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ABSTRACT

The heat transfer characteristics of a transformer usinthbo
standard mineral oil and nanodiamond oil was investigated n
merically and compared to experimental measurements. dhe r
sults of the model agree well with the standard oil measurgsne
and with theoretical convective flows from the literatureow
ever, the simulations could not predict the magnitude oténe
perature variation in the nanodiamond oil, although the app
priate trend was observed. Because properties of the nanodi
mond transformer oil are not well known, good agreement ts no
expected. Nevertheless, nanodiamond in transformer oilvsh
enhanced heat transfer performance over standard transtor
oil.

NOMENCLATURE

A cross-sectional area @n

Bi Biot number

Cp constant pressure specific hegth@K)
g gravitational acceleration (8m/s?)
h heat transfer coefficient (Wn?K)
k thermal conductivity (WmK)

L characteristic length (m)

Nu Nusselt number

P heat generation (W)

Pr Prandtl number

q’ heat flux (Wm?)
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Q heat transfer (W)

Ra Rayleigh number

t time(s)

temperature (K)

velocity (m/s)

thermal diffusivity (nf/s)
coefficient of thermal expansion (K)
transformer efficiency
aspect ratio

kinematic viscosity (rfy/s)
density

temperature difference (K)

PO < 1o <L -

INTRODUCTION

Modern power distribution relies on a tremendous number of
oil-immersed transformers for stepping voltages betwesamst
mission and utility modes. For example, the Electric Power R
search Institute (EPRI) estimates approximately 3.5dilljal-
lons of mineral oil are in use as an electrical dielectric [Lhe
oil provides convective cooling as well as electrical dade
protection. Maintaining low core temperatures of transfers
is crucial for efficiency and longevity of service. In factpae
degree (Celsius) temperature reduction in the core cart iasu
a 10% increase in the life of a typical transformer [2]. Altigh
existing mineral oil solutions have provided adequate rttadr
protection for decades of reliable service, all oils argliér heat
transfer fluids. The advent of nanofluids could provide digni
cant enhancement in bulk heat transfer properties, whiakidvo
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ultimately extend the service life of oil-immersed equiprhe suming the change in specific heat is negligible, then

Nanofluids are colloidal suspensions with dispersed

2/3 1/3
nanoparticles, which are known to enhance the thermal asndu Ao _ NUnaxoknaro _ (k”dxo) ( Vxo ) . )
tivity of a base fluid [3]. Intuition suggests that a higheerth ATndxo NUxokxo kxo Vndxo

mal conductivity would decrease the winding temperatureafo

given load. On the other hand, the load of a particular piece If the ratio is greater than one, then the ndxo provides ecdtan

of equipment retrofit with a nanofluid could conceivably be in  cooling. From this analysis, the viscosity would have todase

creased without exceeding the nameplate specificationberEi by 2.25 times to overcome a thermal conductivity enhancémen

way, the nanofluid would result in a tremendous cost recoyer b of 1.5. This suggests that the nanodiamond will enhance the

reducing the maintenance and replacement costs of agirig-equ  overall cooling performance of the transformer system.

ment. However, because the nature and behavior of nanofluids First the expected material property changes between

is generally not well understood [4], the side effects ofiadd straight mineral oil and the nanofluid composed of minerhl oi

nano-particulate to transformer oil must be examined céyef and nanodiamond will be discussed along with some prelirgina

findings. Secondly, natural convection in the transforraister

Upon adding nano-particulate to transformer oil, trans- resulting from a change in material properties will be eatied

former performance may be governed by a variety of effects to determine the thermal efficacy of using nanodiamond imstra

other than enhanced thermal conductivity. Furthermoreseh former oil. Because of the approximations in the simulatiod

effects can be critical to the safe, efficient and reliablerapon assumed conditions of the tests, direct numerical compasis

of the equipment. In general the issues associated withfliano  can not be made. However, trends, scaling and order of magni-

ids and oil-immersed transformer performance can be catego tude estimates can be made using lumped models to learn some-

rized into electrical, mechanical, chemical and thermakeck thing about the performance characteristics of the narnbiitua

trical effects include dielectric strength, dischargecsysibil- transformer.

