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Nomenclature
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Greek symbols
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Abstract

This report provides a literature review on the research and development work contributing
to the current status of nanofluid technology for heat transfer applications in industrial processes.
Nanofluid technology is a relatively new field, and as such, the supporting studies are not
extensive. Specifically, the experimental results and theoretical predictions regarding the
enhancement of the thermal conductivity and convective heat transfer of nanofluids relative to
conventional heat transfer fluids were reviewed and assessments were made of the current status
to derive future research and development directions for industrial applications. Pertinent
parameters were considered individually as to the current state of knowledge. Experimental
results from muitiple research groups were cast into a consistent parameter, “the enhancement
ratio,” to facilitate comparisons of data among research groups and identification of thermal
property and heat transfer trends. The current state of knowledge is presented as well as areas
where the data are currently inconclusive or conflicting. Heat transfer enhancement for available
nanoparticles is shown to be in the 15-40% range, with a few situations resulting in orders of
magnitude enhancement. The direction of future research should be to substantiate the lower
range results and to continue investigations into the higher enhancements. The focus of this study
is primarily transportation applications. However, some attention is given to other industrial
applications of nanofluid heat transfer. Also discussed are barriers to be addressed prior to
commercialization of nanofluids.

1. Introduction

Many industrial processes involve the transfer of heat by means of a flowing fluid in either
the laminar or turbulent regime as well as flowing or stagnant boiling fluids. The processes cover
a large range of temperatures and pressures. Many of these applications would benefit from a
decrease in the thermal resistance of the heat transfer fluid. This situation would lead to smaller
heat transfer systems with lower capital costs and improved energy efficiencies. Nanofluids have
the potential to reduce such thermal resistances, and the industrial groups that would benefit
from such improved heat transfer fluids are quite varied. They include transportation, electronics,
medical, food, and manufacturing of many types.

“Nanofluid” is the name conceived by Argonne National Laboratory to describe a fluid in
which nanometer-sized particles are suspended. Nanofluids consisting of such particles
suspended in liquids (typically conventional heat transfer liquids) have been shown to enhance
the thermal conductivity and convective heat transfer performance of the base liquids. The
thermal conductivities of the particle materials are typically order-of-magnitude higher than
those of the base fluids such as water, ethylene glycol, and light oils, and nanofluids, even at low
volume concentrations, result in significant increases in thermal performance.



Nanofluids are nanotechnology-based heat transfer fluids that are derived by stably
suspending nanometer-sized particles (with typical length scales of 1 to 100 nm) in conventional
heat transfer fluids — usually liquids. Research results from nanofluid research groups worldwide
show that nanofluids have thermal properties that are very different from those of conventional
heat transfer fluids. In one study, the addition of a small amount (less than 1 percent by volume)
of nanoparticles to conventional heat transfer liquids increased the thermal conductivity of the
fluids up to approximately two times (Choi, et al. 2001). As will be discussed subsequently,
many researchers have determined the thermal conductivity enhancement of different
nanoparticles in a variety of liquids with volume concentrations to be in the range of 0.5-4%. At
these low particle volume concentrations, typical enhancement has been in the 25% range over
the base fluid. The distinctive features of nanofluids include a stronger temperature-dependent
thermal conductivity than in the base fluid alone (Das, et al. 2003a), a substantial increase in
thermal conductivity with low particle volume concentrations (Choi, et al. 2001), an increase in
critical heat flux (CHF) in pool boiling (You, et al. 2003), and a substantial increase in the heat
transfer coefficient at low particle volume concentrations. The heat transfer coefficient is the
determining parameter in forced-convection cooling applications, including engines and engine
systems. More important, experiments have shown that nanoparticles significantly enhance the
heat transfer coefficients of flowing liquids, and some experimenters have claimed substantial
enhancements (Faulkner, et al. 2004). This topic will be discussed in detail subsequently, where
results from multiple experimenters will be presented and compared. At this point, it is notable
that many of the higher levels of heat transfer coefficient enhancement reported are beyond the
effect of increased thermal conductivity alone. Thus, the potential impact of nanofluids on
general heat transfer applications is quite large, and this includes ethylene glycol and water
mixtures for engine cooling.

