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Usual heat transfer fluids with suspended ultra fine particles of nanometer size are named

Nandy Putra as nanofluids, which have opened a new dimension in heat transfer processes. The recent
investigations confirm the potential of nanofluids in enhancing heat transfer required for
Peter Thiesen present age technology. The present investigation goes detailed into investigating the
increase of thermal conductivity with temperature for nano fluids with water as base fluid
Wilfried Roetzel and particles of AJO; or CuO as suspension material. A temperature oscillation tech-
nique is utilized for the measurement of thermal diffusivity and thermal conductivity is
Institut fiir Thermodynarmik, calculated from it. The results indicate an increase of enhancement characteristics with
Universitat der Bundeswehr Hamburg, temperature, which makes the nanofluids even more attractive for applications with high
D-22039 Germany energy density than usual room temperature measurements reported earlier.
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Introduction get four combinations of nanofluids. Using transient hot wire

Heat transfer technology stands at the cross roads of miniatumrl;?itct‘r? 2’hg\:veeéh;rrzﬁilcgﬁ??;cgg\'/tfnsqe%ft t'rllﬁ;lull']d;n;vn(::aena:?ienacsrgfsi
ization on one hand and astronomical increase in heat flux on the 9 P ) P

other. The usual enhancement techniques for heat transfer &ﬁhe thermal conduciivities of the liquids with the addition of

nly meet th challnge of ever nreasing demand of heat [, YOLe f ane paricles s creatd ermendous nirest
moval in processes involving electronic chips, laser applicatio q )

or similar high energy devices. The factors which limit the usuljjl'fals n t?e ftht thatbldue to srznall r)larthle S'ZZ gnd thelr. small
techniques are many folded. One major limitation is the poor thefP'Ume Iraction problems such as clogging and incréase in pres-
e drop become insignificant. The large surface area of the nano

mal characteristics of usual heat transfer fluids. They are ab i L2 i
two orders of magnitude less efficient in conducting heat Corﬁgrtlcles not only reduces the non equilibrium effect between fluid

pared to metals. This inherent inadequacy of these fluids mal?e@d solid but also increases the stability of the particles and sedi-

the heat removal mechanism less effective even with the b‘%?ntation problem is greatly reduced. A more recent study by

utilization of their flow properties. uan and Li[5] has shown that even with particles as large as 100

The idea of increasing thermal conductivity of fluids with conM (which is Tc”_‘ther sub-micr_on particles rather than nano par-
ducting particles suspended on them is not new. Ahljand Liu ticles) the stability can be achieved by using very meagre amount

et al.[2] carried out the studies on practical implication of hydro®f laurate sait. o . -
[2] P P y Thus the problems of traditional slurries can be eliminated by

dynamics and heat transfer of slurries. However, the usual slurries, '™ ) . . g
with suspended particles of the order of micro to millimeters sufducing the particles to nanometer dimensions. It must be kept in

fer from a number of drawbacks. The abrasive action of the péFl_lnd that the enhancement that is talked about in the above stud-
les is only that of thermal conductivity. The real enhancement of

ticles causes erosion of components, clogging becomes a ma i ) )
problem in small flow passages and their requirement of mom cat transfer capability of these fluids when used under convective
dition is expected to be much higher as the studies of Ahuja

tum transfer increases the pressure drop considerably. In addi ! -

to these the tendency of micro/millimeter size particles to setfiél: Sohn and Chef6] for laminar flow and that of Liu et a[2]
under gravity brings fouling and related problems. Thytor turbulent flow indicate. This makes nanofluids a prospective
eventhough the slurries have higher conductivities, they af@ndidate for cooling application such as energy intensive laser
hardly useable as heat transfer fluids from other technologic@ld X-ray applications, super conducting magnets, high speed
considerations. computing systems, fibre manufacturing processes and high-speed

The above bottleneck of slurries with micron or bigger siz&Prication applications.

particles can be removed by using particles of nanometer dimen-1 '€ need of explaining the results observed above can be ful-

sions. The concept was first materialised by series of resea lﬁ?d by theorising them or fitting them to existing theories. The
c

works at the Argonne National Laboratory and probably (Bdi assical t'heory_ of thermal conductivity of fluid with suspended
was the first to call the fluids with particles of nanometer dimers°lid particles is from Maxwel[7] more than a century back
sion suspended in them as “nano-fluids,” which has gained popyy_hlch assumes the sha_p_e of particles to t_)e spher_lcal. This the_ory
larity. was subsequently modified for non-spherical particles by Hamil-