ity and magnetic interference, for example. Chemical ¢ffec

include stability, suspension, clustering and reactiothwmn-

mersed components (including insulative paper). Meclzpie DIAMOND NANOFLUID

fects include settling, viscosity, infiltration, lubridam and clog- Nanofluids have long been known to increase the effective

ging. The present work, however, is primarily concernechwit  thermal conductivity of a fluid [5] as described by the classi

thermal performance, which is determined by not only the-the cal model [6] for statistically homogeneous, isotropic gasite

mal conductivity but also the viscosity, specific heat arettial materials with randomly dispersed spherical particlesnifioum

expansion of the nanofluid. size [3]. However, this macroscopic theory does not incerpo

rate nanoscale effects, which can produce increases ictieéfe

For the present investigation, mineral oil with added nanod  thermal conductivity that are orders of magnitude greakar

amond is considered (ndxo). Nanodiamond was chosen becausexample, experimental evidence comes from Eastman et]al. [7

of its unique combination of properties. As a wide band gap who added< 10 nm copper particles to ethylene glycol and mea-

semiconductor, diamond has few free electrons and therefor sured the thermal properties as a function of volume fractio

hibits a low electrical conductivity, which makes it an elest They found that the thermal conductivity increased lingwith
dielectric. Normally, materials with small electrical chretiv- volume fraction and could be enhanced 1.14 times for a volume
ity also have small thermal conductivity (Wiedeman-Fraawe)l fraction of 0.5%. This value is for bare copper only; certagat-
However, because of diamond’s strong atomic bonds, thermal ments can dramatically increase the enhancement factog-as d
energy is transferred efficiently by lattice vibrations aposed scribed later. Interestingly, this combination of matsria simi-

to electrons, and it's thermal conductivity is particwaldrge lar in some respects to the mineral oil/nanodiamond contioima
even compared to most metals. This combination of large ther of interest. That is, the viscosity of mineral oil and etmgdegly-

mal conductivity and small electrical conductivity make itan- col is similar and the thermal conductivity of copper andkbul
didate for thermal enhancement of a dielectric fluid. diamond is also similar. However, the precise mechanisms re

sponsible for the increase of thermal conductivity ard st
The present work considers the convective heat transfer in well understood [4]. In addition, there are significanteli#fnces
a pole-mounted transformer due to adding nanodiamond te min in the materials of the two nanofluid systems. For exampés; th

eral oil. Dimensional analysis suggests that the ratio mipter- mal energy in copper is transported via electrons, whereds i
ature rises can be expressed in terms of Nusselt numbers ancamond it is via phonons. Therefore, drawing conclusionsigbo
thermal conductivity. Using typical correlations (1/3 paviaw) the oil/diamond nanofluid based on this single data pointiof-e
to obtain a functional relationship for material propesténd as- lene glycol/copper nanofluid would not be prudent.
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Clearly factors other than the bulk thermal conductivity of
the constituent materials are important. For example, vgiren
ilar iron particles (instead of copper) are placed in ethglgly-
col the enhancement factor is 1.18 (instead of 1.14) [8]., Yet
iron has a much lower bulk thermal conductivity than copper,
the improved enhancement is somewhat counterintuitivelleNVh
effects such as liquid-solid interface conductance, gargize,
surface coating and agglomeration of particles can affectiter-
mal conductivity of a nanofluid, Eastman et al. [9] suggeat th
“the ability of the particles or the liquid to move must plagig-
nificant role in thermal transport.” While this statemenédmot
necessarily limit the number of mechanisms for enhanced the
mal conductivity of nanofluids, itloessuggest that the role of
bulk thermal conductivity of the constituents is not neaeibp
of prime importance.