In addition to the numerous experimental investigations into nanofluid thermal properties and
heat transfer, various investigators have proposed physical mechanisms and mathematical
models to describe and predict the phenomena. While comprehensive theoretical models for
nanofluids that take all main factors into account are lacking, some progress has been made in
this area. Consequently, the classical models and new improvements are presented in this study.



2. Nanofluid Research

Argonne National Laboratory was a pioneer in the early days of research and development of
nanofluid technology. Initial demonstrations of the excellent potential of nanofluids for heat
transfer applications led both industry and universities to launch research and development
efforts in nanofluid technology. That effort has increased considerably over the past several
years, as is evident from the compilation of yearly publications shown in Figure 1.

More than 250 nanofluid-related research
publications have appeared since 1995, and the
number per year should continue to increase. Of
these, Argonne National Laboratory has produced
more than 30 in peer-reviewed publications. In
2006 alone, more than 100 research papers were
published in Science Citation Index joumals.
Some of this publication increase is due to the
establishment of nanofluid research groups at
prestigious institutions worldwide. Research is
also coming from small businesses and large
multinational companies in different industries
and markets for specific applications. Much of
this escalating interest in nanofluids is based on
the potential for high-performance coolants. For
the automotive industry, the fluids of interest are
liquids at low pressure and engine operating
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Figure 1. Nanofluid technology publication rate

temperatures. Ethylene glycol (or ethylene glycol and water mixtures) is the most desirable base
fluid for cooling systems for historical reasons. Nanofluids with engine oils as base fluids have
automotive applications as well. However, the transition to industrial practice requires that
nanofluid technology become further developed and that some key barriers be overcome.
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3. Production of Nanoparticles and Nanofluids

Modern fabrication technology allows the fabrication of materials at the nanometer scale.
Nanoparticles are a class of materials that exhibit unique physical and chemical properties
compared to those of larger (micron scale and larger) particles of the same material.
Nanoparticles used in nanofluids have been made out of many materials, and the fabrication of
nanoparticles can be classified into two broad categories: physical processes and chemical
processes.

Some nanoparticle materials that have been used in nanofluids are oxide ceramics (Al,Os3,
CuQ), nitride ceramics (AIN, SiN), carbide ceramics (SiC, TiC), metals (Ag, Au, Cu, Fe),
semiconductors (TiO,), single-, double- or multi-walled carbon nanotubes (SWCNT, DWCNT,
MWCNT), and composite materials such as nanoparticle core-polymer shell composites. In
addition, new materials and structures are attractive for use in nanofluids where the particle-
liquid interface is doped with various molecules.

Nanoparticles of various materials have been produced by physical or chemical synthesis
techniques. Typical physical methods include the mechanical grinding method and the inert-gas-
condensation technique. The later was developed by Granqvist and Buhrman of Cornell
University (Granqvist and Buhrman 1976). Chemical methods for producing nanoparticles
include chemical precipitation, chemical vapor deposition, micro-emulsions, spray pyrolysis, and
thermal spraying. Also, a sonochemical method has been developed to make suspensions of iron
nanoparticles stabilized by oleic acid (Kenneth, et al. 1996). Current processes specifically for
making metal nanoparticles include mechanical milling, inert-gas-condensation technique,
chemical precipitation, spray pyrolysis, and thermal spraying.

Nanoparticles in most materials discussed are most commonly produced in the form of
powders. In powder form, nanoparticles can be dispersed in aqueous or organic host liquids to
form nanofluids for specific applications. To date, many types of host liquids have been used, but
ethylene glycol or ethylene glycol and water mixtures are the most desirable for automotive
applications. Several materials for the nanoparticles seem to have good potential for such
applications.

Nanofluids have been produced by two techniques: the two-step technique and the single-
step technique. The two-step technique starts with nanoparticles, produced by one of the physical
or chemical synthesis techniques described previously, and proceeds to disperse them into a base
fluid. The single-step simultaneously makes and disperses the nanoparticles directly into a base
fluid. Most of the nanofluids containing oxide nanoparticles and carbon nanotubes reported in
the open literature are produced by the two-step process.
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4. Barriers and Challenges to the Commercial Production of Nanofluids

To date, nanofluids of various qualities have been produced mainly in small volumes. This
production has been adequate for research work, but large-scale production of well-dispersed
nanofluids at low cost is required for commercial applications. This production situation is a
serious barrier to testing and use of nanofluids in the radiator coolant systems of vehicles and
other vehicle oils.