The subsequent study by Lee et ] was a detail measure- ton and Crossdi8] for solid to liquid thermal conductivity ratio of
ment of thermal conductivity of two types of nano particles@j Mere than 100. This formula was further confirmed by Wegp
and CuO. The average weighted particle diameter they used wiGe Spherical particles. However measurement of Lee ef4jl.
23.6 nm for CuO and 38.4 nm for AD;. These particles were confirmed that even though the model of Hamilton and Crosser

used with two different base fluids—water and ethylene glycol 4] agrees well with AJO;-water or ethylene glycol nanofluid, it
fails in the case of nanofluids containing CuO nanopatrticles. Thus,

Contributed by the Heat Transfer Division for publication in tt®UBNAL OF It Ca'.“ .be said that .S|mple moqel “S'T‘g the concept of SUSpen.Slons
HEAT TRANSFER Manuscript received by the Heat Transfer Division July 31, 20010f millimeters to micrometer dimensions are doubtful for applica-
revision received January 21, 2003. Associate Editor: S. S. Sadhal. tion to nanofluids. The reason for the failure of Hamilton and
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Crosser[8] model to CuO nanofluid may lie in the fact that the
particles of AbO; used in the experiment were of 38.4 nm size
while that of CuO was 23.6 nm. It is well known that the oxides of
metals are thermally insulators when compared to pure metals.
Hence even though difficult to produce, the recent efforts are to-
wards using pure metal nano powders such as Cu-ethylene glycol
or Cu-transformer oil nanofluids. Xuan and [I5] could enhance

the thermal conductivity of water by using Cu particles of com-
paratively large siz€100 nm) to the same extent as has been done
by oxide particles of Cu of much smaller dimensi@®6 nm). The
more recent breakthrough was again from Argonne National
Laboratory by Eastmann et 4lL0] which brought out the aston-
ishing finding that by using pure Cu nanoparticles of less than 10 |
nm size a phenomenal 40% increase in thermal conductivity can
be attained with only 0.3% volume fraction of the solid. This
indicates very clearly that Maxwell7] or Hamilton Crossef8]
model breaks down completely with decreasing particles size in
the nanometer range. Thus as has been felt by Eastman[£0jal.
that the “anomalously increased” effective thermal conductivity
of nanofluids with smaller particles cannot be explained by exist-
ing theories because they do not take into account the phenomena
increase of surface to volume ratio of particles with decreasing
size.

All the investigation mentioned above measured thermal con-
ductivity at room temperature and hence failed to have an insight
to probable enhancement mechanism. Apart from this in all the
cases above measurements were made by a particular variation o
transient hot-wire method. Even though it has been claimed that |
this method is suitable for electrically conducting fluids, no dis-
cussion has been presented on the possible concentration of ion s —— 20um
of conducting fluids around the hot wire due to the electrical field | & e o
there. Thus, the present study aims at throwing some light on the
enhancement mechanism of heat transfer by experimentally evalu-
ating the temperature effect on thermal conductivity. The expet:
mental method used here is based on the oscillation method pﬁg?.n
posed by Roetzdl11] and further developed by Czarnet$&?)].

The method is purely thermal and the electrical components of the, . . . S .
apparatus are away from the test sample which does not influer distilled water and then using Ultrasonic V|b.rat|on to Q|sperse
the ion movements. Finally the enhancements of conductivity of t may be m_entloned here that the true density of particles are
Al,O5 and CuO based water nano fluids at higher temperature jore than 50 times the apparent density. Hence the volume of the
give more clear idea about the behavior of nano fluids at t}gid was determined by calculating the equivalent weight the
practical range of application since all the single phase cooliry lid using the true densitineglecting the weight of air trapped

application uses temperatures between room and saturation tdhja® @nd using that weight the suspension was made. After
perature. making the proper mixture the flask was kept under ultrasonic

vibration for 12 hours. After this no sedimentation was observed
) o _ for the fluids for about next 12 hours and thereafter minor sedi-
Preparation and Characterization of Nanofluids mentation were observed for 3% and 4%®lume suspensions

