlar
icin bir dnceki boélimde tartigiimist, bu bolimde ayni
hususlar sivilar icin verilecektir. Genel olarak Newtonyen
olmayan akiskanlar ve &zellikle polimerler igin baslli
eserler ucsuz bucaksizdir (6rnegdin, Nadolink ve Haigh
[14] tarafindan yapilan kaynakca arastirmasi, sadece
polimer surtinme azaltimasi Uzerine 4900 referanstan
bahsetmektedir) ve sivi akiglar icin molekuler yaklasim
Uzerine zengin bir bilgi kaynagi saglar.

Katilar, sivilar ve gazlar, sadece, yakinlik derecesi ve
bilesen molekullerinin  hareket siddeti bakimindan
ayrlirlar. Katilarda, molekuller birbirlerine cok yakin ve
komsular tarafindan  ¢evrelenerek  sinirlandirimis
konumdadir [9]. Yalnizca nadiren bir kati molekdlt yeni
bir sete katimak icin komsulanndan ayrilir. Kati isitildigi
zaman, molekuler hareket daha siddetli hale gelir ve
kaguk bir 1sil genlesme meydana gelir. Ortam basincina
bagdll olarak belirli bir sicaklikta, molekullerin  yeteri
siddetteki hareketi, onlann bir komsu seften digerine
serbest bir sekilde gecmelerini saglar. MolekUller artik
sniandinimis  degildir ancak, yine de hala skica
toplanmiglardir ve artik madde sivi olarak ele alinr.
Maddenin daoha fazla isitilmasi sonug¢ta  butin
molekdlleri, karsiikll cekim baglannin kinimasina  izin
vererek, serbest birakir. Katilar ve sivilardan farkl olarak,
sonucta ortaya cikan gaz, mevcut her hacmi
doldurmak amaciyla genlesir.

Katilann tersine, sivilar ve gazlar strekli deformasyon
olmadan sonlu kesme kuvvetine kargi koyamazlar; bu bir

akiskan ortamin tanimidr. Bir katinin tersinir, elastik, statik
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flow conditions and the consequent invalidity of the
Navier-Stokes equations and the no-slip boundary
conditions. Such circumstances can best be
researched using the molecular approach. This was
discussed for gases in the previous section, and the
corresponding arguments for liquids will be given in the
present section. The literature on non-Newtonian fluids
in general and polymers in particular is vast (for
example, the bibliographic survey by Nadolink and
Haigh [14] cites over 4,900 references on polymer drag
reduction alone) and provides a rich source of
information on the molecular approach for liguid flows.
Solids, liquids and gases are distinguished merely by
the degree of proximity and the intensity of motions of
their constituent molecules. In solids, the molecules are
packed closely and confined, each hemmed in by ifs
neighbors [?]. Only rarely would one solid molecule slip
from its neighbors o join a new set. As the solid is
heated, molecular motion becomes more violent and
a slight thermal expansion takes place. At a certain
temperature that depends on ambient pressure,
sufficiently intense motion of the molecules enables
them to pass freely from one set of neighbors to another.
The molecules are no longer confined but are
nevertheless still closely packed, and the substance is
now considered a liquid. Further heating of the matter
eventudlly releases the molecules altogether, allowing
them fo break the bonds of their mutual attractions.
Unlike solids and liquids, the resulting gas expands o fill

any volume available toiit.

Unlike solids, both liquids and gases cannot resist
finite shear force without continuous deformation; that is
the definition of a fluid medium. In contrast to the

reversible, elastic, static deformation of a solid, the
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deformasyonuna zit olarak, kesme gerilmesinin
sonucunda olusan bir akiskanin strekli deformasyonu
sonucta molekullerin rastgele 1sil hareketlerine déntsen
tersinmez bir is ile sonuglanir, bu da viskoz yayinimdir.  Bir
mikron kUpte standart sicaklik ve basincta 25 milyon
civannda hava moleklld bulunmaktadir. Ayni kUp
yaklasgik 34 milyar su molekulinu icerebilir. Bu ylzden sivi
akislan, gazlann strekli ortam olarak ele alinmadigr ¢ok
kicuk cihazlarda bile strekli ortamdir. Gaz drmeginde,
molekdller arasindaki ortalama mesafe, molekullerinin
capindan bir mertebe buydktdr, sivilar icin bu mesafe
molekUler ¢capa yaklasi.  Sonug¢ olarak sivilar hemen
hermen sikistlamazdrr. izotermal sikistniabilirlik katsayilan
o ve hacimsal genlesme katsayllan B, gazlannkine
kiyasla cok daha kuguktdr.  Su icin érnegin, basingtaki
yUz kat artis hacimde % 0.5'den dusuk azalmaya yol
acar. Svilardaki ses hizlan da gazlardakine oranla
yUksektir, ve sonuc¢ olarak, sivi akislannin cogu
sikistinlamazdrr.” Bu durumun kayda deger istisnalarn ultra-
yuksek frekans ses dalgasl yayilimi ve kavitasyon

kavramidir.

Sivilarin, kutle, momentum enerji aktarm
mekanizmalarn  gazlarnkinden ¢ok farklh - olmalidir.
Seyreltimis gazlarda, molekudller arasi kuvvetlerin bir
etkisi yoktur ve molekuller zamanlannin ¢gogunu,
molekullerin yond ve hizinin aniden degistigi kisa
carpismalar arasindaki serbest uguslar ile harcarlar.
Rasgele molekuler hareketler gaz aktarim

sUreclerinden sorumludur.  Sivilarda, diger taraftan,

continuous deformation of a fluid resulting from the
application of a shear stress results in anirreversible work
that eventually becomes random thermal motion of the
molecules; that is viscous dissipation. There are around
25 million molecules of STP air in a one-micron cube.
The same cube would contain around 34 billion
molecules of water. So, liquid flows are continuum even
in extremely small devices through which gases would
not be considered continuum. The average distance
between molecules in the gas example is one order of
magnitude higher than the diameter of its molecules,
while that for the liquid phase approaches the
molecular diameter. As a result, liquids are almost
incompressible. Their isothermal compressibility
coefficient o and bulk expansion coefficient § are
much smaller compared to those for gases. For water,
for example, a hundred-fold increase in pressure leads
to less than 0.5% decrease in volume. Sound speeds
through liquids are also high relative to those for gases,
and as a result most liquid flows are incompressible.”
Notable exceptions to that are propagation of ultra-
high-frequency sound waves and cavitation

phenomena.

The mechanisms through which liquids transport
mass, momentum and energy must be very different
from those of gases. In dilute gases, intermolecular
forces play no role and the molecules spend most of
their time in free flight between brief collisions at which
instances the molecules’ direction and speed abruptly
change. The random molecular motions are responsible

for gaseous fransport processes.  In liquids, on the other

hand, the molecules are closely packed though not

" Bir akiskan ve bir akis arasinda sikishrilabilir/sikistiriiarnaz olma ayrimi yapildigina dikkat edelim. Ormedin sikistinlabilirligi fazla olan havanin akisi

sikistirilabilir olabilir de olmayabilir de.

" Note that we distinguish between a fluid and a flow being compressible/incompressible. For example, the flow of the highly compressible air

can be either compressible or incompressible.
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molekdller tek bir pozisyonda sabit olmayacak sekilde
sikica toplanmuglardir.  Esas olarak sivi molekulleri her
zaman ¢arpisma durumundadirlar. Kesme kuvvetinin
uygulanmasi bir hiz basamagi olusturmak zorundadirr,
boylece molekuller bir digerine gére goreli olarak
hareket eder, gerime uygulandigi strece bu sonsuza
kadar bir dongu seklindedir. Sivilar icin, rastgele
molekuler harekeften dolayr momentum tasinim,
molekuller arasi kuvvete kiyasla ihmal edilebilir. Sivi
molekulleri arasindaki gerinme, bazi molekulleri yeni
molekullerin  kuvvet alanina getirerek esas
komsgularnndan aynimalarina sebep olur. Kesme
gerilmesi duzlemi boyunca, butin molekuller arasi
kuvvetlerin toplami ortalama olarak, uygulanan
kesmeyi dengelemelidir. Durgun sivilar sadece normal
kuvveti iletir, fakat hiz basamagdl olustugunda, net
molekudler arasi kuvvet tegetsel bir bilesene sahip

olacaktir,

Sikistiriamaz Navier-Stokes denklemleri cogu durumda
sivi akislanni tanimiar. Fakat Navier-Stokes denklemlerinin sivi
akislanni fanimlamada basansiz oldugu sartiar nelerdir? Bir
baska deyisle, bir cihaz ne kadar kigUk olmak zorundadir ki
sivi akisi hissedlilir bir sekilde kaymaya bagslasin ve geriime-
gerinme lliskisinin dogrusallig bozulsun? ik prensiplerden bu
soruyu  cevaplamak, mikroakis  modellemesinin - kutsal
k&sesidir.  Siviar, seyreltik gozlannki  gibi  iyi-gelistiriimis
molekller temelli bir teoriye sahip degildi. Ortalama
serbest yol kaviami sivilar igin pek kullanish degildir ve sivi
akislannin yan-denge durumuna girmelerinin basansizikia
sonuclandigini sarflar cok iyi fanimlamamigti. - Sivi akiglan
icin, bize labirent boyunca rehberlik edecek bir Knudsen
sayisi yoktur. ik prensiplerden, kaymama sarfinin - hangi

sartiar attinda hatall oldugunu ya da (gerime)-(gerinme)
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fixed in one position. In essence, the liquid molecules
are always in a collision state. Applying a shear force
must create a velocity gradient so that the molecules
move relative to one another, ad infinitum as long as the
stress is applied. For liquids, momentum transport due to
the random molecular motion is negligible compared
to that due to the intermolecular forces. The straining
between liquid molecules causes some to separate
from their original neighbors, bringing them into the force
field of new molecules. Across the plane of the shear
stress, the sum of all infermolecular forces must, on the
average, balance the imposed shear. Liquids at rest
fransmit only normal force, but when a velocity gradient
occurs, the net intermolecular force wil have a

tangential component.

The incompressible Navier-Stokes equations
describe liquid flows under most circumstances. But
what are the conditions for which the no-slip Navier-
Stokes equations fail to adequately describe liquid
flows? In other words, how small does a device have to
be before a particular liquid flow starts slipping
perceptibly and for the stress-strain relation to become
nonlinear? Answering this question from first principles is
the holy grail of microfluidic modeling. Liquids do not
have a well-advanced molecular-based theory as that
for dilute gases. The concept of mean free path is not
very useful for liquids and the condition under which a
liquid flow fails to be in quasi-equilibrium state are not
well defined. There is no Knudsen number for liquid flows
to guide us through the maze. We do not know, from first
principles, the condition under which the no-slip
boundary condition becomes inaccurate, or the point
at which the (stress)-(rate of strain) relation or the (heat
flux)-(femperature gradient) relation fails o be linear.

Certain empirical observations indicate that those
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iliskisinin veya (isi akis)-(sicakik basamagy) iliskisinin hangi
noktada dogrusal olmaktan cikidini bilmiyoruz.  Belirli
deneysel gbzlemler, dogru olarak kabul eftigimiz baz basit
liskilerin, zaman zaman  sivi- akislonni modellemede
basarsiz olduklanni gdstermektedir. Omegin, akisbilimsel
calsmalarda [15], gerinme  oraninin - yaklagik  olarak
molekuler frekans-dlgegini ki kat gectigi  durumda,

Newtfonian olmayan davianisin bagladig goriimastr.

7_31;221‘1 )
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lle verilen molekUler zaman olgcedi, m, molekUler kitle, o
ve e siraslyla karakteristik uzunluk ve enerji dlcekleridir. Su gibi
siradan sivilar icin, bu zaman dlcegi oldukga kicuktir ve
Newtonian olmayan davranigin baslangict icin egik kesme
orani  olaganustu  yUksekfir. Diger taraftan, yuksek-
molekUler-agrikii polimerler icin, ¢ ve €nin her ikisi
suyunkinden cok daha buydkiir ve dogrusal gerilme-
gerinme iliskisi gercekei kesme orani degerlerinde bozulur.
Gaz akislarnnda oldugu gibi, sivi akislarnda dlgulebilir
kaymanin olusmasi icin  esigin, dogrusal olmayan
geriime-gerinmenin ortaya ¢ikmast icin gerekli olandan
(6megin kanal yuksekligi agisindan) daha buyuk olmasi
beklenir. Sivinin kath bir tabaka Uzerinde yayldigi zaman
hareket eden temas cizgisi, Navier-Stokes cozimlerinde
fekil veya gercekei olmayan davranistan kaginmak igin,
kayma akisina izin veriimesi gereken bir &mektir16-19].
Kayma akisinin kalboul edilmesi gereken diger drnekler,
kdse akislan [20-21], ergimis polimerin kical tUplerden

ekstrizyonunu [22-24] icerir. Polimer ekstrizyonunda

08

simple relations that we take for granted occasionally
fail to accurately model liquid flows. Forexample, it has
been shown in rheological studies [15] that non-
Newtonian behavior coommences when the strain rafe

approximately exceeds twice the molecular frequency-

scale
. du _
7252211 (1)

where the moleculartime scale T is given by

ol
= (2)
€

where m is the molecular mass, and ¢ and & are
respectively the characteristic length and energy scales
forthe molecules. Forordinary liquids such as water, this
time scale is extremely small and the threshold shear
rate for the onset of non-Newtonian behavior is therefore
extraordinarily high. For high-molecular-weight
polymers, on the other hand, m and o are both many
orders of magnitude higher than their respective values
for water, and the linear stress-strain relation breaks
down at realistic values of the shearrate.

As is the case for gas flows, the threshold for the
occurrence of measurable slip in liquid flows is
expected 1o be higher (in terms of, say, channel height)
than that necessary for the occurrence of nonlinear
stress-strain relation.  The moving contact line when a
liquid spreads on a solid substrate is an example where
slip flow must be allowed to avoid singular or unrealistic
behavior in the Navier-Stokes solutions [16-19].  Other
examples where slip-flow must be admitted include
cormner flows [20,21] and extrusion of polymer melts from
capillary tubes [22-24]. Wall slip in polymer extrusion is

discussed extensively by Den [25]. The recent chapter
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cidarda kayma, Den [25] tarafindan detayll olarak
farfigiimigtir. Lauga, Brenner ve Stone [26] tarafindan
yakin tarihte yazilan bir bolum, polar ve polar olmayan
sivilar kadar Newtonyen ve Newtonyen-olmayan
akiskanlar icin, kaymama sinir sarti anlagilir bir sekilde
sunulmaktadir. Bu yazarlar, konunun 19. ylzyldaki
kdklerini izlemekte ve hem deneysel hem de analitik
acidan problemi arastirmaktadiriar.

