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ENHANCING THERMAL CONDUCTIVITY OF FLUIDS WITH NANOPARTICLES
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ABSTRACT

Low thermal coadoctivity = & primary lmftation in the
development of ensrgy-afficient heatr transfer fuids that are
required in mamy industrial applications. In this paper we
poposs 1hat an innovative paw class of hest mansfer fluids
can be enginesred by suspenditg medalllc napopatticlss in
conventional heat tansfer flulds, The resulting “nanofluids™
are sxpected to exhibit high thermal condoctivities compared
to rthose of curently vsed best transfer finids, and they
represent the best hope for’enhancement of hear transfar. The
results of a theoretical study of e thermal conductivity of
nanofinids with copper nancphase materials are prssened, the
potentinl benefits of the flids are estimared, and it is shown
that one of the benefits of mapofleids will be dmamatic
raductions in heat exchanges pumping power.

NOMENCLATURE
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INTRODUCTION

Flaids ar= ofien used s heat carriers in hear transfer
equipment.  Examples of impoortant uses of heat transier
ftuids inclode vebicular and avionics cooling systems in the
trospontation  industry, hydrowic  heating and  cooling
systems in buildings, and industrial process hesting and
copling systems in petrochemical, cextils, pulp and papee,
chemical, food, and other processing plants. In all of thess
applications, the thermal conducdvity of heat fransfer fnids
plays a vital role i the development of energy-<fficizot heat
transfer cquiptacnt, With an increasing plobal competition,
indutiries have a stroog nesd to Jevelop advanced heat wansfer
fluids with significantly higher thermal conductivities than
are presanily availahle,

Drespite considerable previous research and davelopment
¢Efons on boat transfer ephancement, major improvements in
coaling capabilitics have becn conztrained becamse of the low
thermal conduclivity of conventional heat transfer fluids.
Hawever, it is well known that at rooen (emperamre, meals in
solid form  have orders-of-magnituds  larger  thermal
conductivities than fluids. For example, the ernal
conductivity of copper at rourn tempernturs is =700 fimes
geeater than thet of water and <3000 times geester then tha of
engine oll, as shown in Table |. The dwrmal condoctivity af
metallic liquids is moch greater than that of ronmetallic
tiquids. Thersfore, the thermal conductivities of fluids that
contain suspended sclid metallic particles are expected 0 e
significantty enhanced when compared with conventional

* Ty be presented at ASME [ntertariotal Mechanical Enginesring Congress & Exposition, November 12-17, 1995, San Francisco,
CA.




Takle 1. THERMAL CONDUCTIVITY (Win-K) OF VARIOLUS

MATERIALS AT 300 K UNLESS
OTHERWISE NOTED
Marerial Thennal
conductivity
Merallic Solwds
Silver 429
Copper 401
Alutninum 237
MNonmeallic Sokids
Silicon 148
Metallic Liquids
Sodium & &M K TZ.3
Manometallic Liquids
Warst 0613
Engine oil 145

bheat transfer fluids., In fact, numerous theoretcal amd
sxpennental studics of the effective thermal conductivity of
disperzions that contain solid particles have been conducted
since Maxwedl's theoretical work was published more than 100
years ag0 (Maxwell, L1881). Howewer, all of the smudies on
thermal conductivity of suspensions have been confined 1o
millimster- or micronier-sized pamticles.  Maxwells moodel
shows thar the sffective thermal conductivity of suspensions
that contain spherical particles increazex with the volbme
fraction of the solld pardcles. @t & also Imown that the
thermal conductivity of suspensions incresses with the ratio
of the surface area to volume of she particle.

It is proposed that nanontss-sed metliic pacticles can be
suspended in industrial hear rapcfer fimids swch as water,
eibwlens glycol, or engine oil o prodoce a new class of
engirecred flzids with high thermal conduchivity, The author
has coined the tern nanofluids (NFs) for this new class of
enginesred heat transfer fhids, which comein metallic
particles with average particle xizas of about 10 nanometess
and can be peodhaced by current nanophase techiolagy.

Nanoflnids are expected to sxbibit siperior properii#s when
compared with conventional beat emster fluids and flugds that
contain micrometer-siced metallic pacliclss. Becauss heat
transfer takes place at the surface of the particle, it 33 dezirable
b ks a particls with a larpe eurface area. Manoparticlss have
sotremely large surface areas and therzfore have a great
potential for application in heat ransfer. The much larper
relative sface aréas of nannphase powders, when compared
with conventonal micrometer-sized powders, should markedly
impeove the heat ansfer capabilities and stability of the
SUSPAMLSTHTLS,