In the present study, nanodiamond particles of 10nm are
used and are dispersed using sonication and a surfactait. Ev
dence shows that surface treatment may have as much to do with

the effective thermal conductivity as the bulk materialpedies.

In fact, Masuda et al. [1&]reported an effective thermal conduc-
tivity of oxide nanoparticles to be an order of magnitudegéar
than that of Lee et al. [11] for the same materials. The twistes
differed in particle size and the fact that Masuda et al. [i€¥d

a surfactant. Similar results were obtained for metallidipkes
(copper in ethylene glycol) when an acid was added to assist i
dispersion [7], but opposite effects were observed in sasts t
with metallic particles [12]. Despite the lack of direct eui&i-

cation of the mechanism or magnitude of enhancement, the evi

dence points to an increase in thermal conductivity for diach
in mineral oil.
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Figure 1. SCHEMATIC AND DIMENSIONS OF THE “POLE PIG”
TRANSFORMER CANISTER AND DIMENSIONS FOR THE COMPUTA-
TIONAL DOMAIN.
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show a decrease [3] with the addition of nanoparticulatethen-
more, the change in viscosity is strongly dependent on the ty
and amount dispersion agent. Qareliminary tests have indi-
cated that the effect of nanodiamond in mineral is to ineehs
viscosity slightly. So as a first approximation for simubatsake,
we will assume that the viscosity is not affected by low volum
fraction of nanoparticulate. Ongoing tests are being peréa
to verify this assumption and to quantify the change in saver
important properties including viscosity, dielectricestgth and
thermal conductivity.

CONVECTION MODEL
Convection occurs within the transformer canister, which

Based on available tests of other nanofluids and prevailing . be modeled as a cylinder whose diameter and height are

hypotheses of transport mechanisms, it seems reasonadne to
sume that mineral oil/nanodiamond system would exhibitgea
increase in thermal conductivity. For purposes of laterusim

tions we will assume an enhancement of 1.5, which is represen

tative of a vast majority of the data and commensurate with on
example of SiC nanoparticles [13].

Thermal transport is not governed by thermal conductivity

alone. For natural convection, the density, viscosity gretsic
heat are also important. Heat capacity (density times Bpeci

D = 50cm andL = 50cm respectively, so the aspect ratio is
IF=D/L =1 as shown in Figure 1. The overall heat transfer
can be described by the Nusselt number

q//L

N =
U= ket

(2)

whered” is the heat flux andk is the thermal conductivity of

heat,pcp) and density can be calculated as average heat capac-the fluid. TheAT in this expression is normally calculated be-

ity and density of the constituent materials scaled by there
fraction. For small volume fractions, then, these quaatitio
not change significantly from the fluid properties. Althoubk
Einstein model for viscosity suggests that nanofluids waléa
a higher viscosity than their pure fluid counterparts, thedjm-
tion is strictly valid for small volume fractions only<(0.05).
Viscosity measurements, however, are perhaps even less-und
stood [9]. In fact some studies show an increase [14] and®the

1The text could not be located, so this claim is based purelthemeport by
Eastman et al. [9].

tween the top and bottom surface. In the present case, we will
assume the temperature difference to be between the maximum
core temperature (located near the origin of the coordiaxs
and an estimate of the average oil temperature along thaeinsi
wall, which should be the coolest temperature in the sysiéra.
buoyancy is described using the Boussinesq approximaien.
perimental and theoretical correlations from the literatusu-
ally express the non-dimensional heat transfer as a fumctio
the Rayleigh and Prandtl number, i.e., NINu(Ra Pr).