4.1. Two-Step Process

An advantage of the two-step technique in terms of eventual commercialization of nanofluids
is that Nanophase Technologies Corporation has already scaled up the inert gas condensation
technique to economically produce tonnage quantities of nanoparticles (Romano, et al. 1997).
Such nanopowders produced economically in bulk can be used to make nanofluids by the two-
step method if the agglomeration problem can be overcome. Making nanofluids using the two-
step processes was and remains a challenge because individual particles tend to quickly
agglomerate before complete dispersion can be achieved. This agglomeration is due to attractive
van der Waals forces between nanoparticles, and agglomerations of particles tend to quickly
settle out of liquids. In fact, agglomeration is a critical issue in all nanopowder technology,
including nanofluid technology, and a key step to success in achieving high-performing heat
transfer nanofluids is to produce and suspend nearly monodispersed or non-agglomerated
nanoparticles in liquids. This barrier is exacerbated by the use of oxide nanoparticles that require
higher volume concentrations compared to metal particles to achieve the same heat transfer
enhancement in nanofluids. At high volume concentrations, the agglomeration problem becomes
worse. Some surface-treated nanoparticles show excellent dispersion in base fluids and good
thermal properties. The challenge is to develop innovative ways to improve the two-step process
to produce well-dispersed nanofluids in large volumes. Some fluids are currently available
commercially in the form of liquid suspensions of small particles. Ceramic suspensions are
available in large quantities. Magnetic fluids containing iron oxide particles have been available
in the market since the 1970s. These fluids exhibit the same agglomeration and settling problems
as nanofluids made in laboratory environments by the two-step process.

4.2. One-Step Process

For nanofluids containing high-conductivity metals such as copper, a single-step technique is
preferable to the two-step process to prevent oxidation of the particles. With this technique,
nanoparticles are formed and dispersed in a fluid in a single process. Argonne National
Laboratory developed a one-step physical method for creating nanofluids. This patented single-
step method involves direct evaporation and has been used to produce non-agglomerating copper
nanoparticles that remain uniformly dispersed and stably suspended in ethylene glycol. This
technique involves condensing nanophase powders from the vapor phase directly into a flowing
low-vapor-pressure ethylene glycol in a vacuum chamber. The well-dispersed nanofluids of Cu
in ethylene glycol enhance the thermal conductivity of the base fluid by up to 40% at the particle
volume concentration of 0.3 vol. %, significantly larger than the prediction of effective medium
theory (Eastman, et al. 2001). Another one-step physical method, submerged arc nanoparticle
synthesis, has been reported as being used to produce nanofluids containing various
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nanoparticles such as TiO,, CuO, and Cu (Chang, et al. 2005; Lo, et al. 2005a; Lo, et al. 2005b).
With this method, the nanoparticles are produced by heating the solid material from an electrode
by means of arc sparking and then condensing it into liquid in a vacuum chamber to form a
nanofluid.

Although the one-step physical methods have produced nanofluids in small quantities for
research purposes, they are unlikely to become the mainstay of commercial nanofluid
production. They would be difficult to scale up for two reasons. Processes that require a vacuum
significantly slow the production of nanoparticles and nanofluids, thus limiting the rate of
production. Furthermore, producing nanofluids by these one-step physical processes is
expensive.

Recently, an alternative one-step chemical method for making copper nanofluids has been
reported (Zhu, et al. 2004). Nearly monodispersed copper nanoparticles with less than 20-nm
diameter were reportedly produced and dispersed in ethylene glycol by the reduction of a copper
salt by sodium hypophosphite. Polyvinylpyrrolidone was added as a protective polymer and
stabilizer that inhibited particle agglomeration. Copper nanofluids produced by this one-step
chemical method show nearly the same thermal conductivity enhancement as the nanofluids
produced by the one-step physical method. More recently, Argonne has successfully made small
amounts of nanofluids by this process. With some development, this method has the potential to
produce large quantities of nanofluids faster than the one-step physical process. However, a
significant limitation to this technique is that the volume concentration of nanoparticles and
quantities of nanofluids that can be produced are much limited than those of the two-step
technique.