Researchers a1 Argonne Nadonal Laboratory (ANL) have
been developing advenced fluids for industdal applications,
inchoding disigiet besting and cooling systems (Choi and Tran,
1991; Choi =t al., 19922 and 1992b). Oope of the problems
fdemtified in thic R&D program wes that micromster-sived
particles cannot be used in practical heat tratsfer equipment
because of severe clogping problems.  However, nanophase

metals are believed 1o be ideally seited for applications in
which fluids flow thoough small pastages, beacanse the merallic
nangpariicles are small emough that they are expected 1o
behave like molecules of liquid. Themefors, nanomcter-sized
particles will not clog flow passages, but will imgeave the
thermal conductivity of the fluids. This will opens wp the
passibility af uning nancparticles &ven in microthannels for
many envisioned high-heat-load applications. More recenly,
a project was bepun af ANL w demonstzte the feasibility of
the concept of napeflnids.  Soccessful employinent of
nanofluids will result in sigrificant emergy and cost savings
and will mppost the current odustrdasl  wend  towark
componest rrinistunization by enabling the desipn of emaller
and lighier beat exchanger sysiems,

The perpese of the paper is o demonsitate theoretically the
feasibility of the comcept of mapofluids.  Aftey brledly
describing the technology for producing manopardcles and
suspensions, we shall estimate the thermal copductivily af
nanofluide with coppsr panophese materiale and  the
subsequen heat transfer snhancement a5 & function of tharmal
conductivity. We will also explore the patential benefits of
nanofluids in the expeoctation thal the olbz-high-performance
nartofluids may have major implications for many industrics.

TECHNOLOGY FOR PRODUCTION OF
NANOPARTICLES AND SUSPENSIONS

Modesn  Tabrlcation techaology prowides ErealL
opportunities (0 actively process matérials on odcrd- and
natipneter scales. Materiale with novel propertizs can be
produced on panometer scales, Nansstuomred or nanophase
materials are napomeer-sized sodid subsiances engineered on
the atomic or molecular scals w produce cither new or
crihanced physical properties not exhibited by cenventionsl
bulk solide. All physiczl mechanisms have a critical length
scale, bedow which the physical properties of materiale are
changed, Therefore, panticles < 190 pm in diameper exhibit
properties differsot from those of conventional solids. The
noble properties of nanophase materials come fom the
relatively high surface-area-to-volurne ratio that is due to the
high propodtion of constituent aloms that ceside at the grain
houndarizs. The thermal, mechanicsl, optical, magmetic, and
electrical properties of sanophase materials are superior o
ihwse of conventiopal malenals with coarse grain siroctures.
Consequently, the explotation in research and development of
nanophase materials has dravm considerable atention From
material scientists aod engineers alike (Doncan and Bouvray,
1989; Siegel, 1991).

Much progress has besn made in the preduction of
nanophase materials, and comeot nanephase rechnology can
produce large quantities of powders with average particle sizes
in the l(-nm range. Sewveral “moderh” nanophase materials
have best piepared by physical gas-phase condensation of
chemical synthesis techniques (Siegel, 1991) The gas-phase
condensadon process involves e evaporation of a source
material and the rapid comdensation of vapor e nanomerer-
gized erystallites or Toosely agplomermed closters i & cool,
inert, reduced-pressure  ammosphere. A chemistry-bazed




solution-spray conversion process stars with water-solubla
sabis of source materials. The solation i thes tuned into an
acroso]l and dried by a spray-drying  sysiem. Rapid
vaporizanon of the solvent and zapld precipitetion of the
golute keeps the composition kientical v that of the starting
solution. The precussor powder §s then placed in o Fuidized-
bef peachor 10 evenly pyrolyze the mivawee, drive off volatile
coneliients, and yield porous powdars with a uniform
homogenenas G structure (Ashly, 1994). A third vechoigue
i5 (0 generste nanophase macrials by condepssion of metal
vapors during rapid expansion in a supersonic pozzle (Hill, e
al., 196); Andres, ot al, 1981; Brown, ot al, 1942,

If powders are produced by one of these processes, some
agplomeration of individual pardeles may occor. [T is well
known, however, that these agglomeraces, which are typically
1 micrometer or 30 in size, requirs Livle soergy to fractare inda
smaller constituents, and thos it is posstble they will not
preseri a problem in this application. If, however,
agglomeration is 2 problem, it would prevent reslization of
the full potenrial of high surface areas of panoparticlez ip
rancfluids. Under sch condidons, thess  conventional
technologies for yroduction of oanophase materals are not
suitable for manofluids,

Apother promising ©  techadque for  prodncing
nonzpglomenating  nanoparrcles iovelves  eondenzing
nanophase powders from the vapor phass directly into 4
flowing low wvapor pressare fluid.  This @chidque was
developet in Japan more than 10 years ago by Akoh er al,
{1978), but has been cozentially ignored by the
ranccrystalling-materials community becarze of difficulties In
subsaquently separating the particles that are producsd from
the: fodds to make dry powders o balk matetjal: by sintsring
indi vidual nanometer-sized paricles.