Mikrocihazlardaki sivi akisi icin var olan deneysel
sonuglar birbirleriyle ¢elismektedir. Bu tip deneylerin
zorlugu ve mantiksal bir teorinin yoklugu gdz dnidnde
tutulursa bu durum sagirfict degildir. [27-30] referanslan
ilgili basill eserleri 6zetlemektedir. KUgUk-uzunluk-olcekli
akislar icin, verileri analiz etmek icin bir kavramsal
yaklasim, hesaplanan  bir  gérdndr viskozite, U,
fanimlamaktr, dyle ki eger bu viskozite geleneksel
kaymama Navier-Stokes denklemlerinde gergek akiskan
viskozitesi, W, yerine kullanilirsa, sonuglar deneysel
gdzlemlerle uyum igerisinde olabilecektir.  Israelachvili
[31] ve Gee ve digerler [32], fimin kaliniginin 10
molekuler tabakay! (= 5 nm) gegcmesi durumundakiince
film akislan i¢in u,=uw oldugunu bulmuslardrr. Daha ince

filmler icin u, molekdler tabaka sayisina baglidir ve

wden 10° kat daha baytk olabili. Chan ve Homn [33] un
sonuclar bir sekilde farkiidir: géranur viskozite 50 nm den
dahaince filmlericin, akiskanin viskozitesinden sapar.
Kilcal kanallardan akan polar-sivi akislarnda, Migun
ve Prokhorenko [34], 1 mikrondan daha kiguk captaki
tupler icin p, nin arthidini bildirmislerdir. Buna karsilik
Debye ve Cleland [35], ortalama gbézenek bUydklugu
molekdler uzunluk dlceginden birka¢ kat daha buyuk
olan gézenekli camdaki parafin akis igin - u,/nin - p'den
daha kiguk oldugunu bildirmektedirler. Derinlikleri 0.5 -

50 mikron araliginda degisen mikrokanallardaki
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by Lauga, Brenner and Stone [26] provides a
comprehensive freatment of the no-slip boundary
condition for Newtonian and non-Newtonian fluids as
well as for polar and non-polar liquids. These authors
frace the issue to its 19" century roots, and survey both
the experimental and analytical aspects of the
problem.

Existing experimental results of liquid flow in
microdevices are confradictory. This is not surprising
given the difficulty of such experiments and the lack of a
guiding rational theory. References [27-30] summarize
the relevant literature. For small-length-scale flows, a
phenomenological approach for analyzing the data is

to define an apparent viscosity u,calculated so that if it

were used in the traditional no-slip Navier-Stokes
equations instead of the actual fluid viscosity w, the
results would be in agreement with experimental
observations. Israelachvili[31]and Gee et al. [32] found

that u, = u forthin-film flows as long as the film thickness
exceeds 10 molecular layers (=5 nm). For thinner films,
u, depends on the number of molecular layers and can

be as much as 10°times larger than p. Chan and Horn's
results [33] are somewhat different: the apparent
viscosity deviates from the fluid viscosity for films thinner
than 50 nm.

In polar-liquid flows through capillaries, Migun and
Prokhorenko [34] report that u, increases for tubes
smaller than 1 micron in diameter. In contrast, Debye
and Cleland [35] report i, smaller than u for paraffin
flow in porous glass with average pore size several times
larger than the molecular length scale. Experimenting
with microchannels ranging in depths from 0.5 micron
to 60 microns, Pfahler et al. [27] found that u, is

consistently smaller than  for both liquid (isopropyl
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deneyler ile Pfahler ve digerleri [27], mikrokanallarda
hem sivi (isopropil alkol; silikon yagdi) ve hem de gaz (azot,
helyum) akislan igin u,nin p'den surekli olarak kaguk

oldugunu bulmuslardrr.  Sivilarda, goérinen  viskozite,
kanal derinligi azaldikga azalmaktadrr.  Kucuk kilcal
borularkullanan diger arastrmacilar,  p,'nin pile yaklasik

olarak ayni oldugunu bildirektedir [36-41].

Daha yakin zamanda, Sharp [42] ve Sharp ve
digerleri [43], mikrokanallarda sivi akisi distnulduginde
basill eserlerdeki tutarsizliklara ragmen, bu fip akislann
makrodlcek surekli ortam teorisi ile iyi bir sekilde tahmin
edildigini iddia etmiglerdir. Ancak, 7. B&IUmUn sonunda
da gérllecegi Uzere buna zit bir durum olusturulabilir ve
bu zitlik Gzerine son karar henuz alinmig degildir.

Yukardaki zit sonuclar, kavramsal modellerin ilk
prensip olanlaryla degistiriimeleri gerektigine isaret
eder. Sivilarin molekuler temelli teori eksikligi polimer
toplulugu ve akisbilimciler tarafindan yapilan genis
arastirmaya ragmen molekuler dinamik
benzetimlerini (MD), ilk- prensipler cephaneligine en
yakin silah olarak kargsimiza cikartmaktadir. MD
benzetimleri, aligilmis strekli ortam kabullerinin
gecerliligini kontrol etmeyi saglayan essiz bir yaklasim
sunmaktadir. Ancak, daha 6nce de belirtildigi gibi,
bu tip benzetimler asin kicUk akis mertebeleri ile
sinirhdir. Koplik ve Banavar [21], molekUler dinamik
benzetimlerin tarihi, prensipleri, uygulamalarn ve
sinirlar Uzerine yararl bir ilk okuma kitalbr sunmaktadir.
Takip eden bdélumde MD benzetimlerinin kisa bir

tartismasinisunmaktayiz.

6. Molekuler Dinamik Benzerimler

Molekuler modeller, akiskani sayisiz farkli
parcaciklann foplami olarak tanir: molekuller, atomilar,

iyonlar ve elektronlar. Burada hedef, butin zamanlarda

70

alcohoal; silicone oil) and gas (nitrogen; helium) flows in
microchannels.  For liquids, the apparent viscosity
decreases with decreasing channel depth. Other

researchers using small capillaries report that u,, is about

thesame asu[36-41].

More recently, Sharp [42] and Sharp et al. [43]
asserted that, despite the significant inconsistencies in
the literature regarding liquid flows in microchannels,
such flows are well predicted by macroscale continuum
theory. A case can be made to the contrary, however,
as will be seen at the end of Section 7, and the final
verdict on this controversy is yetto come.

The above contfradictory results point o the need
for replacing phenomenological models by first-
principles ones. The lack of molecular-based theory of
liquids-despite extensive research by the rheology and
polymer communities-leaves molecular dynamics
simulations (MD) as the nearest weapon to first-
principles arsenal. MD simulations offer a unique
approach to checking the validity of the traditional
continuum assumptions. However, as was pointed out
earlier, such simulations are limited to exceedingly
minute flow extent. Koplik and Banavar [21] offer a
useful primer on the history, principles, applications
and limitations of molecular dynamics simulations. We
provide in the following section a brief discussion of MD

simulations.

6. Molecular Dynamics SimulaTions

The molecular models recognize the fluid as a
myriad of discrete particles: molecules, atoms, ions and
electrons. The goal here is 10 determine the position,
velocity and state of all paricles at all times.  The

molecular approach is either deterministic or
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butun pargacikiann durumunu, hizlanni ve pozisyonlarini
hesaplamaktir. MolekUler yaklasim ya hesaplanabilir ya
da istatistikseldir (Sekil 2'ye basvurunuz), ve dnceki en
temel molekuler yaklagsimdir. Molekullerin hareketi, klasik
mekanik kanunlan ile yonetilir, problemi buyuk olcude
kargilastrma  pahasina da olsa, &6zel durumlarda
kuantum mekanigi kanunlanda dikkate alinabilir.
Modem molekuler dinamigi bilgisayar benzetimlerine
Alder and Wainwright [44-46] dnderlik etmis, ve Ciccotti
ve Hoover [47], Allen ve Tildesley [48], Haile [49], ve Koplik
ve Banavar [21] tarafindan gdzden gegirilmigtir.

MD benzetimi uzayin bir bolgesinde bir N molekullik
bir set ile baslar, her birine, sézkonusu sicakliktaki
Boltzmann dagiimina karsilik gelen rastgele hizlar atanrr.
PartikUller arasindaki etkilesim, tipik olarak iki - cismin
potansiyel enerjisi formunda tanimianir ve molekuler
pozisyonlann zamandaki degdisimi her bir molekdl igin
Newton'un hareket denkleminin integrasyonu ile
hesaplanr. MD, en temel denklem setine bagl
oldugundan, prensipte her akis blydkligu icin ve
parametrelerin  her araliginda gecerlidi,. Model
prensipte agiktir ancak iki engel vardir: belirli bir akis ve
kati  kombinasyonlan igin, uygun ve duzgun bir
potansiyel secmek ve kabul edilebilir bir akis alani
boyutu benzetimi icin, muazzam bilgisayar kaynakian
gerekir. Molekuler dinamik benzetimlerin énemli bir
avantajl, gerilme ile gerinme orani arasindaki bagintiile
1t akisi ve sicaklik basamagi arasindaki iliski ¢&zumun bir
pargasi olarak ortaya cikar.  Diger bir deyisle, akiskanin
Newtonyen/Newtonyen olmayan veya Fourier/Fourier
olmayan olup olmadigini varsaymamiz
gerekmemektedir. Ayni sekilde, kati cidardaki
momentum ve enerji kaymasinin varligifyoklugu da

¢6zUmUn bir kismi olarak ortaya cikar. Bu nedenle
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probabilistic (refer to Figure 2), and the formeris the most
fundamental of the molecular approaches. The
motion of the molecules are governed by the laws of
classical mechanics, although, ot the expense of
greatly complicating the problem, the laws of quantum
mechanics can also be considered in special
circumstances. The modern molecular dynamics
computer simulations have been pioneered by Alder
and Wainwright [44-46], and reviewed by Ciccofti and
Hoover [47], Allen and Tildesley [48], Haile [49], and
Koplik and Banavar[21].

The MD simulation begins with a set of N moleculesin
a region of space, each assigned a random velocity
corresponding to a Boltzmann distribution af the
temperature of interest.  The interaction between the
particles is prescribed typically in the form of a two-body
potential energy and the time evolution of the
molecular positions is determined by integrating
Newton's equations of motion, one for each molecule.
Because MD is based on the most basic set of
equations, it is valid in principle for any flow extent and
any range of parameters. The method is straightforward
in principle but there are two hurdles: choosing a proper
and convenient potential for particular fluid and solid
combinations, and the colossal computer resources
required to simulate a reasonable flowfield extent, A
significant advantage of molecular dynamics
simulations is that the relation between the stress and
rate of strain as well as between the heat flux and
temperature gradient comes out as part of the answer.
In other words, whether the fluid is Newtonian/non-
Newtonian or Fourier/non-Fourier does not have to be
assumed. Likewise, the presence/absence of

momentum or energy slip at a solid wall comes out as
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fermodinamik denge veya onun olmayisi konusu
tarismaya agiktir.

Titiz calisanlara gére bir potansiyel secme zorlugu
¢ok rahatsiz eden bir husustur. Uygun bir potansiyelin
tercih edilmesini saglayacak tamamiyla akilci bir
yontem bulunmamaktadir. Molekuler dinamik
benzetim usullinun bir par¢asi da uygun bir potansiyeli
secip, benzetim sonuclarni deneyler ya da diger
analitik/sayisal sonuclarla gecerli kilmaktir.  Potansiyeli
ve parametrelerini akilica secgerek, kisi esas olarak her
arzu edilen sonuca ulasabilir bu da MD yaklasiminin
aclkga gdrilen bir zayifigidir. ki molekil arasi yaygin
kullanilan potansiyel, bir sonraki bdlumumuuzde de
kullanacagimiz ve daha genis tarfisacagimiz,
genellenmis Lennard-Jones 6-12 potansiyelidir.

ikinci zorluk ve molekuler dinamik benzetimlerin en
6nemili sinMlamasi dijital bilgisayarda gercekgei olarak
modellenebilecek molekdl sayisi N'dir.  Belirli her
molekul icin, bir yéringe elemaninin hesaplanmasi,
potansiyel ¢carpisma partnerleri olarak diger bdfun
molekdullerin de hesaba katimasini gerektirdiginden,
MD yéntemi tarafindan istenilen hesaplama miktari,
N? 'ye orantilidir.  Bilgisayar zamanindan bir miktar
kazang, potansiyelin zayif noktalarni, diyelimki r, = 2.5
o'da keserek (Sekil 4'e bakiniz), ve akis kesiime
noktasinda gucun kolayca sifra gegisini saglayacak
sekilde potansiyeli dogrusal bir ferim olan r ile
degistirerek elde edilebilir. Sonug olarak, ancak yakin
molekuller carpisma partnerleri olarak dusunullr ve N
molekulleri icin hesaplama zamani artik N? ile
Olceklendirimez.

2000 yillarnn  baslannda, molekuler dinamik
benzetimlerinde basarian en Ust nokta, birkag saatlik

CPU zamani ile genel amagli stper bilgisayariar 100000
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part of the answer. The issue of thermodynamic
equilibrium or lack thereof is therefore moot.

For purists, the difficulty of choosing a potential is a
sticky one. There is no totally rational methodology by
which a convenient potential can be favored. Part of
the art of molecular dynamics simulations is to pick an
appropriate potential and validate the simulation results
with  experiments or other analytical/computational
results. By astutely choosing the potential and its
parameters, one can essentially obtain any desired
result; a clear weakness of the MD approach. A
commonly used potential between two molecules is
the generalized Lennard-Jones 6-12 potential, fo be
used in the following section and further discussed in the
section following that.

The second difficulty, and by far the most serious
limitation of molecular dynamics simulations, is the
number of molecules N that can realistically be
modeled on a digital computer. Since the computation
of an element of frajectory for any particular molecule
requires consideration of all other molecules as
potential collision partners, the amount of computation
required by the MD method is proportional fo N2, Some
saving in computer fime can be achieved by cutting off
the weak tail of the potential (see Figure 4) af, say, 1, =
2.5 o, and shifting the potential by a linear term in r so
that the force goes smoothly to zero at the cutoff. As a
result, only nearby molecules are freated as potential
collision partners, and the computation time for N
molecules no longer scales with N2,

The state of the art of molecular dynamics
simulations in the early 2000s is such that with a few
hours of CPU time, general-purpose supercomputers

can handle around 100,000 molecules. At enormous
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molekull ele alabilecek gibiydi. Yakin zamanda kat kat
daha fazla sayida molekulin ¢ézaldugu raporlansa da
cok masrafll bir sekilde, mumkun olan paralel makina 10
milyon partikdlt simule edebilmektedir (MIT'den Nicolas
G. Hadjiconstantinou; &zel gdérusme). Molekuler
Olceklerin asin kicUimesinden dolayl, 10 milyon sekil,
basit molekullerin strekli ortam hareketinin baslamasi
icin yeterli bir stre olan 0.001 ms civarnda zaman
araliklannda, yaklasik 0.06 um (600 Angstrom) dogrusal
boyutta sivi akis alanlarna  dénustardlar. - Titresim
modlarini, polimer molekullerinin tekrar oriyentasyonunu
ve koloidal partikdllerin carpismasini vb. iceren karmagik
molekul ara etkilesimleriicin 1 s'lik gercek zamani simule
etmek, ylzlerce yil olarak dlculen gergekgi olmayan
CPU zamanini gerekdirir.

MD benzetimleri, molekdl ara etkilesimlerinin sik

olmadigi seyreltik gazlar icin oldukga yetersizdir.