Unlike the two-step process, these one-step processes are not commercially available yet. A
major challenge is to develop innovative ways to improve the one-step chemical process to
economically produce large quantities of nanofluids.

A drawback to both physical and chemical one-step processes for nanofluid production is
that systems run in batch mode with limited control over a number of important parameters,
including those that control nanoparticle size. Being able to run the one-step chemical process in
a continuous mode would increase its commercial viability. To that end, McGill University has
recently developed a semi-continuous process for the one-step production of ethylene glycol-
based nanofluids containing copper nanoparticles coated with an ultrathin (2-10 nm) organic
layer, which is chemically compatible with the host fluid and thereby ensures the stabilization of
the suspension (Cao and Tavares 2006).

4.3. Other Processes

While most nanofluid productions to date have used one of the above-described (one-step or
two-step) techniques, other techniques are available depending on the particular combination of
nanoparticle material and fluid. For example, nanoparticles with specific geometries, densities,
porosities, charge, and surface chemistries can be fabricated by templating, electrolysis metal
deposition, layer-by-layer assembly, microdroplet drying, and other colloid chemistry
techniques. Another process, the chemical vapor condensation technique, appears to offer
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advantages in terms of control of particle size, ease of scalability, and the possibility of
producing novel core-shell nanostructures (Srdi¢, et al. 2001). Still another technique is the
shape- and size-controlled synthesis of nanoparticles at room temperature (Cao, et al. 2006). The
structural characteristics of nanoparticles such as the mean particle size, particle size distribution,
and shape depend on the synthesis method, and there is potential for good control. These
characteristics for nanoparticles in suspensions are not easily measured. This fact could account
for some of the discrepancies in thermal properties reported in the literature among different
experimenters. Such discrepancies will be discussed subsequently.



5. Experimental Research on Nanofluid Thermal Conductivity

The heat transfer resistance of a flowing fluid is often represented by a Nusselt number,
which takes into account the fluid thermal conductivity directly and usually indirectly as well
through the Prandtl number. Thus, a first assessment of the heat transfer potential of a nanofluid
is to consider its thermal conductivity. To date, more research has been published in this area
than in any other related to nanofluids for heat transfer purposes, and many of these studies have
focused on automotive applications.

In examining the engineering literature, we have gathered experimental data from many
researchers. In each case, the thermal conductivity enhancement ratio has been calculated from
the information given in the technical papers. The thermal conductivity enhancement ratio, or
simply the “enhancement,” is defined as the ratio of the thermal conductivity of the nanofluid to
the thermal conductivity of the base fluid. The percent enhancement in thermal conductivity is
the enhancement ratio, minus one, times 100%. For consistency in this study, the term
“enhancement” refers to the enhancement ratio with regard to any parameter such as thermal
conductivity, heat transfer coefficient, and Nusselt number. When a percentage enhancement is
given, it will be so noted.

Table 1 of Appendix A provides a compilation of the data collected for the thermal
conductivity of nanofluids from experiments. The first column gives the name of the lead author
and the date of each paper. The “nanofluid” column gives the combinations of particle material
and base fluid used along with the temperature. The “concentration” column gives the range of
particle volume concentrations tested. The “particle size” is given as the average diameter of
spherical particles unless another particle shape is noted. In almost all nanofluid studies, the
particle size distribution is unknown. Even if the distribution is known for the particles in powder
form, for the two-step nanofluid production method, the effects of particle agglomeration or
settling out of suspension are usually unknown. (Production method is given in the “note”
column in Table 1, and particle agglomeration and settling out of suspension need to be
minimized in commercial nanofluids to be discussed subsequently.) Note that at the experimental
level, the mean particle size in the fluid can differ from the powder size, and particle size
distribution can be different among experimenters reporting the same mean size. Finally, the
results of the experiments in terms of the thermal conductivity enhancement ratio are given in
Table 1 as calculated from the information given in the papers.