The preparation of nanofluid must ensure proper dispersion d#d none for 1% and 2%olume suspensions. Even though in
nanoparticles in the liquid and proper mechanism such as contpbctical applications it is expected to stabilize the particles with
of pH value or addition of surface activators to attain the stabili itable third agent such as oleic acid or laurate salts, in the
of the suspension against sedimentation. In the present experinfdfgSent case this has not been done. This is because of the fact that
ultrasonic vibration is used for dispersing the particles. The naffef time required for the experiments were much less than that
particles were producefby Nanophase Technologies Corpora—re_q”'red for the fl_rst sedimentation to occur and _the addition of the
tion) using physical vapor synthesis method. Under atmospheﬂyrd agent may influence the thermal conductivity of base fluid
condition these particles form loose agglomerates, which are Blf @nd thus the real enhancement by using nanoparticles may
the order of micrometers as can be seen in the TEM photogragtfs©ver shadowed. To keep consistency with this, for each experi-
shown in Fig. 1. However they can be dispersed in the fluid qui ent freshly vibrated fluid was _used SO tha_t the ex_perlmental time
successfully which results in breaking of the agglomerates 15102 hour_s does not t_)rlng out sedimentation. As a cross
some extent giving particles of nanometer range as shown in F eck, the density of nanofluids was measured and was also cal-
2. The particles of the nano powder show a lognormal size distfdlated from the weight of powder alone and the volume of the
bution. The size distribution of a typical sample is given in Fig. BUSPension assuming the rest of the volume to be of water. The
The volume weighted average values of particle diameter fO¥0 calculations agreed excellently excluding any possibility of
Al,O; was 38.4 nm while that for CuO was 28.6 nm. As can padglomerates with non wetted space in betwee_n._ Thus nano fluids
seen from Fig. 2 the agglomerates of nanoparticles after dispere Prepared which are usable for conductivity measurement
sion are much smaller compared to that for the power, whichthout any stabilising agent.
confirms a good dispersion in the liquid. However to compare th@easurement of Thermal Conductivity
results with Lee et al.4] no effort has been made to further break
up the smaller agglomerates. Principle of Measurement. The measurement of thermal dif-

The dispersion of the particles was done by first mixing thiisivity and the thermal conductivity is based on the energy equa-
required volume of the powder in the chemical measuring flagion for conduction given by

& o
t Magn Det WD 1 10um
x SE 10.1 D8089 tif
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(bycuO

1 TEM photographs of agglomerated powder of nano
cles
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Fig. 4 The fluid volume for analysis

w=— )

Thus with the nondimensional space and time co-ordinates

§=X\/§ ©)

T=w-t 4)
the governing Eq(1) in its one dimensional form can be reduced
to

FT o7 5
98 ot ®)

For the general case of input oscillations with same main fre-
quency but different amplitude and phase at surf#caadB, the

Fig. 2 TEM photographs of dispersed nano particles boundary conditions are given by
T(£,=0,71) =T+ Uy cog 7+ Gy) (6)
T(é& =LVJwl/a,7)=Tp+u,cog7+G,) @
l ﬂ:VzT 1) Under st_eady periodic con_djtions_ the solution of the differential
a dt Eq. (5) with boundary condition given by Egé5) and(7) can be

In the present case this equation is apolied with the assum tobtained by using method of Laplace transform. The solution can
p q PP PUSE written in complex form as

that the test fluid is isotropic and the thermophysical properties aré

uniform and constant with time throughout the entire specimen u,€'C sinh(£\i) — upe'®o sinh(\i(£—€,)) .
volume. The cylindrical fluid volume considered for analysis with T(&,7)=Tq,+ - = e
its boundaries is shown in Fig. 4. At the surfadeandB, periodic sinh(&.+i)
temperature oscillations are generated with an angular velocity (8)
given by The complex amplitude ratio between the mid point of the speci-
men and the surface can be given by
- 2u e'Ct Lfliw\Y °
14 T et e N2 | ©)
2t The real measurable phase shift and amplitude ratio can be ex-
pressed as
°f AG _Im(B*) 10
% sl =arcta ReB") (20)
£
26t And
g u
i o =Re(BR)?+Im(BE)’ (11)
LW
27 By measuring phase and amplitude of temperature oscillation at
0 the two surfaces as well as at the cenfgoint C), the thermal

0 50 100 150 200 250 300 350 400 diffusivity can be determined either from E@LO) or from Eq.