..... Pomakale

expense, the fastest parallel machine available can
simulate around 10 million particles, although more
recent reports of an order-of-magnitude higher
number of molecules have been made (MIT's Nicolas
G. Hadjiconstantinou; private communication).
Because of the exireme diminution of molecular
scales, the 10 million figure franslates into regions of
liquid flow of about 0.06 um (600 Angstroms) in linear
size, overfime intervals of around 0.001 ms, enough for
continuum behavior to set in for simple molecules. To
simulate 1 s of real time for complex molecular
interactions, e.g. including vibration modes,
reorientation of polymer molecules, collision of
colloidal particles, etc., requires unrealistic CPU time

measured in hundreds of years.
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Sekil 4. Tipik Lennard-Jones 6-12 potansiyeli ve ondan kaynaklanan molekdller arasi kuwet alani. Agik olmasi adina

potansiyel fonksiyonun sadece bir kismi gasterilmistir.

Figure 4. Typical Lennard-Jones 6-12 Potential and the intermolecular force field resulting from it. Only a small portion

of the potential function is shown for clarity.
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Benzetimler, doha ziyade yogun gaz ve swilar icin
uygundur. Acikcasl, molekller dinamik benzetimler,
sUrekli ortam yaklasimi veya istatistiksel yontemlerin ilk
prensiplerden o6nemli akiskan miktarlarinin
hesaplanmasinda yetersiz oldugu durumlar icin ayriliriar.
Oldukga klcuk bir cihazdaki sivi akisi icin kayma sinir
kosulu, bundan sonraki bélumde de ele alinacagdi gibi,

bu tip bir durumu érneklemektedir.

Tipik Bir MD Sonucu

Thompson ve Troian [50] kayma akig sinir sartinin
kesme oranina bagdliigini dicmek icin molekdler dinamik
benzetimler saglamiglardir.  1823'de [51], tanifilan

dogrusal Navier sinir sartini hatirlayiniz,

au
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w fluid wall 8 ay |W [3]
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Sekil 5. Couette akis geometrisinde dedisik araylzey
parametrelerindeki hiz profilleri. Ug: profilin tict de U= ¢ 1" ve
h=24.57 o icindir. Kesik ¢izgi kaymama Couefte akisi
¢cOzumud(dr. Referans [50]'den, izin alinarak gogalfilmigtir.
Figure 5. Velocity profiles in a Couette flow geometry at different
inferfacial parameters. All three profiles are For U= o t', and
h= 24.57 o. The dashed line is the no-slip couette-flow solution.
Reproduced with permission from reference [50].
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MD simulations are highly inefficient for dilute gases
where the molecular interactions are infrequent. The
simulations are more suited for dense gases and liquids.
Clearly, molecular dynamics simulations are reserved
for situations where the continuum approach or the
statistical methods are inadequate to compute from
first principles important flow quantities.  Slip boundary
condition for a liquid flow in an extremely small device is

such acase, as will be discussed in the following section.

A Typical MD Resulr

Thompson and Troion [50] provide molecular
dynamics simulations to quantify the slip-flow boundary
condition dependence on shear rate, Recall the linear

Navier boundary condition introducedin 1823, [51],

Au|, =ugu -V =L, — (3)

where L, is the constant slip length, and (du / dy) |, isthe
strain rate computed at the wall. The goal of Thompson
and Troian's simulations was 1o determine the degree of
slip at a solid-liquid interface as the interfacial parameters
and the shear rafe change.  In their simulations, a simple
liquid underwent planar shear in a Couette cell as shown

in Figure 5. The typical cell measured 12.51 x 7.22 x h, in

units of molecular length scale ¢, where the channel

depth h varied in the range of 16.716 - 24.5 6, and the

coresponding number of molecules simulated ranged
from1,152101,728. The liquid is freated as an isothermal
ensemble of spherical molecules. A shiffed Lennard-

Jones 6-12 potential is used to model intermolecular
interactions, with energy and length scales € and 6, and

cut-off distancer, =2.26:
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Burada L, sabit kayma uzunlugu ve (du / dy) |, cidardaki
gerinme oranidi. Thompson ve Troian benzetimlerinin
amaci, araylz parametreleri ve kesme orani degistiginde
katl-sivi araylzeyindeki kaymanin derecesini belilemekdti.
Benzetimlerinde, basit bir sivi, Sekil 5te gdsterildigi gibi,

Couette hucresinde duzlemsel kesmeye maruz kalmigtir,

Tipik bir hdcre, molekuler uzunluk AlgUsu o birminde 12.51
X 7.22 x h olarak dl¢ultr, burada kanal derinligi, h, 16.716

— 24.5 o aralgnda degisir ve kargl gelen benzetimi
yapillan molekdlerin sayisi 1,152 ile 1,728 arali@indadir.
Sivi, kuresel molekdllerin  izotermal bir grubu  olarak
dusunulmektedir.

Molekduller arasi etkilesimleri modellemek icin, eneriji

ve uzunluk dlculeri € ve o, ve r,=2.26 kiroma mesafesi

le degistirimis bir Lennard-Jones 6—12 potansiyeli

kullanilir,

S CROROREIE
9 (¢ (& (&}

r>r. icinkirpilmig potansiyel sifira indirgenir.

Sivi-kati etkilesimi de, enerji ve uzunluk dlguleri " ve
¢" krpra mesafesir, ile birlikte, kirpilmis Lennard-Jones
potansiyeli ile modellenir. Akiskanin denge durumu,
yodunluk sayisi n = 0.816° ve sicaklk T = 1.1 ¢ / k ile
karakterize edilen iyi tanimlanmis sivi fozidir, burada k
Boltzmann sabitidir.

Thompson ve Troian'in MD benzetimlerinden [50]
elde edilen sureklirejimdeki hiz profilleri degisik araytz
parametreleri, €, 6" ve n" igin Sekil 5'te gdsteriimistir,
€, 6 ve n akiskan parametrelerine karsilik gelen birimler
cinsinden gosterilen bu parametreler sirasiyla, sivi-
katlr eslesmesinin dayanimini, arayudzdn isil
pUrlzIGlaguna ve sivi-kat yogunluklannin ayni dlgekte

olabilirliklerini  karakterize eder. Makroskopik hiz
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The tfruncated potentialis setto zerofor r>r..

The fluid-solid inferaction is clso modeled with @
fruncated Lennard-Jones potential, with energy and length
scales £ and ¢, and cut-off disiance r.. The equilibrium
state of the fluid is a well-defined liquid phase characterized
by numiber density n = 0.81 o’ and femperature T=1.1¢/Kk,
where kiis the Boftzmann constant.

The steady state velocity profiles resulting from
Thompson and Troian's MD simulations [50] are
depicted in Figure 5 for different values of the interfacial
parameters £, 6" and n". Those parameters, shown in
units of the corresponding fluid parameters €, ¢ and n,
characterize, respectively, the strength of the liquid-solid
coupling, the thermal roughness of the interface and
the commensurability of wall and liquid densities. The
macroscopic velocity profiles recover the expected
flow behavior from continuum hydrodynamics with
boundary conditions involving varying degrees of slip.
Note that when slip exists, the shear rafe ¥ no longer
equals U/n. The degree of slip increases (i.e. the amount
of momentum transfer at the wall-fluid inferface
decreases) as the relative wall density n* increases or
the strength of the wall-fluid coupling o™ decreases; in
other words when the relative surface energy
corrugation of the wall decreases. Conversely, the
corrugation is maximized when the wall and fluid
densities are commmensurate and the strength of the
wall-fluid coupling is large. In this case, the liquid feels
the corrugations in the surface energy of the solid owing

to the atomic close-packing. Consequently, there is

/5



makale

profilleri, kaymanin degisen derecelerini iceren sinir
sartlar ile strekli ortam hidrodinamiginden beklenen
akis davranigini kargilar. Kayma oldugunda, kesme
orani ¥ nin artik U/h ye esit olmadigi not edilmelidir.
Bagil cidaryogunlugu n” artarken veya cidar-akiskan
eslesmesinin dayanimi 6" azalirken, diger bir deyisle
bagil ylzey enerji dalgalanmasi azaldiginda, kayma
derecesi artar (6rnegin, sivi-kati araylzunde
momentum transfer miktari azalir. Ters olarak, cidarve
akiskan yogunluklar es olcekli ve cidar-akiskan
eslesmesinin dayanimi buyUuk oldugunda
dalgalanma en buyuk hale gelir. Bu durumda sivi,
atomik yakin dizilisten dolayr katinin yuzey
enerjisindeki dalgalanmalar hisseder. Sonuc olarak,
verimli momentum transferi vardir ve kaymama sarti
kabul gérur ya da asin u¢ durumlarda 'yapisma' sinir
sarfidevreye girer.

Kayma uzunlugu L, ve viskozite wdeki degisimler,
kesme oraninin bir fonksiyonu olarak Sekil 6'nin (a) ve (b)
ksminda araydz parametrelerinin bes farkll sefi icin
gosterilmistir. Couette akigi icin, kayma uzunlugu Au | Y=
(U/Y-h)/2 fanimindan hesaplanir. Sekilde kayma uzuniugu,
viskozite ve kesme orani, uzunlukicin o, viskozite icin €1 ¢
ve zamanin fersi icin ' ile molekuler dlcekler kullonilarak
boyutsuzlastinlir.  Akiskanin - viskozitesi  butin kesme
oranlannda sabittir (Sekil 6b) ve bu Newtonyen davranisi
isaret etmektedir. Daha dénce de belirtildigi gioi, V> 2t 'icin
Newtonyen olmayan davranis beklenir ki bu Thompson ve
Troian'in benzetimlerinde kullanilan kesme oranlanndan
cok daha yUksekiir.

DusUk kesme oranlannda, kayma uzunlugu, Navier
modeliyle tutarliik gdsterir, 6megin kesme oranindan
bagmsizdrr. Secilen araylz parametreleri araligi icin,
limit degeri L, 0 dan ~ 17¢  ya degisir (Sekil6a).
Genelde kaymanin miktar, azalan yuzey enetiji

dalgalanmalan ile artar. En ilginci, yuksek kesme
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efficient momentum transfer and the no-slip condition
applies, orin extreme cases, a'stick' boundary condition
takes hold.

Variations of the slip length L, and viscosity u as
functions of shearrate  are shown in parts (a) and (b) of
Figure 6, for five different sets of inferfacial parameters.
For Couette flow, the slip length is computed from its
definition, Au| wl 1= (U/Y-h)/2. The slip length , viscosity
and shear rate are normdalized in the figure using the
respective molecular scales forlength o, viscosity et 67,
and inverse time t'. The viscosity of the fluid is constant
over the entire range of shear rates (Figure 6b),
indicating Newtonian behavior. As indicated earlier,

non-Newtonian behavior is expected fory > 27", well

above the shear rates used in Thompson and Troian's

simulations.
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Sekil 6. Kesme oraninin fonksiyonu olarak kayma uzunlugunun
ve viskozitenin degisimi. Referans [50]den, izin alinarak
cogaltilmigtr.

Figure 6. Variation of slip length and viscosify as functions of
shear rate. Reproduced with permission from reference [50].
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oranlannda Navier kosulunun; kayma uzunlugu, ¥ ile
hizica arthiginda bozulmasidi. Kayma  uzunlugun
aynlmasi icin kritik kesme orani dederi Y., yizey enerji
dalgasinin azalmasliyla birlikte azalir. Sasirtici bir sekilde,
sivi hala Newtonyen oldugu halde, sinir sarti dogrusal
degildir. Seyrelfik gazlar icin,dogrusal gerilme gerinme
iliskileri ile birlikte, dogrusal kayma sarti ve Navier-Stokes
denklemlerinin her ikisi de Knudsen sayisinda ayni
yaklasim duzeyinde gecerlidir. Baska bir deyisle,
dogrusalliktan sapmanin, Kn = 0.1'le ayni degerde
gerceklesmesi beklenir. Buna karsilik sivilarda, kayma
uzunlugunun dogrusal olmayan hale geldigi ve
dogrusal geriime gerinme iliskisinin bozuldugu kesme
oranindan ¢ok daha dusuk olan kritik bir kesme
oraninda raksadidi goriimektedir. Ustelik sinir sartinin
dogrusalliktan sapmasi kademeli degildir daha cok ani
ve eftkilidir. Kesme kuvvetinin kritik degeri Y., katinin siviya
artik momentum veremedigi noktayr gosterir. Bu ise,
farkli malzemeler karsisinda kesilen ayni sivi
molekullerinin degisen miktarda kayma gosterecekleri
anlamina gelir.

Yukandaki sonucglara dayanarak, Thompson ve
Troian [50] bir kati-sivi araytzinde, evrensel bir sinir sarti
onermislerdir. Kayma uzunlugunu, L., kendi asimtotik sinir
degeri L ile ve kesme oranini, ¥, kendii kiitik degeri 1. ile
Olceklendirmek, Sekil 7'de gorlldugu Uzere veriyi tek bir
egride toplar. Veri noktalan asagidaki ifade ile iyi bir
sekilde tanimlanrr.

1
L, =L‘;[l—7} 2 (5)

c

Kritik kesme oranina yakin dogrusal olmayan davranis,
sinir sarfinin - cidardan  makroskopik mesafelerde akis
davranigina énemli derecede etki edebilecegini ileri

surmektedir. Polimerlerle yapilan deneyler bu gozlemi
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At low shear rates, the slip length behavior is
consistent with the Navier model, i.e. isindependent of
the shear rate. Its limiting value L’ ranges from 0 o ~
170 for the range of interfacial parameters chosen
(Figure 60). In general, the amount of slip increases
with decreasing surface energy corrugation. Most
interestingly, af high shear rates the Navier condition
breaks down as the slip length increases rapidly with .
The critical shear-rate value for the slip length to
diverge,¥., decreases as the surface energy
corrugation decreases. Surprisingly, the boundary
condition is nonlinear even though the liquid is still
Newtonian. In dilute gases, the linear slip condition
and the Navier-Stokes equations, with their linear stress-
strain relation, are both valid to the same order of
approximation in Knudsen number. In other words,
deviation from linearity is expected to take place atthe
same value of Kn=0.1. In liquids, in contrast, the slip
length appears to become nonlinear and to diverge at
a critical value of shear rate well below the shearrate at
which the linear stress-strain relation fails. Moreover, the
boundary condition deviation from linearity is not
gradual but is rather catastrophic. The critical value of
shear rate . signals the point at which the solid can no
longerimpart momentum to the liquid. This means that
the same liguid molecules sheared against different
substrates will experience varying amounts of slip and
vice versa.