The eight parametric effects on nanofluid thermal conductivity enhancement, isolated from
among the experimental data of Table 1, are (1) particle volume concentration, (2) particle
material, (3) particle size, (4) particle shape, (5) base fluid material, (6) temperature, (7) additive,
and (8) acidity. Each of these eight parameters will be considered separately from the standpoint
of data trend, magnitude, and corroboration by multiple experimenters.

5.1. Effect of Particle Volume Concentration
The effect of particle volume concentration on nanofluid thermal conductivity enhancement

is shown in Figure 2, where the works of seven experimental groups are presented for Al,O3 in
water. The particle size and nanofluid temperature vary among groups in Figure 2, but the

13
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general trend is clear: thermal conductivity enhancement increases with increased particle
volume concentration. Oxide-particle volume concentrations are normally below 4 to 5% to
maintain moderate viscosity increases, and an enhancement level up to about 1.3 (30%) is

typ

ical.

The effect of particle volume concentration on thermal conductivity enhancement is isolated
in Figure 3 by comparing the data of two research groups using the same nominal size particles.
Considering the available information, the two groups of Figure 3 used the same parameters, and
the results are nearly identical. (The magnitude of the enhancement in Figure 3 is relatively low
due to the rather small particle diameter.) The same trends were observed with other particle and

fluid combinations and other particle sizes.
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Results from several experimenters for thermal conductivity enhancement are shown in
Figure 4 for CuO in water. As in Figure 2, a range of particle sizes and fluid temperatures is
included in Figure 4. The volume concentration parameter is isolated for CuO in Figure 5, where
one patrticle size and one fluid temperature are used. The general trend is the same in Figures 2-5,
and magnitudes are corroborated in Figures 3 and 5 by two groups of experimenters in each.

The effect of PartiCle volume CuO in EG (Particle Volume Concentration Effect)
concentration with ethylene glycol as 2.00 T
the base fluid is seen in Figure 6 to O Lesetal (1989.24mm) | 1
have the same trend as the water data TosaTREO] -

iy
@
o

m

of Figures 2-5. The agreement in
magnitude is good between the data of
the two research groups of Figure 6.
From Figures 2-6, it is clear that the
general trend is for increased thermal
conductivity enhancement with B
increased particle volume r
concentration. Several studies are 120 1=
included in the comparisons, and C : . ; :
experimental groups agreed on S /T I IS T
magnitude of enhancement with 0 ? oume concentraton (4) 1%
reportedly identical test parameters for

Al;Os5 in water (Lee, et al. 1999 and
Das, et al. 2003), CuO in water (Lee, et al. 1999 and Wang, et al. 1999), and CuO in ethylene
glycol (Lee, et al. 1999 and Wang, et al. 1999). At higher particle volume concentrations, the
increase in enhancement is expected to diminish or even reverse. Also, nanofluid viscosity would
increase. However, in the practical volume concentration range for automotive applications
shown in the figures, no results were found in the literature that contradicted the upward trend.
The same is not true for the other seven parameters to be presented next.

1.60

1.40

Thermal conductivity ratio (k /k )

Figure 6. Effect of particle volume concentration for CuQ in ethylene glycol

5.2. Effect of Particle Material

The effect of particle material on thermal conductivity enhancement is shown in Figure 7 for
two oxide particles and silicon carbide — all in water. All other parameters are approximately
constant in Figure 7, isolating the material property effect. As shown, the particle material has
essentially no effect on the enhancement for these relatively low thermal conductivity particles.
The situation changes when higher conductivity particles are used, as presented next.

The results for thermal conductivity enhancement shown in Figure 8 include two metal
particles and one oxide for comparison. As shown, the metal particles produce the same
enhancement as the oxide particles but at much lower volume concentration. It was expected that
metal particles would outperform oxide particles owing to the higher thermal conductivity of the
former. It is difficult to create metal particle nanofluids without the particles oxidizing during the
production process. The Cu particles of Figure 8 were produced by the one-step method.
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Water Based Nanofluid (Particle Material Effect)
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Figure 7. Effect of particle material for particles in water