In the simulation, the bottom of the cylinder coincides with
the top of the transformer. Therefore, we are consideriagt-
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ural convection above the transformer and the transforereeig
ates the heat that is imposed on the bottom surface of oureomp
tational domain. Consequently, the thermal boundary dimmdi

at the bottom of the domain is uniformly heated. The top is a
free surface and the heat transfer is assumed negligiblat He
is lost, then, out the sides due to external convection inaai
suming the sidewall resistance of the thin aluminum casing i
negligible. The external heat transfer coefficient is dedifrom

the correlation for natural convection on a vertical pldeid

in any undergraduate heat transfer text)

0.67R4"*
1+ (g
r

Nu_ = 0.68+ (3

where Ra = gBATL3/va. L is the height of the cylindeg is
acceleration due to gravity, afxl” = 40K is assumed. For air,
B =0.0033Klis the thermal expansion coefficient= 15.89 x
10-8m?/s is the kinematic viscosityy = 2256 x 10°°m?/s is
the thermal diffusivity and P& 0.7 is the Prandtl number. If
the thermal conductivity of air ik; = 26.3 x 10‘3W/mK, then
the external heat transfer coefficient is found from the ayer
Nusselt number as
Nu,
L

ka

he = ~ 4W/mK, 4)

and the energy is convected to ambientTair= 300K The hy-
drodynamic boundaries are no slip on the bottom and sidés wit
a zero shear on the top surface.

Initial tests of the 25kVA-rated transformer were perfoome
atP = 5kW. Therefore, if the transformerip= 90% efficient?
the heating on the bottom surfaced$ = P(1—n)/Apottiom ~
2500W/m?. Nominal temperature independent material prop-
erties were considered for mineral opp & 980kg/m3, p =
0.03kg/ms or 30cPk = 0.1W/mK, cp = 1966 JkgK, B =
0.001K1).3 All subsequent results are based on these approxi-
mate values.

The three dimensional computational grid contains 50 nodes
in the vertical direction with automatic refinement at the &md
bottom where we expect large gradients. The circumferesce i
divided into 100 segments. The radial ends are discretigeaju
an unstructured quadrilateral mesh that yields approxn&o
discretizations across the diameter. Again refinement wad u
at the edges. The volume was meshed using unstructured-quadr
lateral elements.

2This value is recommended by the manufacturer(GE).

3These properties are based on values available online (sadwoind.com).
However, because they are temperature independent, thesy st precisely
model an actual oil.

Table 1. NON-DIMENSIONAL PARAMETERS USED TO COMPARE
NANODIAMOND TRANSFORMER OIL WITH PLAIN TRANSFORMER
OIL. THESE VALUES CONTAIN A 1.5 INCREASE IN THERMAL CON-
DUCTIVITY, NO CHANGE IN THE VELOCITY AND THE SAME AT.

Ra Pr
X0 15x 109 590
ndxo 10x 100 393

EXPERIMENTAL DESCRIPTION

The experimental setup is described elsewhere [15], but con
sists of 2 identical transformers connected in parallehabe¢ach
experiences an identical load. The only difference betvthen
two test rigs is the nanodiamond additive in one of the cortai
ers. Temperature readings from calibrated thermocoupdes w
collected on the outside of the canister as shown in Figuta 1.
addition, internal probes measured oil temperatures about
inside the canister wall at the same vertical locations aster-
nal sensors. It should be noted that the actual size of thistean
is slightly smaller than our simulation (for a variety of seas).
Temperatures at all locations (including ambient) weréectéd
each second for five days, starting with the entire setup ai-am
ent temperature (no load).

The suspending agent used to make the mineral
oil/nanodiamond suspension is CAB-O-$lltreated fumed
silica.

RESULTS

Ultimately we want to see whether the nanodiamond in
transformer oil (ndxo) can reduce the maximum fluid tempera-
ture compared to pure transformer oil (xo0). Dimensional-ana
ysis of the heat transfer suggests that by increasing thientie
conductivity by 1.5 and keeping the viscosity the same, tag-m
imum temperature rise for a given load will decrease by 30%
(see equation 1). Actually, this estimate could be consiler
conservative. According to Grossman et al. [16] and mdteria
properties listed in Table 1, the flow is in a regime where the
bulk motion governs the Reynolds number, but the heat teansf
is largely governed by the boundary layer and not the bulk.flow
An appropriate correlation for this regime is [16]

Nu = 0.33Ra/*pPr /12, (5)

Now the ratio of temperature rises scales as the condycéit
hancement to the 5/6 power (instead of 2/3), yielding a more
significant cooling effect.