Based on the above results, Thompson and Troian
[50] suggest a universal boundary condition at a solid-
liquid interface. Scaling the slip length L, by ifs
asymptotic limiting value L and the shear rate ¥ by its
critical value Y. , collapses the data in the single curve
shown in Figure 7. The data points are well described by
the relation

1

.12

L, = L‘;|:l—.y:| (5)
¥,

/7



makale

dogrulamaktadir [52]. Kayma uzunlugundaki hizli
degisim, 1. 'in cevresindeki akislar icin, yizey Uzerindeki
kicUk degisimlerin  gérinen sinir sarfinda  buyUk
dalgalanmalara sebep olabilecegini orfaya  koyar.
Thompson ve Troian [50] Navier kayma sartinin, aslinda,
dogrusal olmayan ve iraksak olan daha genellenmis bir
evrensel lliskiden baska bir sey olmadigi sonucuna
varmiglardir. Onlann iligkisi, yUksek gerinme oranina sahip
bolgelere yaklasirken degisik derecelerde kaymaya izin
verdiginden, yayilan temas c¢izgisinde ve kdse
akislarinda gerilme tekilligini azaltmak icin bir

mekanizma saglar.
Yukandaki sonuclan fiziksel terimler cinsinden ifade
etmek icin, T=288 K sicakligindaki suyu ele alalim. O

halde Lennard-Jones potfansiyelindeki enerji  dlcedi
€=3.62x107Jdir. Suicin M=2.99x10* kg, 6=2.89x10™"
m ve standart sicaklikia n=3.35 x 10°° molekdl /m® dir.

Bdylece molekiler zaman dlcedi asagidaki - sekilde

hesaplanabilir,

t=[mo?/e |*=831x10"s )

Sekil 7'de gdsterilen GcUncu durum icin (bos kareler),
y.1=0.1ve kayma sartinin iraksadigr kritik kesme orani
boylece §,=1.2x10"s" olur. Boylesine buylk bir
gerinme orani”’, oldukga yuksek hiziara sahip ¢ok kicuk
kanallarda bulunakbil. Ote yandan, 176 'lik dlgulebilir bir
kayma (Sekil 6'daici dolu daireler) elde etme kosullar ile

mikrokanallarda karsilasiimasi zor degildir: sivininkinden

The nonlinear behavior close to a critical shear rate
suggests that the boundary condition can significantly
affect flow behavior at macroscopic distances from the
wall. Experiments with polymers confirm this observation
[62]. The rapid change in the slip length suggests that
for flows in the vicinity of Y., small changes in surface
properties can lead to large fluctuations in the apparent
boundary condition. Thompson and Troian [50]
conclude that the Navier slip condition is but the low-
shearrafe limit of a more generalized universal
relationship that is nonlinear and divergent. Their relation
provides a mechanism for relieving the stress singularity
in spreading contact lines and corner flows, as it
naturally allows for varying degrees of slip on approach
fo regions of higher rate of strain.

To place the above results in physical terms, consider

water at a temperature of T=288 K. The energy scale in
the Lennard-Jones potential is then €=3.62x10% J. For

water, m=2.99x10% kg, 6=2.89x10"°m, and at standard

temperature n=3.35x 10% molecules/m’. The molecular

fime scale can thus be computed,

t=[mo?/e |7 =831x10"s (6)

For the third case depicted in Figure 7 (the open
squares), 7,1=0.1 , and the critical shear rate at which
the slip condition diverges is thus 7, =1.2x10" s Such
an enormous ratfe of strain™ may be found in extremely
small devices having extremely high speeds. On the

otherhand, the conditions to achieve a measurable slip

Su molekdlleri yonld, kisa mesafe kovalent baglar olusturan kompleks molekullerdir; bu nedenle molekuler etkilesimi tanimiamak icin Lennara-
Jones 'dan daha karmasik bir potansiyeli gerektirmektedir. Ancak, burada tanimianan nitel érnek igin L-J potansiyelini kullanan Thompson ve

Troian'in [50] hesaba dayali sonuglarin kullaniyoruz.

Water molecules are complex ones, forming directional, short-range covalent bonds; thus requiring a more complex potential than the Lennara-
Jones to describe the infermolecular interactions. For the purpose of the qualitative example described here, however, we use the computational

results of Thompson and Troian [50] who employed the L-J potential.

Bununla beraber, yliksek molekdler agirigina sahip polimerler icin Y. in, burada su icin geistirilen degerden bircok bly(ikicik sirasi daha kiguk

olabilecegini hatirlayiniz.

Note however that ¥, for high-molecular-weight polymers would be many orders of magnitude smaller than the value developed here for water.
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Sekil 7. Kesme oraninin fonksiyonu olarak kayma uzunlugunun
evrensel iliskisi. Referans [50]'den, izin alinarak cogalfilmigtir.
Figure 7. Universal relation of slip length as a function of shear
rate. Reproducedwith permission from reference [50].

dort kat daha buyUk kat yogunlugu ve kati-sivi etkilesimi
icin sivininkinin beste biri enerji lcegi.

Kayma uzunlugunun sinirlayici degeri, kesme
oranindan bagimesizdir ve suiicin L =176=4.91x10° mM
olarak hesaplanabili. 100 um saft capina, 20000 oM
donUs hizna sahip minimum ackigl h=1 um olan bir
mikroyatak ele alalim. Bu durumda U = 0.1 m/s ve
kaymama kesme orani U/h = 10° s "'dlir. Heniiz hesaplanan
limit degerde kayma olustugu zaman, kesme orani ve

cidar kayma hizi asagidaki sekilde hesaplanr.

U

=———=990x10"s" (7)
h+2L

¥
Au|, =fL,=4.87x10"*m/s ®)

Navier kaymanin bir sonucu olarak, kesme orani
kaymama degerinden %1 oraninda azaltilr ve cidarda
kayma hizi Unun yaklasik %0.5'i kadardr, kigukttr fakat

Onemsiz degildir.

8. Karma Yontemler

Hem sivive hem de gaz akislar icin, yeterli derecede

kicuk cihaz dlceginde, surekli orfam ve sanki denge
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of 17c (the solid circles in Figure 6) are not difficult to
encounter in microdevices: density of solid four times
that of liquid, and energy scale for wall-fluid interaction
that is one fifth of energy scale for liquid.

The limiting value of slip length is independent of the
shear rate and can be computed for water
as L'=176=491x10" m. Consider a water
microbearing having a shaft diameter of 100 um and
rotation rate of 20,000 rom and a minimum gap of h=1
um. Inthis case, U=0.1 m/s and the no-slip shear rate is
U/h = 10°s". When slip occurs at the limiting value just
computed, the shear rate and the wall slip-velocity are

computed as follows

y=—9 _—990x10's" )
h+2L
Aul, =L, =4.87x10"m/s (8)

As aresult of the Navier slip, the shear rate is reduced
by 1% from its no-slip value, and the slip velocity af the

wallis about 0.5% of U, small but not insignificant.

8. Hybrid Methods

At sufficiently small device scale for both liquid and
gas flows, the continuum and the quasi-equilibrium
hypotheses eventually fail or at least yield increasingly
inaccurate results. This is frue even for simple fluids such
as air or water where non-equilibrium effects, e.g.
velocity slip, temperature jump, non-Newtonian and
non-Fourier behavior, are not ordinarily observed in
macrodevices operating near room pressure and
temperature. Because of widely different molecular
spacings, the scale at which the fraditional assumptions
should no longer be made clearly differs for dilute gases

and fordense gases and liquids.
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hipotezleri sonunda basarsiz olur veya en azindan
cogunlukla yanlis sonuclar verir. Bu ise, oda basincinda
ve sicakliginda calisan makrocihaziarda siradan  bir
sekilde; hiz kaymasi, sicaklik sigramasi, Newtonyen ve
Fourier olmayan davranis gibi dengesizlik etkilerinin
gozlenmedigi hava ve su gibi basit akiskanlar icin bile
dogrudur. Cok degisik molekuler araliklardan dolay, arfik
Uzerinde geleneksel kabullerin  yapilmamasi gereken
olcek cok acik bir sekilde seyreltik gazlar ile yogun gazlar
ve sivilarigin farkiidir.

Mikro/nano dlgeklerde guvenilir deneysel veri elde
etmenin zorlugunu g6z onunde bulundurarak,
kaymama Navier-Stokes denklemlerinin, bu kabullerin,
ele alnan akigin dogru bir sekilde modellemesini
saglamada basansiz oldugu dlcegdi belilemek icin,
kullanlmamasi gerekir, cunku bu acikga kisir déngudur.
Seyreltik gazlann kinetik teorisi guglu cevaplar
saglamaktadir ve bu bize ik prensiplerden, kaymama
kabulinun, dogrusal gerilme-gerinme iliskisinin ve strekli
orfam hipotezinin artk gecerli olmadigr  dlcekleri
belilememize olanak tanir. Bu U¢ kabdlin, kigulen
cihaz boyutlannda basarsiz olduklan gibi, yoguniuk
azaldiginda ve yukseklik arthginda basansiz olduklarn da
dikkate alinmalidir. Ote yandan, yodun gazlar ve sivilar
icin, ilk olarak Navier-Stokes sistemin kullanilabilir olup
olmadigi sorusunu yanitlamak, ikinci olarak ise daha
dogru bir alternatif sunabilmek igin kinetik teori gibi acik
bir strateji bulunmamaktadir.

Molekuler dinamik bir benzetim, problem icin bir ilk
prensip ¢6zumu sunar; fakat gergek olmayacak
derecede kucUk yer ve zaman Olcekleri ile siniridir.
Ormnegin, sabit O-H baglan ve H-O-H agilan ile saf suyun
benzetimi icin gerekli olan zaman adimi, fekrar
¢Ozulmesiicin gereken frekans tarafindan yazdinlir ve 2 fs

mertebesindedir. Gergcek zamanin sadece 1 us sini

80

Noting the difficulty of obtaining reliable
experimental data af the micro/nano scales, the no-slip
Navier-Stokes equations themselves should not be used
to determine the scale at which those assumptions fail
to provide accurate modeling of the flow under
consideration, as that is clearly a circular argument. The
kinetic theory of dilute gases provides powerful answers,
and enables us to determine from first principles the
scales at which the no-slip assumption, the linear stress-
rate of strain relation, and the continuum hypothesis are
no longer valid. Note that those three assumptions fail
at progressively smaller device size, much the same as
they do fail at progressively lower density or higher
alfitude. For dense gases and liquids, on the other
hand, no such straightforward strategy as the kinetic
theory exists, first to answer the question of whether or not
the Navier-Stokes system is usable, and second to
provide a more accurate alternative.

A molecular dynamics simulation offers a first-
principles solution to the problem, but is limited to
unrealistically small spatial and temporal scales. For
example, the time step needed to simulate pure water
with fixed O-H bonds and H-O-H angles is dictated by
the fastest frequency needed to be resolved and is of
the order of 2 fs. To simulate a mere 1 us of real time, a
whopping 500 million time steps are needed, requiring
well above one year of CPU fime. The physical
phenomena investigated in a typical microdevice
occur over a broad range of spatial and temporal
scales. One way out of this conundrum is fo use a hybrid
method, where the expensive, high-resolution atomistic
model is confined fo flow regions in which it is needed,

e.g. near strong flow gradients and fluid-solid inferfaces,
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simUle etmek icin 500 milyon zaman adimina ihtiyag
vardirve bu da 1 yilin cok Uzerinde CPU zamani gerektirir.
Tipik bir mikrocihazda arastinian fiziksel olaylar, genis bir
uzaysal ve zamansal olgekler araliginda olusur. Bu
sagirfict ve zor problemden bir cikis yolu, pahall ve
yuksek-¢ozanurltkld - atomistik  modelin  kullaniminin
gerekli bolgelerle, dmegin buyudk akis basamaklannin
yakininda ve sivi-kafi araydzinde, sinilandinldigi ve geri
kalan hesaplama alaninda da surekli ortam modelinin
kulloanildigi karma modeli kullanmaktir. Bu fip karma
yontemler, prensipte, katilarda [53-55], seyreltik
gazlarda [56-64], ve sivilarda [65-7 1] kullanilabilir. Ancak,
bUtin durumlarda zor olan, dogru eslestirme metodunu
secmek ve atomistik ve surekli ortam bdlgeleri
arasindaki araydzt dogru bir sekilde eslestirmekdir.
Eslestirme, arastinian belirli bir akis probleminin fizigine
bagl olarak yapilir (sdrekli ortam akigi, sikistiniabilir veya
sikistinlamaz, strekli veya gecici rejimde olsa bile) ve
asagl yukan ¢dzdlmus bir problem olarak ele alinir
[69,70]. Diger taraftan, surekli orfamdan molekuler
altalana bilgi aktanmi, yogun gazlar ve sivilar icin henuz
tatmin edici bir c6zume sahip olmayan cok daha zor bir
problemdir. Bu, yoQun gazlar (veya sivilar) icin etkilesen
molekuler durumu surekli ortam bilgisinden, belirsizlik
olmadan tanimlama ve yeniden yaratmadaki
yetersizligimizden kaynaklanmaktadir ki bu da
dengesizlik dagiim 6zelliginin aslinda ilk birkac anidir
(Nicolas G. Hadjiconstantinou; &zel iletisim).

Seyreltik gazlar igin, tfercih edilen atomistik
hesaplama, Monte Carlo dogrudan benzetimi (DSMC)
adiyla bilinen Boltzmann denklem benzetim aracidir
[69]. Baker ve Hadjiconstantinou [72], sadece
termodinamik dengeden sapmanin ele alinmasiyla,
bilgisayar zamanindan &6nemli bir kazang
saglanabilecegini iddia etmektedirler. Bu ise &zellikle,

Bolizmann carpisma integralini hesapladigi igin
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and the continuum model is used in the rest of the
computational domain.  Such hybrid methods can in
principle be used in solids [53-55], dilute gases [56-64],
and liquids [65-71]. In all cases, however, the challenge
is fo choose the correct coupling method and to
properly match the interface between the atomistic
and continuum regions. Coupling is done based on the
physics of the particular flow problem investigated
(whether the continuum flow is compressible or
incompressible; steady or unsteady), and is considered
more or less a solved problem [69,70]. On the other
hand, passing information from the continuum to the
molecular subdomain is a more subtle problem that at
present has no satisfactory solution for dense gases and
liquids. This is caused by our inability to unambiguously
define and recreate the interacting molecular state for
a dense gas (or a liquid) from knowledge of the
continuum solution, which is essentially the first few
moments of the non-equilibrium distribution function
(Nicolas G. Hadjiconstantinou; private communication).

For dilute gases, the atomistic calculation of
choice is the Boltzmmann equation simulation tool
known as the direct simulation Monte Carlo (DSMC)
[69]. Baker and Hadjiconstantinou [72] assert that
considerable saving in computational time can be
achieved by considering only the deviation from
thermodynamic equilibrium. This is particularly
important in the low Mach number limit where DSMC is
slow to converge as it computes the Boltzmann
collision infegral. In this Mach number limit, important
for typical MEMS flows, the deviation from equilibrium is
modest and quicker convergence of the statistical

sampling of macroscopic observables such as flow
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DMSC'nin yakinsamada yavagladigr dusuk Mach sayisi
limitinde dnemilidir. Tipik MEMS akislan igin dnemli olan
bu Mach sayisi limitinde dengeden sapma makul bir
orandadir ve akis hizi gibi makroskopik gozlenebilirlerin
istatistiksel numunelerinin hizll yakinsamasi, Baker ve
Hadjiconstantinou'nu varyans indirgeme teknigi ile elde
edilir.