In Figure 8, the thermal conductivity
ratio is seen to increase faster for metal than
oxide particles. One wonders how high the
ratio could go had the metal particle
experiments been carried out to higher
volume concentration levels. Part of the
answer 1s seen in Figure 9. Here results are
presented for oxide, silicon carbide, and
metal particles. The particles in Figure 9 are
larger in size than in Figure 8, but the main
effect shown is the very high thermal
conductivity enhancement of the metal-
particle nanofluid when the particle volume
concentration was increased to 2.5%
compared to the maximum of about 0.7%
for the metal particles of Figure 8. At a
metal particle volume concentration of
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Figure 9. Effect of particle material for particles in ethylene glycol

2.5%, the thermal conductivity of the nanofluid is seen in Figure 9 to be 115% above ethylene
glycol. This result is significantly higher than the non-metallic particle results of Figure 9 and
points to a direction for nanofluid research and production. However, as mentioned previously, a
major obstacle for metal-particle nanofluids is eliminating the oxidation process during
production and later during usage. Particle coating is one technique that has received some

attention to solve this problem.

5.3. Effect of Particle Size

The effect of particle size on thermal conductivity enhancement was considered next. Only
particles reported to be spherical were included, with the size parameter being the nominal
diameter. Results are shown in Figure 10 for a single particle/water combination over a range of
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particle diameter from 28 to 60 nm. The trends shown are not monotonic. There is agreement
between two research groups studying of 38-nm particles. The results for larger particles, 60 nm,
show an increase in thermal conductivity enhancement. Based on these results, one would expect
that the smallest particles would show the least enhancement. However, the results for the 28-nm
particles fall between the two larger sizes. The range in particle size is relatively small in Figure
10, for which data are available with all other parameters the same. The results of Figure 10 are
not conclusive with respect to trend. The same is true for the results for a limited particle size
range in ethylene glycol, shown in Figure 11. Here, the thermal conductivity enhancement is

largest for the intermediate-sized particle.
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Figure 10. Effect of particle size for Al,0, in water

150 T I T 1 1
— 56— Xie, etal. (2002, 15 nm) '
——F—— Wang, et al. (1999, 28 nm) . -

a0 | —— Lee, et al. (1999, 38 nm) : B

m

)

Thermal conductivity ratio (k /k )

1.00

1.30

1.20

-y
-
o

Alzo3 in EG (Particle Size Effect)

IIII|IIII|IIII'IIII

' ' '
IlIlIlIIIlIIIl|II|II

o

2 4 6
Volume concentration (%)

Figure 11. Effect of particle size for Al,0, in ethylene glycol

From the trends of Figures 10 and 11, we concluded that, omitting the data of Wang et al.
(1999), a consistent trend appears wherein the larger particle diameters produce a large

enhancement in thermal conductivity. This result
is in disagreement with some theories that point to
a uniform distribution of small particles as
producing the best enhancement. With particle
agglomeration being a key but largely unknown
factor in most thermal conductivity experiments,
the particle size effect from experiment and theory
may not actually be on the same basis. It should
be emphasized that in this case, as in all nanofluid
data comparisons of this study, uncertainty arises
from the accuracy of the reported particle size and
shape. These parameters are most often not
measured by the experimenters but rather taken
from the powder manufacturers’ nominal
information.
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thermal conductivity enhancement is shown in Figure 12 for CuO in water. Here, the results of
Wang et al. (1999) are separated from the other two groups whose results show the trend of
increase enhancement with increased particle size. The results of Figures 10-12 suggest that the
thermal conductivity enhancement increases with the diameter of the suspended spherical

nanometer particles.

5.4. Effect of Particle Shape

Thermal conductivity enhancement in
nanofluids was compared with respect to the
geometric shape of the particles. In Figure 13,
spherical and cylindrical particle shapes are
compared. The cylinders show an increase in
thermal conductivity enhancement, and this result
is thought to be due to a mesh formed by the
elongated particles that conducts heat through the
fluid. The results of Figure 13 are from a single
group, and that is the case with the remainder of
the available data shown in Figures 14 and 15.
However, all of the results of Figures 13-15
indicate that elongated particles are superior to
spherical for thermal conductivity enhancement.
This result points to a direction for nanofluid
research and production although spherical
particles are often most readily available at the
best prices.
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Figure 14. Effect of particle shape for SiC in ethylene glycol