Unfortunately, the reality of natural convection is notttha
simple and simulations should be performed to estimatedhaé h
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Figure 2. VELOCITY MAGNITUDE FOR TWO-DIMENSIONAL SIMU-
LATION. (A) AXIAL VELOCITY, (B) RADIAL VELOCITY. (RIGHT SIDE IS
ALONG CENTERLINE.)

transfer. Furthermore, realize that the present case caheno
compared directly to traditional Rayleigh-Bénard corigcbe-
cause the side walls interact with the flow hydrodynamicatigt
cooling occurs on the side walls, not the top surface [17]e Th
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Figure 3. TEMPERATURE IN A VERTICAL CUT-PLANE THROUGH
THE CENTERLINE SHOWING THE LACK OF SYMMETRY IN A THREE-
DIMENSIONAL SIMULATION.

good news is that the exponent in the power law for the Nusselt lations were performed. Figure 3 shows a vertical cut-plane

number ofany flow regime is always less than unity [16] (and

through the centerline of the canister illustrating thélatsym-

greater than zero). Therefore, as long as the thermal cenduc metry about the axis in a full three-dimensional simulatiRe-

tivity is the only influence on the flow, we can expect enhanced
cooling.

Comparison to theory

In steady-state, we would expect the fluid to rise in the cen-
ter of the cylinder and fall along the outside because théirmgo
takes place on the side walls. And in fact this is preciselatwh
we find from two-dimensional simulations as shown in Figure 2
However, the simulations had trouble converging and suhgti
were only obtained for certain combinations of “lucky” pianex
ters. Therefore, the results are subject to further armlydev-
ertheless, the simulated flow patterns and temperatungbdist
tions match our intuition in that plumes appear from thedratt
and slowly vanish as the heat diffuses. These features ifitote
suggest that the flow is probably unstable, and a steady-stat
lution can not generally be obtained. This behavior is tgpic
of many natural convection flows such as Rayleigh-Bénard co
vection for particular values of Prandtl and Rayleigh nursbe
Based on Pr: 590 and Ra= 1.5 x 109, the convection regime
is on the threshold afime-dependentonvection andurbulent
convection according to Busse et al. [18]. Either way, thésams
that a steady-state solution may not exist.

Due to the inherent instabilities in the flow that break the
symmetry [19], two-dimensional simulations do not make muc
sense [20]. Therefore, full three-dimensional transiémius

sults shown are dt= 2 hr unless otherwise indicated.

The three-dimensional simulations show that the flow is
characterized by plumes emanating from the bottom surfade a
that the temperature everywhere in the canister is appairim
constant except on the sidewalls and bottom surface. Aloeggt
surfaces, a thermal boundary layer develops that is veryhmuc
thinner than the dimensions of the container. These laraéi-gr
ent regions govern the heat transfer so conduction is thé-dom
nant mechanism, which can be confirmed by analysis from Gelf-
gat et al. [19]. This feature suggests that a higher conducti
ity fluid such as ndxo would indeed improve the cooling of the
transformer, possibly above that predicted from the dirozrad
analysis.

To further validate the simulations, we compared the speed
of the rising plumes to analysis from Kaminski et al. [21] who
reported findings on laminar plumes in high-Prandtl numher fl
ids. They suggest that for P+ 590, the plume velocity can be

given as
| 9BQ
Vp=f(P
p ( r) pVCp, (6)
where f is an empirically determined function of Pr. In the

present casef(Pr) ~ 1.0. The foregoing expression depends
on the plume cross sectional ar€a=£ ”’A), which is unknown
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Figure 4. AXIAL VELOCITY (OUT OF THE PAGE) IN A HORIZON-
TAL CUT-PLANE THAT IS 20 CM ABOVE THE BOTTOM. THE HIGH-
VELOCITY REGION IS A PLUME WHOSE VELOCITY AND AREA
MATCH THOSE PREDICTED BY GELFGAT ET AL. [19].

but can be approximated from the simulations. For a simdlate
plume velocity ofV, ~ 0.04m/s, the plume radius would have
to ber ~ 4cm. Figure 4 shows the velocity in a horizontal plane
20cm above the bottom. The high-velocity region represants
plume whose area is commensurate with that predicted frem th
approximate solution.