(11). To measure the thermal conductivity directly from experi-
ment, we must consider the temperature oscillation in the refer-
Fig. 3 Volume weighted particle size distribution for Al ,0, ence layer at the two boundaries of the test fluid. The frequency of
particles temperature oscillation in this layer is also same as the frequency

Diameter (nanometers)
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generated in the Peltier elemefalescribed latgrand that in the

test fluid. The one dimensional heat conduction in the reference

layer is given by

#Tr  dTg
o ar (12)
w
where {=x\/—. (13)
aR
The boundary conditions for the reference layer are
Tr({=0,7)=T({=0,7) (14)
Interface temperature balance,
N [0 dTg N \/8 aT s
R ar ¢ =0 a d¢ £=0

Interface flux balance.
The solution of Eq.(12) along with boundary conditioni14)
and(15) is given by

TR(L,7,60) =Tt Uge! "% cosh¢ Vi) + Cluge! (7%

_ i(7+Gg) ; sinl'(g\/i—)
uge'("+ %o COSH&W)]Sinh( " (16)
Where
- 7\ aR
C= e \/7 7

The complex amplitude ratio in this case between—D (D
being the thickness of reference layandx=0 is given by

%= cosh{p i) — C sinh({p\i)

Uy /ug)e'®L=Co —cos i
| L/ue 50— ngm} )
sinh(£.i)
The real phase shift and amplitude attenuation is giving by
Im(B’F}))
AGgr=arctan ——5— 19
" '(Re(BFo 149
and
Up _ *12 12
- = VRe(B{)?+Im(BR) (20)

Uo
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Fig. 5 Schematic of the experimental setup

ay

A= (@it ap), ™

In the solution presented for fluid as well as the reference layer
earlier the fundamental oscillation is considered and the coeffi-
cientsa, and b, are evaluated by numerical integration at the
appropriate location to yield the corresponding amplitude attenu-
ation and phase shift.

tanG,= (24)

The Experimental Set-up and Procedure

The experimental setup has been shown schematically in Fig. 5.
As has been stated earlier a temperature oscillation technique
which is a modification of that used by Czarnetzky and Roetzel
[12] has been used. This technique required a specially fabricated
test cell(1) which is cooled by cooling watei2) on both of the
ends coming from a thermostatic ba). Electrical connection
provides power to the Peltier element which is a DC power ob-
tained through a converté#). The temperatures are measured in
the test sectior(discussed laterthrough a number of thermo-
couples and these responses are amplified with amp(8jefol-
lowed by a filter which is finally fed to the data acquisition system
(6) comprising of a card for logging the measured data. The data
logger is in turn connected to a computer with proper software
for online display which is required to assess the steady oscillation
and for recording data. Since in the present experiments the prime
objective is to observe the effect of temperature on the enhance-
ment of thermal conductivity, the control of temperature of the

the thermal diffusivity of the test fluid has already been measurédid is important which is effected by proper adjustment of the
as described earlier and that of the reference layer being knowopling water from the thermostatic bath. However for higher
the thermal conductivity of the specimen can be evaluated frommperatures it is sometimes necessary to increase the input volt-

above formula.

Data Reduction

The temperature oscillation generated by the Peltier elemen
requires to be strictly periodic. The shape of the oscillation
immaterial since any periodic oscillation can be expanded by F

rier series in the form

a el
T(r)= 70 +k21 A, Sin(KT+ 6,)

(21)
where
1 27
ak:; fo T(r)cogkr)dr, k=1,273... (22)
1 2w
ka;f T(7)sinfk7)dr, k=0,1,2,3... (23)
0
and
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age to attain the required temperature level which is then fine
tuned to the required temperature by control of cooling water
temperature.