THEUORETICAL STUDY OF THERMAL
CONDUCTIVITY OF NANOFLUIDS

PBecause of the absence of a theory for the thermal
comducivity of namoffujds, two existing mxdsls that were
developed for conventional solid-liquid systems with fine
particles s usedd in this study to estmate the effective shermal
condoctivity of nanefinidzs.  Batchelor and O'Bden (1977)
have devaloped &t ckprssion fin the effective thermal
conductvity Kegf. wWhich is applizable o rwo-phase syslems
that contain mwetal powders with panicle diameters on the ordey

of microneters, i e.,

kefiko = 4 In( kpy/kg 3 - L1 (1}

where kp, 15 the thermal conductivity of the metallic particle
and ky is the themoal cooductvity of the ecference fluig,
However, it should be meied that the theory of Baichelor and
O'Brien (1977) was onigivally developed for o point-contagy
porous medium.  When there is no contact between the
particles, the effective thermat conductivity is independent of
the conductivity matio. Thus, foe valoes of the conductivity
catio rapging from 100 to 10000, he ¢ffective thermal

conductivity of doncontacting systems ls estmated from the
equaron

keftkn =d ¥

If it is assaceed that this expressien 35 applicsble o
nanofluids, nanoparticlas are sxpected to inaease the thermal
conductivity of the hase fluids by a factor of 4. However, this
expression seems unfeasible for nanofluids becanse it doss not
involve the particle volume fraction or particle shape.

Hamilton and Crosser (19692) bave developed a mors
slaborate model for the sffective thermaal conductiviry of twao-
component xtores a5 a function of the conductivity of the
pure materizls, the composition of the mixture, and the shape
of the dizpersed paricles. For tniztures ic which the ratio of
corductivities of two phages is > 100, the effsctive thermal
fonductivity of two-component mixires can be calcalated as
follows;

kefffko = (km+ (8-1) ko - ¢0-1) & {ko - ken)] # [kms+ {n-1} ko
+ ¢ (%o - km)] 3

where ot is the particle volume frackion and n is the empirical
shape fartor given by

n=3{y, 4

where W is the sphedcity, defited as the mto of the sarfaces
arca of & sphere with & volume equal to that of the particls (o
the surface area of the panicle. This model shows thar
nocepherical shapes [all ather circumstances being the same)
will inceeaze the conductivity above that of spherss.

Applying the Hamdllon and Crosser model w0 copper
nanopanticles in water, the effective themmel conductivity of
the copper-water system bas been estimated for dioee values
for y. The offects of particle volume fraction and sphericity
ot the thermal-condnctivity ratie for a copper-waler system
are plofied in Fig. 1. The resols clearly show that 1the thermal
conductviry of the fuid-particle system depends on beth the
particle solume fraction emd the shope. Assuming that the
sphericity of copper nancpartlclex is 0.3, the thermal
cominctivity of water can be enhanced by a factor of 1.5 at the
Towr volurme fraction of 5% and by a factor of almost 3.5 o the
tigh wolume fraction of 2(¥%. This finding demonstrakas,
theoretically, the feasibility of the concem of nanofleids, e,
metallic nanopardcles are capable of significamtly increzsing
the thermal condweriviry of conventional heat transfer fuids.
Punthermore, Masada ¢ al, (1993) hava shoon experimenially
that - AlLD, particles at a volume fraction of 4.3% can inwTdase
the effective thermal conductivity of waler by =30%, The
agement betweon dhe cstimeted and measured conductivities
iz satisfactory.




POTENTIAL BENEFITS OF NANOFLVIDS

Eor turbulent convecdon oansfer of heat in smoooth pipes,
the heat transfer cocfiicient can be caloulated from e Dittus-
Boelter cotrelation,

Nu = 0.023 Re™* Pr'?, 5}

IF 3t 15 assumed thet only the thermal conduchvity of the
nancflid system varics and ather properties, such as the
specific Beat, densily, asd dypmamic viscosity, ame the same as
for the reference fluid, then we obtain feom Exq. 5.

LIR: sy ]

b-v k. (&)

which shows that the heat transfer coefiicient h may be
increased by incresasing the wvelocity v or the thermal
vomductivity of the fuid k.