During the transient simulation, the temperature diffeeen
between the hottest and coldest point in the container resnai
approximately 5K, despite the fact that the average tenyera
rises nearly 100K. In other words, this system appears taveeh
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Figure 5.  TEMPERATURE OF THE BOTTOM CENTER POINT IN THE
CYLINDER AS A FUNCTION OF TIME IN THE STARTUP PERIOD.

o) = Q/hA = 67.2K and the rate of temperature rise to be
®'(t = 0) = Q/pVcp = 0.00264K/s. This initial rate of tem-
perature rise (©0297 K/s) agrees well with the lumped model.
However, notice the startup behavior (1 hour) in Figure Sctvh
shows the temperature of the bottom center of the oil coatain
This location is presumably the hottest point in the simalat
We notice that the temperature rises very rapidly when condu
tion dominates until convection is established. Then thepter-
ature rises much more slowly, more like our lumped model.

Comparison to measurements

In the simulation, the standard oil required approximately
20.5 hours to reach a steady operating condition. Tests on a
25kVA transformer loaded at 5kW and instrumented with exter

as a lumped system where the average temperature compared t§@l thermocouples took approximately 10 hours to reacheaigte

ambientis

Q

ehA

) o

whereQ is the total heat transfer from the transformer. To check
the validity of this approximate analysis, we calculate atBi
number defined as the ratio of temperature rise in the tramsfo

oil to the average temperature of the oil compared to ambient

_ Toil, hot — Toil, cold

Bi = ~ 0.06 8)

Toil, avg — To

A calculated value of Bk 0.1 is usually regarded as small
enough to proceed with a lumped analysis. From this analysis
we can predict the maximum temperature rise toBheqt —

operating state. However, realize that the simulation hesl-a
ume that is twice that of the actual test. Therefore, we would
expect the simulation to require twice the time for a giveadio
Also, a total 50K temperature rise was seen in the measure-
ments for all sensors, which is smaller than what we expect to
observe in the simulation. From the temperature measurtsmen
each sensor recorded approximately the same rate of tetapera
increase £ 0.00278K/s), which matches the simulations very
well. Notice that we also saw a very small difference betwaden
the sensors (internal and external) indicating that theegysloes
not maintain large gradients as was also found in the sionlat
The test involving the nanodiamond fluid, however, demon-
strated a significantly different temperature signatued ik not
immediately apparent in the simulations. In essence, thpde-
ature difference across the sensors was nearly an ordergfima
tude larger than the measurements obtained from the tranefo
without nanodiamond. In this case, the lumped model can@ot b
used to estimate the transient behavior of the system. Hiem t
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measurements, we are unsure whether the average tempésatur distribution and power transformers. Tech. Rep. 1009108,

higher or lower because we only have three interior probesnF Electric Power Reseach Institute.

the simulation that incorporates the lower Rayleigh nunamet [2] Board, I. S., 1995. leee guide for loading mineral-oil-
Prandtl number (ndxo), we observe higher temperaturesthear immersed transformers. Tech. Rep. C57.91, IEEE.

top of the canister and lower temperatures near the bottam as  [3] Wang, X., and Xu, X., 1999. “Thermal conductivity of

Figure 3, which corresponds to the measurements, but the mag nanoparticle-fluid mixture”Journal of Thermophysics and

nitude of the difference was not as large as the measurements Heat Transfer13(4), pp. 474-480.