The test section is a flat cylindrical cell as shown in Fig. 6. The
t]I is mounted with its axis in horizontal position. The frame of

Otuﬁe cell is made of POMPolyoxymethyleng which can be ma-

chined accurately and simultaneously acts as the first layer of
insulation. The frame consists of the main part with a 40 mm hole
in it which makes the cavity to hold the test fluid, as well as the
two end plates which sandwiches the water cooler and the Peltier
element at both ends. The hole in the main frame is closed from
both sides with disc type reference material of 40 mm diameter
and 15 mm thickness. Thus the space for the test fluid is formed
which has a dimension of 40 mm dia and 8 mm thickness. The
fluid is filled through a small hole in the body of the cell. The
measurement of temperatures are made at three locations—at the
interface of the Peltier element and the reference layer, at the
interface of the reference layer and test fluid and the central axial
plane of the test fluid. For this purpose Ni-CrNi thermocouples of
0.1 mm diameter were used at the interfaces and 0.5 mm diameter

Transactions of the ASME
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thermal diffusivity of the fluid very accurately by considering am-
plitude attenuating of thermal oscillation from the bounddiyid
reference material interfag¢o the center of the fluid. However

for direct measurement of thermal conductivity one has to con-
sider the attenuation at the reference material as well. Since the
reference material has been worked upon and the microcracks and
inhomogenity of material brings out uncertainty in its thermal
conductivity value, direct evaluation of thermal conductivity of
fluid is less accurate. Hence, in the present measurement the value
of thermal diffusivity for the nanofluid is evaluated from experi-
ment. Subsequently the density has been measured and specific

heat is calculated from handbook, as

[ R T X TR

2777,
\
\
3

NN

7
v/

~™~. Cooling Water Out

=

% B msCp s+ m,Cp

N p.nf= (25)
T~ Test Fluid M+ M
Finally the thermal conductivity is calculated from
f H _ )\nf:anfpnfcp,nf (26)

Error Estimates

For measurement of thermal diffusivity, the main sources of
experimental uncertainty are the accuracy of thermocouples and
at the central plane from its stability consideration. The thermdhe location of temperature measurement. In the present measure-
couples at the interfaces are put in small groove and welded at thent thermocouples with an accuracy of 0.1 K were used and
tip while that at the center hangs from the wall. Before putting thecation was determined with an accuracy 1.25%. Over the mea-
end reference plates, the central position of the thermocouple vked temperature range the accuracy of temperature measurement
ensured through a precision measurement. The entire cell vé&ne out to be 3.4%. This limits the combined uncertainty of
insulated further. The temperature of reference material was givé@asurement within an acceptable limit of 5%. It was observed
periodic oscillation by two Peltier elements (40 0 mm that for using method to determine thermal conductivity directly
squarg from two ends. The temperature oscillation in this elemerine has to take care of uncertainty of the thermal conductivity of
are controlled to obtained two objectives: the reference layer, which is more than 5%. This makes the mea-
1) The oscillation amplitude is adjusted to be kept Smagurement more inaccurate and hence has not been used here. As a
enough(of the order of 1.5 Kwithin the test fluid to retain con- afeguard against experimental error the experimental setup de-

stant fluid properties and to avoid natural convection on one hajg bed above was first calibrated by measuring thermal diffusiv-
prop of demineralised and distilled water over a wide range of tem-

and on ne oiner L ot o o decrease 100 much o et Batre It was found hat over th temperature ange of 20°C 10
o : S 3°C the average deviation of thermal diffusivity from the stan-
calculated to be 850, which is below the asymptotic limit for ons%t rd values of handbooi/DI Warmeatlag 13]) was 2.7%. Over
of natural convection. The measurement with pure water e range from 20 to 30°C the maximum error Waé fOl'Jnd to be
known conductivity reconfirmed that no natural convection WER lited to 2.11%. The maximum error was limited to 7% up to
present. temperature 50°C. This gave an indication about the accuracy of
2) The smaller amplitude and accurate adjustment of thRe measurement and showed that over the entire range of mea-
mean temperature of oscillation ensures that for the conductisgrement an acceptable range of accuracy existed. The values of
fluid, test is made at the sought temperature. error in thermal conductivity calculated from error analysis in the

For example a typical temperature oscillation recorded at the |B[evious section also matches well with the observed values. The

cations after steady oscillation are reached is shown in Fig. 7.8fghancement thermal conductivity values of nano fluids are mod-
ge increase of 2% to 36% over the base value of water and