Surekli ortam-DSMC  karma metotlan, yalnizca
atomik hesaplamanin engelleyici maliyeti olmaksizin,
mikrodlgeklerde karmasik olaylann benzetimine izin verir.
iki hesaplamasal rejim, uzayin her ikisininde gecerli
oldugu kabul edilen bir bdlgesi Uzerinde eslestirilir.
Sikistinlabilir akiglar igin, strekli ortam ve atomistik zaman
adimlarn kiyaslanabilir ve acik zaman integrasyonu bir
sonlu-hacim tipi eslestime teknigi ile uygulanabilirdir.
Wijesinghe ve digerleri [70] tarafindan &nerilen
uyarlanabilir ag ve algoritma iyilestirme (AMAR) semast,
atomistik bir akiskan temisilinin bir sdrekli ofam modeline
eslestiriimesi icin aki temelli saglam  bir yontem
sunmaktadir. Algoritma, iyilestirmenin en iyi seviyesinde
molekdler tanimlamayr getirerek, uyarlanabilir ag
iyilestirmesini  genigletir. Bu ise, acik infegrasyon
molekUler zaman adiminda engelleyici oldugundan;
sikistinlamaz, seyreltik goz akislarn igin genellikle mumkin
deqildir. Schwarz alternatif metodu olarak bilinen, bir
alan aynstirmasi yaklasimina dayall ortult bir metof,
Wijesinghe ve Hadjiconstantinou [69] tarafindan
basaryla g&steriimigstir. Bu birlestirme metodu,
eslestirmeyi saglamak i¢cin akilar yerine durum
degiskenlerini kullanir ve degismez surekli orfam
hesaplamalannda, ¢ok kiiguk atomistik zaman ve cok
daha buyuk Courant-Fredrich-Lewy (CFL) kararlilik
zaman adimi arasinda, zaman olcegdi eslestirimesinin
bozulmasini saglar. Surekli duruma yakinsama, sdrekli
ortam ve atomistik altalanlann strekli durum ¢ozimleri

arasindaki iterasyon vasitaslyla gergeklesir. MolekUler
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velocity is achieved by Baker and Hadjiconstantinou's
variance reduction technigue.

Continuum-DSMC  hybrid methods allows the
simulation of complex phenomena at the microscale
without the prohibitive cost of a purely atomistic
calculafion. The two computational regimes are
matched over a region of space where both are
assumed to be vald. For compressible flows, the
continuum and aftomistic time steps are comparable,
and explicit fime infegration with a finite-volume-type
coupling technigque is feasible. The adaptive mesh and
algorithm  refinement (AMAR) scheme proposed by
Wijesinghe et al. [70] provides a robust flux-based
method for coupling an atomistic fluid representation fo
a continuum model. The algorithm extends adaptive
mesh refinement by introducing the molecular
description at the finest level of refinement.  This is not
possible generally for incompressible, dilute gas flows, as
explicit integration at the molecular time step becomes
prohibitive.  An implicit method, based on a domain
decomposition approach known as the Schwarz
alternating method, has been successfully
demonstrated by Wijesinghe and Hadjiconstantinou [69].
This coupling method uses state variables instead of
fluxes to achieve the matching, and provides time-scale
decoupling between the very small atomistic time and
the much larger Courant-Friedrich-Lewy (CFL) stability
time step in the stiff continuum calculations.
Convergence to the global problem steady state is
reached via iteration between the steady state solutions
of the continuum and atomistic subdomains. Imposition
of the boundary conditions on the molecular simulations

is accomplished by extending the molecular subdomain
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benzetimlerde sinir sartlannin uygulanmasi;molekuler
altalanin, surekli orfam altalaninda Navie-Stokes akis
alani tarafindan parametrik hale getirlen Chapman-
Enskog dagiiminin kullaniimasi ile Uretilen molekullerin
oldugu, bir depo bdlgesine dogru genisletimesi ile
yapillir.

Yogun gazlar ve sivilar icin, Navier-Stokes denklemleri
akis yigininda ayriklastinlirken, molekuler dinamik
benzetimler sabit veya hareketli duvarlann ¢ok yakininda
kullanilir [70]. Daha énceden de bahsedildigi Uzere,
bdyle karma benzetimlerde gdze carpan zorluk, bilginin
sUrekli ortamdan molekuler altalana  aktanimasidr.
Basitce biz, surekli orfam ¢b6zUm  bilgisinden, sivinin
etkilesen molekiler durumunu fekrar olusturmayr ve
pelirsizlik olmadan tanmlamayr yapamiyoruz. Bu
durumda, sezgisel yaklasimiar elbette ki ilk-prensip
stratejilerinin yerini almaktadir. Cok kisa zaman énce,
Werder ve digerleri [71] N-S denklemlerinin, bir sonlu
hacim ayrklastinimasinin - bir MD benzetimi ile
birlestiriimesini dnermistir. Bu iki ifade, Shwartz altematif
yontemi kullanilarak bir alan ayirma formulasyonunda
birlestiriimistir. Yontem akilarin dogrudan
uygulanmasindan  kacinir fakat ortusme  bodlgesinde
garanti eder. Periyodik olmayan hiz sinir sartlan, surekli
orfamdan atomistik alana;verimli bir sinir potansiyeline,
futarll gdvde kuvvetlerine, parcacik ekleme
algoritmasina ve ayna gibi  duvarlara  dayanarak
uygulanmugtir. Bu strateji iteratif olarak atomistik ve surekli
orfam alanlannda  tfutarl  sonucglar  bulmaktadrr.  Bir
ortisme bdlgesi, durum (Dirichlet) sinir sarflan formunda
iki altalon arasindaki bilgi  alisverisini sezgisel olarak
kolaylastinr. Basarill Schwarz iterasyonlarnnda yakinsama;
strekli orfam ve atomistik altalanlardaki ¢dzimlerle,
orttisme bdlgesindekiler ayni oldugunda saglanir. Werder

ve digerlerinin [71] ilging teknigi, karbon nanotipinin
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through the arifice of a reservoir region in which
molecules are generated using a Chapman-Enskog
distribution that is parametrized by the Navier-Stokes flow
field in the continuum subdomain.

For dense gases and liquids, molecular dynamics
simulations are used in the very near proximity of rigid or
compliant walls, while the Navier-Stokes equations are
discretized in the bulk of the flow [70]. As mentioned
earlier, the outstanding difficulty in such hybrid simulation
is passing the information from the continuum to the
molecular subdomain.  We are simply unable fo
unambiguously define and recreate the liquid inferacting
molecular state from knowledge of the continuum
solufion. In that case, heuristic approaches inevitably
replace first-principles strategies. Very recently, Werder et
al. [71] proposed an MD simulation coupled to a finite
volume discretization of the N-S equations. The two
descriptions were combined in a domain decomposition
formulation using the Schwarz alfernating method. The
method avoids direct imposition of fluxes but ensures flux
continuity by matching the transport coefficients in the
overlap region. Non-periodic velocity boundary
conditions were imposed from the contfinuum to the
afomistic domain based on an effective boundary
potential, consistent body forces, particle insertion
algorithm and specular walls. The strategy iteratively finds
a consistent solution in the atomistic and continuum
domains. An overlap region heuristically facilitates
information exchange between the two subdomains in
the form of state (Dirichlet) boundary conditions.
Convergence is reached in successive Schwarz iterations
when the solutions in the continuum and atomistic
subdomains become identical in the overlap region.

Werder et al.'s [71] novel tfechnique was applied to the

flow of liquid argon around a carbon nanotube and the
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cevresindeki sivi argon akisina uygulanmig ve ortaya
clkan akis alaninin tamamen atomistik olan bir referans

¢6zUmuyle uyusmakta oldugu gériimustur.,

9. Yizey Olaylari

1 m karakteristik uzunluga sahip bir makine icin
ylzey-hacim orani 1 m " iken, Tum ebadinda bir MEMS
aygitinda bu oran 10° m'dir. Kiclk cihazin kitlesine
gore yuzey alanindaki milyon katlik artig, ylzey boyunca
kitle, momentum ve enerji aktanmina énemli dlctde
etki eder. YUzey etkilerinin ¢ok kiicuk cihazlarda baskin
oldugu agiktir. MEMS akislarndaki yUzey sinir sarflanndan
yukanda bahsediimistir ve [26] ve [73] numaral
referanslarda atif yapilan genig literatrde tarfigiimigtir.
Mikrocihazlarda, sivi-kati araytzinde dlculebilir kayma-
hizi ve sicaklik sicramasinin mUmkin  olabilecedi
gbsterilmisti,.  MakromolekUllu  polimerler gibi  sivilar
minikanallarda bile kayabililer (mm  dlgek) [25]. Bu
bdlumde, MEMS'lere &zgu buyUk yUzey/hacim oraninin
diger alt kollanni gosteriyoruz ve ylzey kuvvetlerine
molekdler bir bakis agisi sagliyoruz.

Mikrocihazlarda, hem 1sinim hem de tasinm isi
kaybi/kazanci ¢ok buydk yuzey/hacim orani ile artirlir.

Karakteristik uzunlugu L, olan bir cihoz dusunelim.

Tasinm s fransfer oranini hesaplamak icin orfalanmig
kapasitans metodunu kullanmak, &rmegin eger Biot

sayisi (= h L,/ k,; h, akiskanin isi fransfer katsayisini ve .,
katinin termal iletkenligini temsil etmektedir) 0.1'den
kGgukise uygundur. KUcUk L, kU¢cUk Biot sayisini ve katida
neredeyse duzgun dagiimis bir sicaklik dagilimini ifade
eder. Bu yaklasim icerisinde, cevredeki akiskana olan isi
kaybi

9

seklinde verili, burada, p, ve c, srasiyla katinin

resulting flow field was found to agree with a fully atomistic

reference solution.

9. Surface Phenomena

The surface-to-volume ratfio for a machine with a
characteristic length of 1T m is 1 m", while that for a
MEMS device having a size of 1T umis 10°m”. The
million-fold increase in surface area relative to the mass
of the minute device substantially affects the transport
of mass, momentum and energy through the surface.
Obviously surface effects dominate in small devices.
The surface boundary conditions in MEMS flows have
been discussed above and in the extensive literature
cited in References [26] and [73]. In microdevices, it
has been shown that it is possible to have measurable
slip-velocity and temperature jump at a solid-fluid
interface. Liquids such as macromolecule polymers
would slip even in minichannels (mm scale) [25]. In this
section, we illustrate other ramifications of the large
surface-to-volume ratio unigue to MEMS, and provide a
molecular viewpoint to surface forces.

In microdevices, both radiafive and convective
heat loss/gain are enhanced by the huge surface-to-
volume ratio. Consider a device having a characteristic
length L,. Use of the lumped capacitance method to
compute the rate of convective heat transfer, for
example, is justified if the Biot number (=h L,/ x,, where h
is the convective heat fransfer coefficient of the fluid,
and k,is the thermal conductivity of the solid) is less than
0.1. Small L, implies small Biot number, and a nearly
uniform temperature within the solid.  Within this
approximation, the rate at which heat is lost to the
surrounding fluid is given by

dT
p.Lic, D ~hLi(T,-T.) 9)
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yogunlugu ve &zgul isisidir ve T, katinin (dUzgin dagiimis)
sicakligi, T. cevredeki akiskanin sicakigidir. Yukandaki
denklemin ¢6zUmu anlamsizdir ve sicak bir ylzeyin

sicaklig, birT baslangig sicakigindan Ustel olarak azair.

LO-L GXP[— t] (10)
T-T. T

buradazaman sabiti T asagidaki gibi verilir:

T:—pLIszS an
s

KUcuk cihazlar icin, katinin sogumasi icin gereken
zaman nispeten kagukitr, Aglk olarak, ylzey-hacim
oranindaki milyon katlik artig, 1si kaybinda orantil bir artis
anlamina gelmektedir. Benzer dlcekleme tarfismalan
kUtle transferiicin de yapilabilir.

KUculen dlcegin diger bir etkisi, ylzey kuvvetlerinin
6neminin artmasi ve gévde kuvvetlerinin dneminin
azalmasidir. Biyolojik calismalara dayanarak, Went
[74] sinir uzunluk &lceginin yaklasik T mm oldugu
sonucuna varmigtir. Bunun altinda, yuzey kuvvetleri,
yercekimi kuvvetlerinden daha baskindir,. 10 mm
kalinhginda bir kagit duzgun bir yuzeye
yerlestirildiginde dusecektir, 0.1 mm kalinhgindaki bir
kagit ise yapisir. Deneyin! MEMS uygulamalarinda
yapisma ¢ok buyudk bir problemdir. Uzun, ince
polislikon kirigsler ve genis, ince disli strlculer gibi bazi
yapilar, kendi alt malzemelerine yapisma gibi bir
eqilimine sahiptirler ve bu yuzden tasarlandiklarn gibi
calismadabasarsizolurlar[75, 76].

Goreli hareketteki iki kati arasindaki geleneksel kuru
surtinme, genellikle hareket eden cihaz agifiginin bir

bileseni olan normal gug ile orantilidir. Strtinme, temas-
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where p, and c, are respectively the density and
specific heat of the solid, T, is its (uniform) temperature,
and T_is the ambient fluid temperature. Solution of the

above equation is trivial, and the temperature of a hot

surface drops exponentially with time from an initial

temperatureT,,

T(t)-T t

LO-T, =exp|—— (10)
T.—-T, T

where the fime constant tis given by:

PLic
h Lzs (an

For small devices, the time it takes the solid to cool
down is proportionally small. Clearly, the million-fold
increase in surface-to-volume ratio implies a
proportional increase in the rate at which heat escapes.
Identical scaling arguments can be made regarding
mass fransfer.

Another effect of the diminished scale is the
increased importance of surface forces and the waning
importance of body forces. Based on biological studies,
Went [74] concludes that the demarcation length scale
is around 1 mm. Below that, surface forces dominate
over gravitational forces. A 10-mm piece of paper will
fall down when gently placed on a smooth, vertical wall,
while a 0.1-mm piece will stick. Tryit! Stiction is a major
problem in MEMS applications. Certain structures such
as long, thin polysiicon beams and large, thin comb
drives have a propensity o stick to their substrates and
thus fail to perform as designed [75,76].

Conventional dry friction between two solids in relative
motion is proportional to the normal force which is usually

acomponent of the moving device weight. The friction is
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yUzey alanindan bagimsizdir ¢unkl van der Waals
cekim kuvvetleri makroskopik cihazin agifligina gére
ihmal edilebili. MEMS uygulamalannda, ki ylzey
arasindaki molekuller arasi gekim kuvvetleri Snemlidir ve
yapisma cihaz kutlesinden bagimsiz, fakat yazey alani
ile orantiidir. ik mikromotor-biylk elekirik akimi
verimesine ragmen-calismamigti, ancak 100 mikron
rotor ve malzeme arasindaki ydzey alani, rotor yuzeyine
kiguk cukurlar olusturularak, onemli &lgude
azaltildiginda calismigtir [77-79].