In heat exchangers that use conventional fluids, the hear
transfer coeffichent may only be dnccedssd by significantly
increasing the welocity of the Ffluid in the heat transfer
equipment.  However, the pumping powsr sighificantly
mcreases with increasing velocity. The (ricdonal pressune
drop for fuliy developed rarbudent flows in a pipe is given as

8p = 2pL v, - (i)

whers p i the denxity of the Auid, L the length of the pipe, d
the pipe diametes, and £ the Faning fricllon factor given by

= 0.079 Re*®. )

[1 can be shown that the frictienal pressune drop is given by
the reladonship

Bp - \"1"”. (g}

Because pomping power P is propoctional va the peoduct of the
pressure drop and the flow rate, it can be sxpressed by the
relaticoship

P-vr, {109

From Bgs. 6 and 10, sphancement of heai transfer due to
increased puLping power can be sstimated from the fallowing
equatio:

hhy = FP)T, (L)

For a nanofluid flowing in the same heat mransfer aguripment
# 5 fized velocity, snhancement of beat ansfer doe fo
increpsed thermat condoctivity can be esimawed fom the
cquation

hpba = (kg™ (12)

The effects of thermal conductivily and pumping power on
he=at mansfer ars plotred in Fig, 2. In heat exchangers that oe

conventional fluids, heat fransfer can only be improved by
slgntficantly increasing flow rates. For example, to improve
the heat wansfer by a facwor of 2, the pumping power shoald be
increased by 2 factor of «10. However, if 3 nanoparticle-besed
fluid with a thermal conductivity of ~3 dmes that of a
conversional fluid ware used in the szame hear ansfer
eqnipmest, the rate of heat transfer world be doablad.

Lic et al. {1983) have coudied the influence of particle
Ioading and size on the pressure drop of shimy, Thelr dss
show that solids suspensions in the 20% volume Eracton
rang® incur e or vo pesalty in presmure drop as comipared
with singla-phaze fluids of comparable flow pate. Therefore, it
is reazonable to assume that the nanoffeid pressure drop
behaves like that of a single-phase fluid at volume fractions up
ta 20%. Then, the potentisl savlngs n pumping power is
pamticularly significasn as ihe bear wansfer enhancement Tatio
is increased, as shown in Fig. 3. Thiz could bead o a majoc
techmological breskthmugh in the development of ensrgy-
efficient industrial beat transfer fuids. Thersfore, the potential
benefits of nanaflulds could provide tremendous performance,
sizefweisht, and cost advangess.

FUTURE RESEARCH PLANS

The research effort to pradoce and chamacterize the heat
transfer behavior of nancfivids will consist of five main tasks.

1. Manophase meta] powders wilt be produced in existing
state-of-the-art gas-condensation preparation systems at AML.
The patticle size and agglemeration behavior of nanophase
powders in liquidz will be shudied.

2. A few technige for producing nonagglomeraling
nanopanticles  for pancfluids by directly condensing
nanophass powders Into a flowing fluid will be developed,
based oo the system designed by Akoh et al. (1978). The
properties of nanofluids produced by this technique will be
compared with those produced by inert-gis condensation.

3, Technology for peduction of  namaparticle
suspensions will be developed and the stability, dispersicn,
and rheological/transpert properties of (hess nanofluids will
b investigated.

4. The flow chargerenisfices of dilute and concentated
suspensions of nanoparticles wili be sadied  Hear sranafer
15565 with Danoparticles it a rngs of up w0 10 yoloms Fracdon
will be copducied to demonstrate the expecied dramalic
improvement in enstgy #fficisncy from nanofluids.

5 Pesctieal  applications of nanoflutds  will  be
investijgated.

CONSLUPING REMARKS

The concept of nanofluids iz an innovative wlea. The
feasibiliy of the concept of high-thermal-conductivity
nanofluids has been demonstrated by appiying the Hamilton
and Crosser (1962) model to copper nanoparticles in water,
wgether with some expedmental msults of Masuda, er al.
{1993} for y-ALO, panticles in walsr, The potettial benefits of
nancfluids with copper nangphase matertals have been
estimared. Owe of the benefitz of nancfluids will be dramatic




redhucsions in best exchanger pamping power. For example, to
impeavs the et transfer by 4 fector of 2, the pumping power
with conventional fluids should be increased by s factog of
=10, Howsver, if a nanoparticle-based fhid with 2 thermal
conductvity of =3 Hmes that of a conventional ffuid wepe wued
i e same heat transfer cquipment, the nanopariicle-based
fluid would doubls the catz of heal transfer withoot an increase
in pumping power. The invention of nanofluids presents Dew
chalkenges ad oppirminities  for thermal scienbisis  and
cngineers.
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Figura 1. EFFEGT OF PARTICLE VOLUME FRACTION AND SPHERICITY
\'ON THERMAL CONCUCTIVITY RATIO FOR COPPER-WATER SYSTEM
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Figure 2. EFFECTS OF THERMAL CONCUCTIVITY AND PUMFING POWER
ON HEAT TRANSFER
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Figura 3. POTENTIAL FUMPING POWER SAYINGS WITH NANOFLUIDS