Fig. 6 The test cell construction

can be seen that the amplitude of the temperature oscillation p -
duced by the Peltier element gets attenuated and its phase ce the present ranges of accuracy is acceptable for the present
e.

shifted as it crossed the reference material. It is further attenuai
and shifted as it reaches the center of the test fluid. The theoretical

principle presented earlier reveals that it is possible to evaluate the . .
Results and Discussion

To begin with measurements were done at room temperature for

30 Al,O5 and CuO nanofluids of water at various particles volume
concentrations. The results presented in Fig. 8 show an excellent
23 agreement with the measurement of Lee ef4llconsidering the
7 T : : . :
O L, b /A //’A.__L fact that minor differences in particles size existed between them.
% 25 N The room temperatures were also not identical in the two cases,
= 923 still the present measurements confirm the same level of enhance-
3 .
g ng_ ment of thermal conductivity as observed by the Argonne group
22 Inerdace Tomperature J using an entirely different measurement technique. _
5 18 \ Subsequently measurements were made for the nano fluids of
~ Input Temperature l Al,O5-water and CuO-water with different particles concentration
15 T —F and most importantly at different temperatures, which is the main
4000 4230 4500 4730 50:00 5230 550 objective of the present work. Figure 9 shows the enhancement of

thermal conductivity of AJO; based nanofluids with temperature.

It is interesting to see both for 1% and 48@olume particle
concentrations there is a considerable increase in the enhancement
from 21°C to 51°C. With 1% particles at room temperat{®@&°C)

minutes

Fig. 7 Amplitude attenuation of source temperature oscilla-
tion in reference layer and in test fluid
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Fig. 8 Enhancement of thermal conductivity at room

temperature Fig. 10 Enhancement of thermal conductivity of water—Al ~ ,0;

nanofluids against particles concentration and temperature
and comparison with Hamilton-Crosser ~ [8] model

the enhancement in only about 2%, but at 51°C this value in-
creases to about 10.8%. Thu_s th_e present measurement s_howsr 8lof increase of enhancement in this case in much higher com-
in practical heat transfer application the enhancement achieved ed to that of the 1% nanofluids. which can be observed from
adding s(;nflllt;]/olugmla_ of dna?o partlcle_?hls conS|derabI){[ h'%? e increased slope of the fitted line of the two nano fluids shown.
Zg/mpare ? t'a ehleve . athpresém]. P € me"ig”ff]me” WItN Thus it can be said that the enhancement of thermal conductivity
% concentration shown in the same figifeg. 9) shows one ,shows a dramatic increase with temperature and the rate of this
mor% interesting feature. Here the enhagcementgoes from 9.4% G ease depends on the concentration of nano particles. As has
24.3% with temperature rising from 21°C to 51°C. The average. . expressed by Lee et @], the Hamilton—CrossdB] model

given by effective conductivity in the form

13 A AAM= DA (=D (A=A 27
Ay )\a+(n_l))\w+ d’()\w_)\s)
. Al,03 (1%) is agreed upon by AD; based nano fluids at room temperature.

This is somewhat contrary to the results of CuO based nanofluid
which did not agree with the model. Figure 10 shows that this
agreement for AlO5;-water is somewhat accidental because the
agreement is only good at room temperature. At elevated tempera-
ture even AJOz-water nanofluid disagree with Hamilton—Crosser
12 | model [8] because this model hardly changes the effective con-
ductivity with temperaturdthe change in/\,, curve with tem-
perature for this mod€l8] cannot be distinguishédThis brings

out some insight to the mechanism for thermal conductivity en-
hancement in nanofluids. In ordinary slurries the thermal conduc-
tivity is increased due to higher thermal conductivity of the solid
s particles and hence the combine effective conductivity is some
kind of average of the liquid and solid conductivity. The
Hamilton—Crossef8] is a kind of such average, weighted accord-
1.1 ¢ ing to the particles shape.