Bildigim kadaryla, mikroakislar icin arastinimamig
ylzey etkilerine son bir 6érnek, cidarla - sinirlandirimig
gaz akislarinda emilmis tabakadir. Bir gazin boru igcine
aktigr zaman gaz molekullerinin katl yizeye van der
Walls ve diger cekim kuvvetleri tarafindan cekildigi
bilinen bir gercektir [8, 80]. Gaz molekdllerinin
potansiyel enerjisi ylzeye ulashgl zaman duser.
Emilmis tabaka, katinin termal titresimlerini paylagir ve
gaz molekulleri ancak enerjileri en dusuk potansiyel
enerjiyi gectigi zaman kacabilirler. Denge
durumunda, katinin en azindan bir kismi emilmis gaz
molekullerinden olusan bir monomolekuler tabaka ile
kapli olacaktir. Molekdler turler, Snemli kismi basing ile
birlikte — buhar basinclanna oranla — yerel olarak iki
veya daha fazla molekdl kalinhginda katman
olusturabililer. Omedin STP altinda, kuru hava ve su
buhar kansiminin akisini ele alalim. Suyun emilim
eneijisi, azot ve oksijeninkinden ¢cok daha buyuktur ve
bu su molekullerinin potansiyel enerji kapanindan
kacmasini guglestiri. Bu da emilmis tabakadaki su
molekullerinin dmrdndn hava molekullerinden ¢ok
daha fazla oldugu (gercekte 60,000 kat) anlamina

gelir ve sonug olarak, ince yuzey tabakasi cogunlukla

80

independent of the contact-surface area because the
van der Waals cohesive forces are negligible relative to
the weight of the macroscopic device. In MEMS
applications, the cohesive intermolecular forces
between two surfaces are significant and the sfiction is
independent of the device mass but is proportional to its
surface area. The first micromotor did not move —
despite large electric current through it—until the contact
area between the 100-micron rofor and the substrate
was reduced significantly by placing dimples on the
rotor's surface [77-79].

One last example of surface effects that to my
knowledge has not been investigated for microflows is
the adsorbed layer in gaseous wall-bounded flows. It is
wellknown [8,80] that when a gas flows in a duct, the gas
molecules are attracted to the solid surface by the van
der Waals and other forces of cohesion. The potential
energy of the gas molecules drops on reaching the
surface. The adsorbed layer partakes the thermal
vibrations of the solid, and the gas molecules can only
escape when their energy exceeds the potential energy
minimum. In equilibrium, at least part of the solid would
be covered by a monomolecular layer of adsorbed gas
molecules. Molecular species with significant partial
pressur — relative to their vapor pressure — may locally
form layers two or more molecules thick. Consider, for
example, the flow of a mixture of dry air and water vapor
at STR. The energy of adsorption of water is much larger
than that for nitrogen and oxygen, making it more
difficult for water molecules to escape the potential
energy trap. It follows that the life fime of water
molecules in the adsorbed layer significantly exceeds

that for the air molecules (by 60,000 folds, in fact) and,
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sudan olusacakti,  Ornegdin, cevre havadaki su

buharnnin orani 1: 1000 ise (¢gok dustk nemlilik
seviyesi), emilen katmandaki suyun havaya orani 60: 1
olacaktir. Katfi yuzeyin mikroskopik purtzltlaga,
yeterince QuglU icbukey egrilige sahip kisimlar
boyunca suyun kismi yogusmasina sebep olur.
Bdylece, kuru olmayan hava akiglanna maruz ylzeyler
esas olarak sivi su yuzeyleridir. Birgok uygulamada, bu
ince emilmis tabaka, sivi suyun yogunluk ve viskozitesi
havaninkinden ¢ok cok buyuk olmasina ragmen, akis
dinamikleri Uzerinde az etkiye sahiptir. Ancak MEMS
uygulamalarnnda, tabakanin kalinligi, karakteristik akig
boyutunun dnemsiz bir kisni olmayabilir ve su tabakasi
gaz akislarna dlgulebilir derecede bir etkiye sahip
olabilir. Bu konuyu arastirmak icin molekuler dinamik
ve surekli ortam benzetimlerinin karma yaklasimlarn ya
daMD-Monte Carlo benzetimleri kullanilabilir.
Majumdar ve Mezic'in [81,82], son zamanlarda,
katli yuzeyler Uzerindeki ince sivi filmlerinin
damlaciklarninin kararliigi ve kopmasi Uzerine
calistiklarna dikkat edilmelidir. Bir sivi filminin serbest
enerjisinin; van der Waals, elekirostatik, hidrasyon ve
elastik gerinme etkilesimlerinden kaynaklanan,
dogrusal oimayan hacimsel molekuller arasi kuvvetler
kadar, bir ylzey geriimesi bileseninden olustugunu
belirtmiglerdir.  Slika ve mika gibi hidrofilik ylzeyler
Uzerindeki su filmleri icin, Majumdar ve Mezic [81]
denge film kalinligini, gcevre-hava bagil nemlerinin cok
genis araligl icin, yaklasik 0.5 nm (2 monotabaka)
olarak tahmin etmiglerdir. Ancak nemlilik %100' e
yaklastigr zaman denge kalinligr keskince

buyUmektedir.

Majumdar ve Mezicin [81, 82] sonuglarn birgok
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as a result, the thin surface layer would be mostly water.
For example, if the proportion of water vapor in the
ambient airis 1:1,000 (i.e. very low humidity level), the
ratfio of water to air in the adsorbed layer would be 60:1.
Microscopic roughness of the solid surface causes
partial condensation of the water along portions having
sufficiently stfrong concave curvature.  So, surfaces
exposed to non-dry airflows are mainly liquid water
surfaces. In most applications, this thin adsorbed layer
has little effect on the flow dynamics, despite the fact
that the density and viscosity of liquid water are far
greater than those for air. In MEMS applications,
however, the layer thickness may not be an insignificant
portion of the characteristic flow dimension and the
water layer may have a measurable effect on the gas
flow. A hybrid approach of molecular dynamics and
continuum flow simulations or MD-Monte Carlo

simulations may be used to investigate thisissue.

[t should be noted that recently, Majumdar and
Mezic [81,82] have studied the stability and rupture intfo
droplets of thin liquid films on solid surfaces. They point
out that the free energy of a liquid film consists of a
surface tension component as well as highly nonlinear
volumetric intermolecular forces resulting from van der
Waals, electrostatic, hydration and elastic strain
intferactions. For water films on hydrophilic surfaces
such as silica and mica, Majumdar and Mezic [81]
estimate the equilibrium film thickness to be about 0.5
nm (2 monolayers) for a wide range of ambient-air
relative humidities. The equilibrium thickness grows

very sharply, however, as the relative humidity

approaches 100%.
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soruyu agiga cikarr.Uzerinde hava akisi oldugunda su
filmlerinin kararliik karakteristikleri nelerdir? Bu su filmi,
mikroboruda hava akisi icin uyum katsayisini etkiler mi?
Modern Winchester-tipi bir sabit diskte, ddnen disk
yUzeyinin 50 nm Uzerinde bir okuma/yazma kafasi
gezinir. Kafa ve disk birlikte aralanndaki hava tabakasi ile
bir kayar yatak olusgturur. Emilmis su tabakasinin artik 'ince'
olmadigi belirli bir giinde bilgisayar performansi yiksek
bagil nemden fers olarak etkilenir miydi? Bir mikroboru
suyu cekerse, katl cidarlar tarafindan emilen su filmi, su
akisinin etkili viskozitesini etkiler mi?  Elekfrostatik kuvvetler
neredeyse 1 mikron (Debye uzunlugu) kadar yayilabililer
ve bu uzunlugun ¢ok fazla pH-bagmii oldugu bilinir. Su
akigl, ydzey ve sivi kimyasi tarafindan etkilenir mi? Bu
mikrokanallarda daha &énceden bahsedilen sivi
akslarnin ¢elisen sonuclanni agiklayabilir mi?

Yukandaki birkag émek kuguk cihazlardaki ylzey
etkilerinin dnemini gostermektedir. Strekli orfam bakis
acisindan, sivi-kat araytzindeki kuvvetler, yerdegistimme
mesafesinin sifira yaklasmasi egilimine izin verildiginde,
akiskan icinde yerdegistiren bir paralel temel alan
Uzerine etki eden basing ve viskoz kuvvetlerin limitleridir.
Molekuler bakis acisindan, buttin makroskopik yuzey
kuvvetleri, buylk olcude molekuler arasi kuvvetler ile
ortaya cikar, bu konu Israelachvilli [83] nin tarafindan
yazilan kitapta ve bu kitaptaki referanslarda genis olarak
ele alinmigti.  Burada, molekuler bakis acisina kisa bir
giris yapacagiz. Dogadaki 4 kuvvet; nétronlar, protonlar,
elektronlar vb. arasindaki etkilesimi tanimlayan (1) gugli
ve (2) zayif kuvvetler; (3) atomlar ve molekuller arasindaki

elektfromanyetik kuvvetler; ve (4) kutleler arasi cekim

kuvvetleridir. ilk iki kuvvetin hareket alani yaklagik 10° nm
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Majumdar and Mezic's results [81,82] open many
questions. What are the stability characteristics of their
water film in the presence of airflow above it? Would this
water film affect the accommodation coefficient for
microduct airflow? In a modermn Winchester-type hard
disk, the drive mechanism has a read/write head that
floats 50 nm above the surface of the spinning platter.
The head and platter fogether with the air layer in
between form a slider bearing. Would the computer
performance be affected adversely by the high relative
humidity on a particular day when the adsorbed water
film is no longer 'thin'?  If a microduct hauls liquid water,
would the water film adsorbed by the solid walls
influence the effective viscosity of the water flow?
Electrostatic forces can extend to almost 1 micron (the
Debye length), and that length is known to be highly pH-
dependent. Would the water flow be influenced by the
surface and liquid chemistry?  Would this explain the
contradictory experimental results of liquid flows in
microducts discussed earlier?

The few examples above illustrate the importance of
surface effects in small devices. From the continuum
viewpoint, forces at a solid-fluid interface are the limit of
pressure and viscous forces actihg on a parallel
elementary area displaced into the fluid, when the
displacement distance is allowed to tend o zero. From
the molecular point of view, all macroscopic surface
forces are ultimately fraced to intermolecular forces,
which subject is extensively covered in the book by
Israelachvilli [83] and references therein. Here we provide
a very brief intfroduction to the molecular viewpoint. The
four forces in nature are (1) the strong and (2) weak forces

describing the interactions between neutrons, protons,
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kadardrr ve bu yuzden MEMS uygulamalarnnda her ikisi
de bizleri fazla ilgilendirmez. Elekiromanyetik kuvvetler
atomlararasi mesafeler mertebesindeki (0.1-0.2 nm)
kUcUk mesafelere gore buyuk olan uzakikta etkilidir. Kisa
araliktaki - molekullerarasi  kuvvetlerden, daha uzun
araliktaki etkiler —birkac mertebe daha buyUk- cikabilir
ve cikar. Omegin kical borularda sivinin - yikseligi,
kumastan yagl lekeyi cikartmak icin deterjan
molekdllerinin hareketi, molekuler arasi etkilesimin bir
sonucudur. Yer cekim kuvvetleri mesafenin ikinci kuvveti
ile azalir, molekuller arasi kuvvetler daha hizli, tipik olarak
yedinci kuvveti ile azalir. Bdylece, yildizlar ve gezegenler
gibi buytk cisimler astronomik mesafeler Uzerinden
cekimile hala guglu bir sekilde etkilesirlerken; molekuler
arasi mesafe birkag molekdler capr gectiginde, cekim
kuvvetleriihmal edilebilir.

Elekiromanyetik kuvvetler, kat ve sivilarda, atom ve
molekUlleri bir arada tutan  butin molekuller arasi
etkilesimlerin ve ¢cekim kuvvetlerinin kaynagidrr. Bunlar su
sekilde siniflandiniabilir: (1) YUkler arasindaki Coulomibb
kuwvetinden, yUkler arasindaki etkilesimlerden, kalic cift
kutuplardan, dort kutuplulardan vio. gelen tamamiyla
elektrostatik kuvvetler; (2) hemen yakindaki yUklerin elekirik
sahasi ve kalici cift kutuplar vasitaslyla atomlarda ve
molekdllerde olusan cift kutup momentlerinden gelen
kutuplasma kuvvetler, (3) kovalent ya da kimyasal baglan
olusturan ve kisa mesafelerde birbirlerini geken kuvvetleri
dengeleyen itici dizenler ya da degisim etkilesimlerine
neden olan kuantum mekanik kuvvetler. Kuantum
mekaniginin  Hellmen-Feynman teoremi, elekfron
bulutlannin - uzaysal dagiimi, Schrédinger denkleminin
cO6zUmUyle bir kere belilendiginde, butin molekuller arasi

gugleri Coulomb kuvvetlerine indirgeyerek, molekuller
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electrons, efc.; (3) the electromagnetic forces between
atoms and molecules; and (4) gravitational forces
between masses. The range of action of the first two
forces is around 10° nm, and hence neither concerms us
overly in MEMS applications. The electromagnetic forces
are effective over a much larger though sfill small
distance on the order of the inter-atomic separations
(0.1-0.2 nm). Effects over longer range-several orders of
magnitude longer-can and do rise from the short-range
intermolecular forces. For example, the rise of liquid
column in capilaries and the action of detfergent
molecules in removing oily dirt from fatbric are the result of
infermolecular interactions.  Gravitational forces decay
with the distance to second power, while intermolecular
forces decay much quicker, typically with the seventh
power. Cohesive forces are therefore negligible once
the distance between molecules exceeds few
molecular diameters, while massive bodies like stars and
planets are still strongly interacting, via gravity, over
astronomical distances.

Electromagnetic forces are the source of all
infermolecular interactions and the cohesive forces
holding atoms and molecules together in solids and
liquids. They can be classified into (1) purely electrostatic
arsing from the Coulomb force between charges,
interactions between charges, permanent dipoles,
quadrupoles, etc.; (2) polarization forces arising from the
dipole moments induced in atoms and molecules by the
electric field of nearby charges and permanent dipoles;
and (3) quantum mechanical forces that give rise to
covalent or chemical bonding and to repulsive steric or
exchange interactions that balance the attractive forces
at very short distances. The Hellman-Feynman theorem
of quantum mechanics states that once the spatial

distribution of the electron clouds has been determined
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arasi gucgler klasik elekfrostatik temelinde
hesaplanabilecegdini ifade eder. Ancak molekdller arasi
kuvvetlerin, molekudllerin hepsinin nétr olmasi durumunda
bile var oldugunu unutmayin. Schrédinger denkleminin
genel atomlar ve molekdller icin ¢ézUmleri elbette kolay
degildir ve molekuller arasi kuvvetleri temsil etmek icin
alternatif modellemeler aranmaktadir. itici kuvvetler ya bir
kuvvet ya da bir Ustel potansiyel ile temsil edilirken, van der
Waals cekim kuvvetleri mesafenin 1/6'nci kuvveti ile
degisen bir potansiyel ile temsil edilirler.

iki molekil arasinda yaygin olarak kullanilan

genellestiriimis Lennard-Jones (L-J 6-12) potansiyel gifti

r —12 r —6
s

ile verilir, burada V,

ij”

i ve j parcacikian arasindaki

potansiyel enerjiyi; r, iki molekUl arasindaki uzakligi; 6 ve €
sirasiyla karakteristik enerji ve uzunluk Slgeklerini; ve ¢, ve

d; s&z konusu sivi ve katl kombinasyonlar igin segilen

parametreleri temsil etmektedir. Denklemin sag
tarafindaki ilk terim gUuglu ifici kuvvettir ve iki molekdl,
molekudler uzunluk o6lcegine kiyasla cok yakin
olduklannda hissedilir. Bu kisa araliktaki itme, molekullerin
fiziksel uzayda Ust Uste gelmelerini énler. ikinci terim
daha zayif olan van der Waals ¢cekim kuvvetleridir ve
molekdlller yeterli derecede yakin olduklarnnda (G nin
birkac kati) baslar. Potansiyelin negatif kismi, notr, kUresel
olarak simetrik parcaciklann c¢ekici kutuplasma
etkilesimini temsil eder. Potansiyelin itici kisminin kuvveti
ampirik olarak bulunurken, bu terimle iliskili olan 6.
dereceden kuvvetf, kuantum mekanigi

degerlendirimelerinden hesaplanabilir. Lennard-Jones

00

by solving the appropriate Schrédinger equation,
intermolecular forces may be calculated on the basis of
classical electrostatics, in effect reducing all
infermolecular forces to Coulombic forces. Note
however that infermolecular forces exist even when the
molecules are totally neutral. Solutions of the
Schroédinger equation for general atoms and molecules
are not easy of course, and alterative modeling are
sought fo represent infermolecular forces. The van der
Waals affractive forces are usually represented with a
potential that varies as the inverse-sixth power of distance,
while the repulsive forces are represented with either a
power or an exponential potential.