[4] P. Keblinski, S. R. Phillpot, S. U. S. C., and Eastman, J. A
2002. “Mechanism of heat flow in suspensions of nano-

CONCLUSIONS sized particles (nanofluids)international Journal of Heat
Based on preliminary experimental evidence and compari- and Mass Transfed5, pp. 855-863.

son to other similar nanofluids, the application of nanodiach [5] Choi, S. U. S., 1995. “Enhancing thermal conductivity of

to mineral oil should increase the effective thermal cotigeic fluids with nanoparticles”. IDevelopments and Applica-

ity of transformer oil by a factor significantly greater thane. tions of Non-Newtonian FluidsD. A. Siginer and H. P.

This change in thermal conductivity is accompanied by a ghan Wang, eds. American Society of Mechanical Engineers,

in viscosity due primarily to the surfactants used to mainta New York, pp. 99-105.

suspension. [6] Maxwell, J. C., 1881.A Treatise on ELectricity and Mag-
The heat transfer in the transformer canister was modeled netism 2 ed., Vol. 1. Clarendon Press, Oxford, UK.

using a finite element naturally convected flow solver. The pr [7] Eastman, J. A, Choi, S. U. S., Li, S., Yu, W., and Thomp-

dictions agree with flow regimes and flow structures found in son, L. J., 2001. “Anomalously increased effective thermal

the literature, a simple lumped model and measurements made conductivities of ethylene glycol-based nanofluids contai

on a transformer with standard transformer oil. Simulated-t ing copper nanoparticles’Applied Physics Letterg8(6),

peratures, when compared to measurements of nanodiamond in pp. 718-720.
transformer oil, are in agreement only in the trend. The magn  [8] Hong, T.-K., Yang, H.-S., and Choi, C. J., 2005. “Study of

tude of the measurements was not captured well. This dewiati the enhanced thermal conductivity of Fe nanofluidsur-

is likely the result of several approximations in the sintiola. nal of Applied Physic97(064311).

For example, we do not know the properties of the nanodiamond [9] Eastman, J. A., Phillpot, S. R., Choi, S. U. S., and Keblin

suspension. Until we can obtain reliable material properor ski, P., 2004. “Thermal transport in nanofluidsAnnual

the nanodiamond, we can not expect accurate simulations. In Reviews in Materials Researcd4, pp. 219-246.

addition, we have not incorporated temperature dependept p [10] Masuda, H., Ebata, A., Teramae, K., and Hishinuma, N.,

erties. The viscosity of oils is know to have a strong depande 1993. “Alteration of thermal conductivity and viscosity of

on temperature even for modest temperature ranges coadider liquid by dispersing ultra-fine particles (dispersion og|

in the present context. Furthermore, we know even less about siop, and tig ultrafine particles”.Netsu Bussei (Japan,

how nanodiamond might change the viscosity at different tem pp. 227-233.

peratures. Therefore, the lack of agreement is not sungyrisi [11] Lee, S., Choi, S. U. S., Li, S., and Eastman, J. A., 1999.
Nevertheless, the change in flow properties results in a de- “Measuring thermal conductivity of fluids containing oxide

crease in the maximum fluid temperature for a given transéorm nanoparticles” Journal of Heat Transfed21(2), pp. 280—

dissipation rate. However, further simulations with adetguna- 289.

terial properties are required to verify that the nanodiadituid [12] Patel, H. E., Das, S. K., Sundararajan, T., Nair, A. S.,

performs as expected. Based on out preliminary analysis, we George, B., and Pradeep, T., 2003. “Thermal conductivities

believe nanodiamond should be considered for a transfoother of naked and monolayer protected metal nanopatrticle based

additive to increase the service life of oil-immersed equept. nanofluids: manifestation of anomalous enhancement and

Additional tests such as discharge, settlement and résativst chemical effects”. Applied Physics Letter83(14), Oct.,

be performed before the material can be placed into service. pp. 2931-2933.

[13] Xie, H., Wang, J., Xi, T., Liu, Y., and Ai, F., 2002. “Ther
mal conductivity of suspension containing SiC particles”.
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