Y In nanofluid the main mechanism of thermal conductivity en-
hancement can be thought as the stochastic motion of the nano
particles. Presumable this Brownian like motion will be dependent
1.05 L o on fluid temperature and so this amount of enhancement with
temperature is quite explicable for A); since the particles size
(both for Lee et al[4] and present studywas bigger. At low
temperature this motion was less significant giving the character-
istics of normal slurries which rapidly changed at elevated tem-
perature bringing more nanoeffect in the conducting behavior of
the fluid. This explanation also indicates the reason for the

L A|203 (4% )

1.256

Thermal conductivity ratiol/A water
o

Temperature (°C) “anomalously increased” conductivity of nano fluid containing
Cu particles of less than 10 nm as observed by Eastman et al.
Fig. 9 Temperature dependence of thermal conductivity en- [10]. The main mechanism of enhancement of thermal conductiv-
hancement for water—Al ,03 nanofluids ity there is the increased stochastic motion of the nanoparticles
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Fig. 11 Temperature dependence of thermal conductivity en-
hancement for water—CuO nanofluids

Conclusion

o The temperature effect of thermal conductivity enhancement in
rather than the tohermal conductivity of Cu because the volum@nofiuids has been presented through an experimental investiga-
fraction used0.5% was too small to bring about such an effectio, A purely thermal method consisting of temperature oscilla-
by any kind weighted average. Thus the present results indicgig,q ot the fluid sample has been used for this purpose. The
that itis possible to have a threshold temperature corresponding i@, 4 has heen found to be appropriate for nano fluids both from
each pgrtlcle size at-W-hICh the effective thermal gonductlwty 2 ccuracy and prevention of natural convection point of view. The
nanofluids starts deviating from that of usual slurries and the e%-easurement confirmed the level of thermal conductivit)} en-

hancement through stochastic motion of the particles start do b d b h
nating. The measurements with CuO-water nanofluid show nafig"ceément at room temperature as observed by others. It was

effect even at room temperature and in this case the enhancerigfher observed that a dramatic increase in the enhancement of
of the conductivity is much higher as shown in Fig. 11. Thé&onductivity takes place with temperature. It is observed that a 2
Hamilton-Crossef8] model gives a value less than that measurel@ 4 fold increase in thermal conductivity enhancement of nanof-
at room temperature. The measurement of enhancement of clds can take place over a temperature range of 21°C to 51°C.
ductivity with particle concentration at different temperature prefhis finding makes nanofluids even more attractive as cooling
sented in Fig. 12 confirms this and indicates the necessity fitwid for devices with high energy density where the cooling fluid
better theoretical model for these for the entire range of tempeig-ikely to work at a temperature higher than the room tempera-
ture. In this case the effect of temperature on thermal conductiviiyre. It has been observed that nanofluids containing smaller CuO
enhancement is even more dramatic as it climbs from 6.5% garticles show more enhancement of conductivity with tempera-
29% (for 1% particle concentratiorand from 14% to 36%for ture. However the enhancement is considerably increased for
4% particle concentration However, in the case of CuO waterpanofiuids with AyO; as well. The effect of particle concentration
nanofluid the rate of chan_ge of enhance_ment with temperature gids opserved to be more for the @,-water system. The mea-
not change as much with concentration as that observed fQfements indicate that particle size is an important parameter for
AI203-Water nanofluid in the present measurements. At this POIffie observed behavior and the usual weighted average type of
we would like to express that the Hamllton_Crosser mOdel f%odel for effective thermal conductivity is a poor approximation
CuO as calculated by Lee et gl] seems to be incorrect since theOf the actual enhancement particularly at the higher t ¢
curve given by them corresponds to a particle conductivity of less L P y . gher temperature
ange. The results indicate that a stochastic motion of nano par-

than 2 W/m K which is much smaller than value in literature; S . .
(~17.65 W/m K [14]. For convenience we have indicated bot icles can be a probable explanation if future theoretical studies
can confirm it.

the curves in Fig. 12. L . .
In general, the effect of particle concentration was found to be The main limitation of the previous and the present experiments

|ess for CuO water nanoﬂuid Compared tq@&_water nanoﬂuids is the non-availability Of nano pal’ticles Of diﬁerent SizeS fOf same
which can be attributed to the larger particle size of@J. On material which can conclusively indicate the effect of particle
the other hand the effect of temperature was found to be mdi&e. However the present study brings out the important aspect of
predominant in CuO water fluid which is due to the stochastiemperature dependence of conductivity enhancement which can
motion of the particles which arguably will be more mobile withbe used as an important source for a comprehensive theoretical
smaller particle size. treatment in the future.
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