A commonly used potential between two

molecules is the generalized Lennard-Jones (LJ 6-12)

pair potential given by

r —12 r —6
Vi () _48|:°ij[6) 'dij(GJ } (12)

where V; is the potential energy between two particles i
and j, ris the distance between the two molecules, ©

and € are respectively characteristic energy and length
scales, and ¢; and d;are parameters fo be chosen for the

particular fluid and solid combinations under
consideration. The first term in the right-hand side is the
strong repulsive force that is felt when two molecules are
at extremely close range comparable to the molecular
length scale. That short-range repulsion prevents overlap
of the molecules in physical space. The second term is
the weaker, van der Waals aftractive force that

commences when the molecules are sufficiently close
(several times o). That negative part of the potential

represents the affractive polarization interaction of

neutral, spherically symmetric particles. The power of 6
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potansiyeli uzun mesafelerde sifirdir, ¢ 'dan biraz buyuk r

de zayif negatif doruga ulasrr, r = o, da sifirolur, r -0 ve

iken sonsuzaur.
Bu potansiyelden elde edilen kuvvet alani asagidaki

sekilde verilir:

V. 48 13 d _7
R (Y)Z'ar"chl%[;) SE]| 0

Tipik bir -J 6-12 potansiyeli ve kuvvet alani daha
once Jekil 4'de c=d=1 icin gdsterimisti., Minimum

potansiyel V,, = -€ denge durumuna (sifir kuvvete)

karsilk gelirve r = 1.12 ¢ 'da ortaya ¢ikar. Cekici van der
Waals'in minimum potansiyele katkisi -2 € iken itici enerji

katkisi +€e'dir. Bu yUzden ters 12, Us ifici kuvvet terimi
dengedeki bag enerjisinin mukavemetini %50 azaltir.,

L-J potansiyeli, molekUler dinamik benzetimlerinde,
yogun gaz veya sivi molekulleri ile akiskan ve kati
molekulleri arasindaki etkilesimi modellemek igin yaygin
olarak kullanilir. Daha énce de belirtildigi gibi, bu fip bir
potfansiyel, su gibi molekulleri yonlu kovalent baglar
olusturan karmagsik maddeler igin uygun degildir. Sonug

olarak suicin olan MD benzetimleri ok daha karmasikiir.

10. Sonuc

Akiskan akiglannin - klasik Navier-Stokes modeli,
kaymama sinir sartrile, yonetici parametrelerin sadece
belirli bir araliginda calisi. Bu model temel olarak Ug
sart talep eder: (1) Kuantum mekanigi veya bagil
mekanik degil, Newtonyen mekanigi kullanilr; (2)
Akiskan surekli ortamdir, bu tipik olarak, hissedilir
makroskopik degisimlerin  gerceklestigi en  kidguk
hacimde, genelde 1 milyondan fazla molekdl
oldugunda saglanir. Bu makrocihazlardaki seyreltiimis

gaz akislan veya nanocihazlardaki STP hava akiglaricin
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associated with this ferm is derivable from quantum
mechanics considerations, while the power of the
repulsive part of the potential is found empirically. The

Lennard-Jones potential is zero at very large distances,
has a weak negative peak at r slightly larger than o, is zero

atr= o, andisinfinite asr—0.

The force field resulting from this potential is given by

dV, 48¢ r Y diorY
E ()=-—t =" fr] _SfL 13
028 (8]

A typical L-J 6-12 potential and force field were

previously shown in Figure 4, forc=d=1. The minimum
potential V., = -g, coresponds to the equiliorium

position (zero force) and occurs at r = 1.12 6. The
attractive van der Waals contribution to the minimum

potential is -2€, while the repulsive energy contribution is

+¢&. Thus the inverse 12"-power repulsive force term
decreases the strength of the binding energy ot
equilibrium by 50%.

The LJ potential is commonly used in molecular
dynamics simulations to model intermolecular
interactions between dense gas or liquid molecules
and between fluid and solid molecules. As mentioned
earlier, such potential is not accurate for complex
substances such as water whose molecules form
directional covalent bonds. As a result, MD simulations

forwater are much more involved.

10. Conclusion

The traditional NavierStokes model of fluid flows with
no-slip boundary conditions works only for a certain
range of the governing parameters. This model
basically demands three conditions: (1) Newtonian
mechanics, and not quantum or relativistic

mechanics, applies; (2) The fluid is a continuum, which

01



makale

ihlal edilebilen molekuler kaos sinirlamasidir; ve (3) Akis
termodinamik dengeden ¢ok ¢cok uzak degildir, bu ise
akis degisimleri icin en kacuk zaman dlgegine kiyasla
kGguk bir zaman periyodu stresince karsilagilan yeterli
sayida molekdl karsilasmasi oldugunda saglanir. Bu
zaman periyodu esnasinda ortalama molekdl, en
kUcUk akis uzunluk olcegine kiyasla daha kucuk bir
mesafede hareket etmis olabilir.

Gazlar igin, Knudsen sayisi seyrelme derecesini ve
klasik akis modellerinin uygulanabilifligini belirler. Kn —0
iken, molekuler kargilagsmalann uzunluk ve zaman
Olcekleri, akiskaninkine kiyasla yok derecede daha
kUcUktur ve akiskanin her bir elemaninin hiz dagilim,
molekul akis alaniboyuncailerlerken yerel makroskopik
Ozelliklere uygun olan termodinamik denge durumuna
hizli bir sekilde uyum saglar.

Surekli ortam bakis acisindan akis tersinir
adyabatiktir ve 1s1 iletimi ve viskoz yayinim ve diflzyon,
surekli orfam korunum iliskilerinden yok olur ve Euler
hareket denklemlerini olusturur. Kucuk fakat sonlu
Kn'de, Navier-Stokes denklemleri; sanki dengeli, strekli
orfam akislarnitanimiamaktadir.

Kn>0.001 icin kayma akisi dikkate alinmalidir. Kayma
sinir sarfi, Knudsen sayisinda ilk olarak dogrusaldrr, daha
sonra 0.11in &tesinde bir Kn sayisi oldugunda dogrusal
olmayan etkiler hakim olur.  Ayni gecis rejiminde, érmnegin
0.1<Kn<10 i¢in, —alan denklemlerini kapatmak igin—
gereken dogrusal geriime-gerinme orani ve st akisi-
sicaklk basamag iliskileri de codker ve bu durumda
alternatif strekli ortam denklemleri (Burnett ya da yuksek
dereceden denklemler) veya molekuler temelli modeller
aranmalidr.

Gegis rejiminde, seyreltik gaz ve molekuler kaos
kabullerinin  saglanmasi sartiyla, zor Boltzman
denklemine c¢oézUmler aranir, fakat Monte Carlo

metotlan gibi fiziksel benzetimler, Knudsen sayisinin bu

02

is typically satisfied as there are usually more than 1
million molecules in the smallest volume in which
appreciable macroscopic changestake place. Thisis
the molecular chaos restriction, which can be violated
forrarefied gas flows in macrodevices or for STP airflows
in nanodevices; and (3) The flow is not too far from
thermodynamic equilibrium, which is satisfied if there is
sufficient number of molecular encounters during a
fime period small compared to the smallest time scale
for flow changes. During this time period the average
molecule would have moved a distance small
comparedtothe smallest flow length scale.

For gases, the Knudsen number determines the
degree of rarefaction and the applicability of fraditional
flow models. As Kn —0, the time and length scales of
molecular encounters are vanishingly small compared
to those for the flow, and the velocity distribution of each
element of the fluid instantaneously adjusts to the
equilibrium thermodynamic state appropriate to the
local macroscopic properties as this molecule moves
through the flowfield. From the contfinuum viewpoint,
the flow is isentropic and heat conduction and viscous
diffusion and dissipation vanish from the contfinuum
conservation relations, leading to the Euler equations of
motion. At small but finte Kn, the Navier-Stokes
equations describe quasi-equilibrium, continuum flows.

Slip flow must be taken into account for Kn>0.001.
The slip boundary condition is at first linear in Knudsen
number, then nonlinear effects take over beyond a
Knudsen numberof 0.1. Atthe same transition regime,
i.e. 0.1<Kn<10, the linear stress-rate of strain and heat
flux-temperature gradient relations —-needed to close
the field equations— also break down, and alternative
continuum equations (e.g. Burnetft or higher-order

equations) or molecular-based models must be
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araliginda daha hazir bir sekilde ¢alistiniabilir. Serbest-
molekul akis rejiminde, érnegdin Kn>10 icin, dogrusal
olmayan carpisma integrali ihmal edilebilir ve
Boltznann denklemi buUydk &lcude basitlesir. Bu
durumda basit geometriler icin  analitk ¢ozumler
olasidir ve ylUzey-yansima &zellikleri dogru bir sekilde
modellendigi surece, Boltzmnann denkleminin sayisal
integrasyonu, rastgele geometriler icin kolay
anlagilirdir.

Gaz akglar, mikrocihazlarda, dustk Mach
sayllannda bile genellikle sikistiniabilirdir. Viskoz etkiler,
akisin sikistiniabilir gibi davranmasi icin yeterli basing
dustimune ve yogunluk degisimlerine sebep olabilir.
Uzun, sabit-alanli bir mikrokanalda, budtin Knudsen
sayisi rejimleriyle karsilasilabilir ve seyrelme derecesi
kanal boyunca artar. Basing dusimua dogrusal degdildir
ve Mach sayisi, sadece boguimus-akis sarti disinda,

akis ydnunde artar.

Klasik Navier-Stokes denklemlerinin benzer sapma
ve ¢okusu sivilarda da meydana gelir, fakat bu durum
¢ok daha kuguk cihaz dlceklerinde gerceklesir. Su an
var olan deneyler celiskilidir ve durum gazlar ve sivilar
acisindan seyrelfik gazlar icin oldugundan cok daha
karmasiktir. Sivilar icin bir kinetik teori yoktur ve ilk-prensip
tahmin metotlar nadirdir. Molekuler dinamik
benzetimler kullanilabilir fakat bunlar ¢ok kaguk akis
miktarlan ile nadirdir. Yine de Olculebilir kayma,
mikrocihazlarda gergekgi kayma  oranlannda MD
benzetimlerinden tahmin edilir. Karma atomistik-strekli
orfam ydéntemleri, bilgisayarla hesaplama agisindan
karsilanabilir olarak, ilk-prensip ¢ézUmlerini saglamasi
beklenmektedir. Cok fazla sayisal bilgi gerektirmesine

ragmen, seyreltik gazlaricin karma stratejilerin kullanimi
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invoked. In the transition regime, provided that the
dilute gas and molecular chaos assumptions hold,
solutions to the difficult Boltzmann equation are
sought, but physical simulations such as Monte Carlo
methods are more readily executed in this range of
Knudsen number. In the free-molecule flow regime,
i.e. Kn>10, the nonlinear collision integral is negligible
and the Boltizmann equation is drastically simplified.
Analytical solutions are possible in this case for simple
geometries and numerical infegration of the
Boltzmann equation is straightforward for arbitrary
geometries, provided that the surface-reflection
characteristics are accurately modeled.

Gaseous flows are often compressible in
microdevices even at low Mach numbers. Viscous
effects can cause sufficient pressure drop and density
changes for the flow to behave as compressible. Ina
long, constant-area microduct, all Knudsen numiber
regimes may be encountered and the degree of
rarefaction increases along the fube. The pressure
drop is nonlinear and the Mach number increases
downstream, limited only by choked-flow condition.

Similar deviation and breakdown of the traditional
Navier-Stokes equations occur for liquids as well, but af
considerably smaller device scale. Existing experiments
are contradictory, and the situation for dense gases and
liquids is more murky than that for dilute gases. There is no
kinetic theory of liquids, and first-principles prediction
methods are scarce. Molecular dynamics simulations
can be used, but they are limited to extremely small flow
extents. Nevertheless, measurable slip is predicted from
MD simulations at realistic shear rates in microdevices.
Hybrid atomistic-continuum methods hold promise to
provide first-principles solutions while remaining
computationally affordable. Though requiring

considerable numerical erudition, the use of hybrid
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mumkdndur. Karma yontemlerin, sivive goz akislar icin

kullanabilmesiicin daha fazlailerleme gerekmektedir.
Geleneksel olmayan fizigin blylk bolimi hala

ogrenilmeyi, bircok heyecan verici mikrocihaz

uygulamalan ise kesfedilmeyi beklemektedir. Yeni
ortaya clkmis olan nanobilim ve nanoteknoloji

alanlannin gelecegdi parlakfir.

Kaynakca/Reference

1. R.P Feynman, "There's Plenty of Room at the Bottom," in
Miniaturization, ed. H.D. Gilbert, pp. 282-296, New York:
Reinhold Publishing, (1961).

2. T.M. Squires, S.R. Quake, "Microfluidics: fluid physics at
the nanoliterscale". Rev. Mod. Phys. 77 (3), July (2005).

3. M.Gad
the Freeman Scholar Lecture". J. Fluids Eng. 121, 5-33
(1999).

4. H.A. Stone, A.D. Stroock, A. Ajdari, "Engineering Flows in

-el-Hak, "The Fluid Mechanics of Microdevices-

Small Devices: Microfluidics Toward a Lab-on-a-Chip".
Annu. Rev. Fluid Mech. 36, 381-411 (2004).

5. M. Gad-el-Hak, Editor, The MEMS Handbook, Second
Edition, Volumes I-lll, Boca Raton: CRC Press, (2005).

6. G. Em Karniadakis, A. Beskok, Microflows: Fundamentals
and Simulation, New York: Springer-Verlag, (2002).

7. G.K. Batchelor, An Intfroduction to Fluid Dynamics,
London: Cambridge University Press, (1967).

8. M.J. Lighthill, "Infroduction. Real and Ideal Fuids," in
Laminar Boundary Layers, ed. L. Rosenhead, pp. 1-45.
Oxford: Clarendon Press, (1963).

9. S. Chapman, T.G. Cowling, The Mathematical Theory of
Non-Uniform Gases, third edition, London: Cambridge
University Press, (1970).

10. G.A. Bird, Molecular Gas Dynamics and the Direct
Simulation of Gas Flows, Oxford: Clarendon Press, 1994,

11. M. Knudsen, "Die Gesetze der Molekularstrdmung und
der inneren Reibungsstrdomung der Gase durch Réhren".
Annalen der Physik 28, 75-130(1909).

12. S.A. Tison, "Experimental Data and Theoretical Modeling
of Gas Flows Through Metal Capillary Leaks". Vacuum 44,
1171-1175(1993).

13. A. Beskok, G.E. Karniadakis, W. Trimmer, "Rarefaction
and Compressibility Effects in Gas microflows". J. Fluids
Eng. 118, 448-456 (1996).

strategies for dilute gases is within reach.  Further

development is needed for implementing hybrid
methods for liquid and dense gas flows.

Much non-traditional physics is still to be learned
and many exciting applications of microdevices are

yet to be discovered. The future is bright for this

emerging field of nanoscience and nanotechnology.

14. R.H. Nadolink, W.W. Haigh, "Bibliography on Skin Friction
Reduction With Polymers and Other Boundary-Layer
Additives". Appl. Mech. Rev. 48, 351-459 (1995).

15. W. Loose, S. Hess, "Rheology of Dense Fluids Via
Nonequiliorium Molecular Hydrodynamics: Shear Thinning
and ordering fransition". Rheologica Acta 28, 91-101 (1989).

16. E.B. Dussan, S.H. Davis, "On the Motion of Fluid-Fluid Inferface
Along a Solid Surface". J. Fluid Mech. 65, 71-95 (1974).

17. E.B. Dussan, "The Moving Contact Line: The Slip Boundary
Condition". J. Fluid Mech. 77, 665-684 (1976).

18. E.B. Dussan, "On the Spreading of Liquids on Solid
Surfaces:; Static and Dynamic Contact Lines". Annu. Rev.
FluidMech. 11, 371-400(1976).

19. PA. Thompson, M.O. Robbins, "Simulations of Contact
Line Motion: Slip and the Dynamic Contact Angle". Phys.
Rev. Lett. 63, 766-769 (1989).

20. H.K. Moffatt, "Viscous and Resistive Eddies Near a Sharp
Comer". J. FluidMech. 18, 1-18 (1964).

21. J. Koplik, J.R. Banavar, "Continuum Deductions From
Molecular Hydroynamics". Annu. Rev. Fluid Mech. 27,
257-292(1995).

22. J.R.A. Pearson, C.J.S. Petrie, "On Melt Flow Instability of
Extruded Polymers," in Polymer Systems: Deformation and
Flow, eds. RE. Wetton, RW. Whorlow, pp. 163-187,
London: Macmillian, (1968).

23. S. Richardson, "On the No-Slip Boundary Condition". J.
Fluid Mech. 59, 707-719 (1973).

24. M.M. Den, "Issues in Viscoelastic Fluid Mechanics". Annu.
Rev. Fluid Mech. 22, 13-34 (1990).

25.  M.M. Den, "Extrusion Instabilities and Wall Slip". Annu. Rev.
Fluid Mech. 33, 265-287 (2001).

26. E.Lauga, M.P. Brenner, H.A. Stone, "Microfluidics: the No-
Slip Boundary Condition", in Handbook of Experimental
Fluid Dynamics, eds. J. Foss, C. Tropeq, A. Yarin, Chapter
15, New York: Springer, (2005).

Muhendis ve Makina = Cilt : 47 Sayi: 556

04



27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

J. Pfahler, J. Harley, H.H. Bau, J.N. Zemel, "Liquid
Transport in Micron and Subbmicron Channels". Sensors &
Actuators 21-23, 431-434 (1990).

J. Pfahler, J. Harley, H.H. Bau, J.N. Zemel, "Gas and Liquid
Flow in Small Channels," in Symp. on Micromechanical
D. Cho, R.
Warrington, A. Pisano, H.H. Bau, C. Friedrich, J. Jara-
Almonte, J. Liburdy, ASME DSC-Vol. 32, pp. 49-60, New
York: ASME, (1991).

Systems, Sensors, and Actuators, eds.

J. Pfahler, "Liquid Transport in Micron and Submicron Size
Ph.D. Thesis,
Philadelphia, Pennsylvania, 1992,

Channels," University of Pennsylvania,
H.H. Bau, "Transport Processes Associated With Micro-
Devices". ThermalSci.Eng. 2, 172-178 (1994).

J.N. Israelachvili, "Measurement of the Viscosity of
Liquids in Very Thin Films". J. Colloid Interface Sci. 110,
263-271(1986).

M.L. Gee, PM. McGuiggan, J.N. Israelachvili, A.M.
Homola, "Liquid fo Solidlike Transitions of Molecularly Thin
Filmns Under Shear". J. Chemical Phys. 93, 1895-1906
(1990).

D.Y.C. Chan, R.G. Horn, "Drainage of Thin Liquid Films". J.
Chemical Phys. 83, 5311-5324 (1985).

N.P. Migun, PP. Prokhorenko, "Measurement of the
Viscosity of Polar Liquids in Microcapillaries'. Colloid J. of
the USSR 49, 894-897 (1987).

P. Debye, R.L. Cleland, "Flow of Liquid Hydrocarbons in
Porous Vycor". J. Appl. Phys. 30, 843-849 (1959).

J.A. Quinn, "lonic Mobility in
J. Chemical Phys. 27, 1208-1209

J.L. Anderson,
Microcapillaries".
(1972).

D.B. Tuckermann, R.EW. Pease, "High-Performance Heat
Sinking for VLSI". IEEE Electron Device Lett. EDL-2, 126-129
(1981).

D.B. Tuckermann, R.EW. Pease, "Optimized Convective
Cooling Using Micromachined Structures". J.
Electrochemical Soc. 129, C98, March (1982).

D.B. Tuckermann, "Heat Transfer Microstructures for
infegrated circuits," Ph.D. Thesis, Stanford University, Palo
Alto, Callifornia, (1984).

M.G. Guvenc, "V-Groove Capillary for low flow control
and measurement,” in Micromachining and
Micropackaging of Transducers, eds. C.D. Fung, PW.
Cheung, W.H. Ko, D.G.
Amsterdam: Elsevier, (1985).

Fleming, pp. 215-223,

Muhendis ve Makina | Cilt : 47 Sayi: 556

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

makale

..... 9

S. Nakagawa, S. Shoji, M. Esashi, "A Micro-Chemical
Analyzing System Integrated on Silicon Chip," in Proc. IEEE:
Micro Electro  Mechanical
Callifornia, [EEE 90CH2832-4, New York: IEEE, (1990).

V. Sharp, "Experimental Investigation of Liquid and

Systems, Napa Valley,

Particle-laden Flows in Microtubes," Ph.D. Thesis, University
of llinois at Urbana-Champaign, (2001).

K.V. Sharp, R.J. Adrian, J.G. Santiago, J.I. Molho, "Liquid
Flow in Microchannels," in The Handbook of MEMS, val. |,
Second Edition, ed. M. Gad-el-Hak, Chapter 10, Boca
Raton: CRC Press, (2005).

B.J. Alder, T.E. Wainwright, "Studies
Dynamics". J. Chemical Phys. 27, 1208-1209 (1957).

B.J. Alder, T.E. Wainwright, "Molecular Dynamics by

in Molecular

Electronic Computers," in Transport Processes in Statistical
Mechanics, ed. |. Prigogine, pp. 97-131, New York:
Inferscience, (1958).

B.J. Alder, T.E. Wainwright, "Decay of the Velocity Auto-
Correlation function". Phy.Rev.A 1, 18-21 (1970).

G. Ciccotti, W.G. Hoover, eds, Molecular Dynamics
Simulation of Statistical Mechanics Systems, Amsterdam:
North Holland, (1986).

M.P. Allen, D.J. Tildesley, Computer Simulation of Liquids,
Oxford: Clarendon Press, (1987).

J.M. Haile, Molecular Dynamics Simulation: Elementary
Methods, New York: Wiley, (1993).

PA. Thompson, S.M. Troian, "A General Boundary
Condition For Liquid Flow at Solid Surfaces". Nature 389,
360-362(1997).

C.L.M.H. Navier, "Mémoire Sur Les Lois du Mouvement
Des Fluides". Mémoires de I'Académie Royale des
Sciences de lnstitute de France 6, 389 (1823).

B.T. Atwood, W.R. Schowalter, "Measurements of Slip at
the Wall During Flow of High-density Polyethylene Through
a Rectangular Conduit'. Rheologica Acta 28, 134-146
(1989).

EF. Abraham, J.Q. Broughton, N. Bernstein, E. Kaxiras,
"'Spanning the Continuum to Quantum Length Scalesin a
Dynamic Simulation of Brittle Fracture". Europhys. Lett. 44,
783-787 (1998).

V.B. Shenoy, R. Miller, E.B. Tadmor, D. Rodney, R. Phillips,
M. Ortiz, "An Adapftive Finite Element Approach to
Atomic-Scale Mechanics-The Quasicontinuum Method".
J.Mech. Phys. Solids 47, 611-642 (1999).

95



makale

55.
56.
57.
58.

59.

60.
61.
62.
63.

64.

65.
66.
67.
68.

69.

00

R.E. Rudd, J.Q. Broughton, "Concurrent Coupling of
Length Scales in Solid State Systems".  Phys. Status Solidi B
217,251-291(2000).

D.C. Wadsworth, D.A. Erwin, "One-Dimensional Hybrid
Continuum/Particle Simulation Approach for Rarefied
Hypersonic Flows", AIAA Paper Number 90-1690, (1990).
D. Hash, H. Hassan, "A Decoupled DSMC/Navier-Stokes
Analysis of a Transitional Flow Experiment', AIAA Paper
Number 96-353, (1996).

J. Bourgat, P. Le Tallec, M. Tidriri, "Coupling Boltzmann
and Navier-Stokes Equations by Friction".
Phys. 127,227-245(1996).

B.J. Alder, "Highly Discretized Dynamics". Physica A 240,
193-195(1997).

P Le Tallec, F Mallinger, "Coupling Bolizmann and

J. Comput.

Navier-Stokes Equations by Half Fluxes". J. Comput. Phys.
136,51-67(1997).

S. Tiwari, A. Klar, "Coupling of the Boltzmann and Euler
Equations With Adaptive Domain Decomposition
procedure". J. Comput. Phys. 144, 710-726 (1998).

A.L. Garcia, J. Bell, W.Y. Crutchfield, B.J. Alder, "Adaptive
Mesh and Algorithm Refinement using Direct Simulation
Monte Carlo". J. Comput. Phys. 154, 134-155(1999).

O. Aktas, N.R. Aluru, "A Combined Continuum/DSMC
Technigue for Multiscale Analysis of Microfluidic Filters". J.
Comput. Phys. 178, 342-372 (2002).

R. Roveda, D.B. Goldstein, PL. Varghese, "Hybrid
Euler/direct Simulation Monte Carlo Calculation  of
Unsteady slit flow". J. Spacecr. Rockets 37, 753-760
(2000).

S.T. O'Connell, PA. Thompson, "Molecular Dynamics-
Confinuum Hybrid Computations: a Tool for Studying
Complex Fluid Flows". Phys. Rev. E 52, R6792-R5795 (1995).
J. Li, D. Liao, S. Yip, "Coupling Continuum to Molecular-
Dynamics Simulation: Reflecting Particle Method and the
Field Estimator". Phys.Rev. E 57, 7259-7267 (1998).

N.G. Hadjiconstantinou, "Hybrid Atomistic-Continuum
Formulations and the Moving Contact-Line Problem”.  J.
Comput. Phys. 154, 245-265 (1999).

E.G. Flekkoy, G. Wagner, J. Feder, "Hybrid Model for
Combined Particle and Continuum Dynamics".
Europhys. Lett. 52, 271-276 (2000).

H.S. Wijesinghe, N.G. Hadjiconstantinou, "Discussion of

Hybrid Atomistic-continuum Methods for Multiscale

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Hydrodynamics". Int. J. Multiscale Comput. Eng. 2, 189-
202 (2004).

H.S. Wijesinghe, R.D. Hornung, A.L. Garcia, N.G.
Hybrid

Hadjiconstantinou, 'Three-Dimensional

Continuum-Atomistic  Simulations for Multiscale
Hydrodynamics". J. Fluids Eng. 126, 768-777 (2004).

T. Werder, J.H. Walther, "Hybrid
Atomistic-Continuum Method for the Simulation of Dense
Fluid flows". J. Comput. Phys. 205, 373-390 (2005).

L.L. Baker, N.G. Hadjiconstantinou, "Variance Reduction

P Koumoutsakos,

for Monte Carlo Solutions of the Boltzmann Equation”.
Phys. Fluids, fo appear (2005).

E. Lauga, H.A. Stone, "Effective Slip in Pressure-Driven
Stokes Flow". J. Fluid Mech. 489, 55-77 (2003).

EW. Went, 'The size of man". American Scientist 56, 400-
413(1968).

W.C. Tang, T.-C. Nguyen, R.T. Howe, "Laterally Driven
Polysilicon Resonant Microstructures". Sensors & Actuators
20, 25-32(1989).

C. Mastrangelo, C.H. Hsu, "A Simple Experimental
Technigue for the Measurement of the Work of Adhesion
of Microstructures," in Technical Digest IEEE Solid-State
Sensors and Actuators Workshop, pp. 208-212. New York:
IEEE, (1992).

L.-S. Fan, Y.-C. Tai, R.S. Muller, "Infegrated Movable
Micromechanical Structures for Sensors and Actuators'.
|[EEE Transactions on Electronic Devices 35, 724-730
(1988).

L.-S. Fan, Y.-C. Tai, R.S. Muller, "IC-processed
Electrostatic Micromotors". Sensors & Actuators 20, 41-47
(1989).
Y.-C. Tai,
Synchronous micromotors'. Sensors & Actuators 20, 49-

55(1989).

R.S. Muller, "IC-processed Electrostatic

S. Brunauer, Physical Adsorption of Gases and Vapours,
London: Oxford University Press, (1944).

A. Majumdar, I. Mezic, "Stability Regimes of Thin Liquid
Films". Microscale Thermophys. Eng. 2, 203-213 (1998).
A. Majumdar, I. Mezic, "Instability of Ultra-thin Water Films
and the Mechanism of Droplet Formation on Hydrophilic
Surfaces". J. HeatTransfer 121, 964-971 (1999).

J.N. lIsraelachvili, Infermolecular and Surface Forces,

second edition, New York: Academic Press, (1991).

Muhendis ve Makina = Cilt : 47 Sayi: 556