18

SiC in Water (Particle Shape Effect)

1.50 :
— o Xie, etal. (2002, 26 nm sphere) 1
——8—— Xie, etal. (2002, 600 nm cylinder) —

140 R 4
E

x L

< T

2 i

g 130 -

_,g- -

= -

3 -

=1

e} —

5 120 —

O —

o |

S

E |

2 L

F o110 (-
1_00_Illlllll|l|||lll||||l|||

0 1 2 3 4 5

Volume concentration (%)

Figure 13. Effect of particle shape for SiC in water
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5.5. Effect of Base Fluid Material

The influence of base fluid itself (such as A0, Based Nanofiuid (Base Fluid Material Effect)
water, ethylene glycol, and pump oil) on the 150 mse— |
enhancement in thermal conductivity of e .
nanofluids is shown in Figure 16. The results
show increased thermal conductivity enhancement
for poorer (lower thermal conductivity) heat
transfer fluids. The results of Figure 16 show the
least enhancement for water, which is the best
heat transfer fluid with the highest thermal
conductivity of the fluids compared. Although this
trend was not supported in all cases for the
experimental data reviewed, it was generally the
case. This result is encouraging because heat ; ; . ,
transfer enhancement is often most needed when 1.00 Lot '1' S '; o ':L' o "1 B
poorer heat transfer fluids are involved. Ethylene Volume concentration (%)
glycol alone is a relatively poor heat transfer fluid
compared with water, and mixtures of ethylene
glycol and water fall between the two in heat transfer effectiveness. Thus, nanoparticles in
ethylene glycol and water mixtures show good potential for engine cooling applications.
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Figure 16. Effect of base fluid material for A1,0, in fluids

5.6. Effect of Temperature

In general, the thermal conductivity of nanofluids is more temperature sensitive than that of
the base fluid. Consequently, the thermal conductivity enhancement of nanofluids is also rather
temperature sensitive. In each of the data comparisons that follow, results are plotted for one
research group at a time. This situation arises mainly from the diverse values of temperatures
used by the experimenters. Although there are no direct comparisons of data among

experimenters, the trends of all but one ALO, in Water (Temperature Effect)

experimental group show increased thermal 1.50 -
conductivity  enhancement with increased ——©—— Li &Peterson (2006, 36 nm, 27.5C) ]
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Masuda et al. (1993) disagree with the general

trend. Figure 17. Effect of temperature for Al,O, in water
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Figure 18. Effect of temperature for A1,0, in water
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Figure 19. Effect of temperature for Al,0, in water

Thermal conductivity enhancement for CuO in water is shown in Figures 20 and 21 for two
research groups. The data clearly follow the general temperature trend where enhancement
increases with increased temperature. As shown in Figures 22 and 23, similar results were
obtained from two sets of experiments for MWCNT in water.
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Figure 20. Effect of temperature for CuO in water
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Figure 21. Effect of temperature for CuO in water

10

It should be noted that the one set of data that is not consistent with the general temperature
trend is in itself not completely consistent. The opposite temperature trend was report by Masuda
et al. (1993) for SiO; in water, but for TiO; in water the results were not monotonic with respect
to temperature. All results considered, we find substantial support for the general temperature

20
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trend presented. This trend is encouraging for engine and heat exchanger applications

transportation industry, where fluids operate at elevated temperatures.
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Figure 22. Effect of temperature for MWCNT in water

5.7. Effect of Additives
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Figure 23. Effect of temperature for MWCNT in water

Experimenters have used fluid additives in an attempt to keep nanoparticles in suspension
and to prevent them from agglomerating. The results in the literature are scattered and wide-
ranging with respect to additive type, concentration, etc. However, most studies involving
additives show enhancement in the thermal conductivity ratio as a result. The data from two such
studies are presented in Figures 24 and 25 for different nanofluids and additives. In both cases,
the thermal conductivity enhancement improved by using the additive. Here again there is
direction for future research and production development. At the present time, few studies have
been published on this subject, making it a new and potentially rewarding area to pursue.
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Figure 24. Effect of additive for Cu in ethylene glycol
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Figure 25. Effect of additive for MWCNT in water
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5.8. Effect of Acidity (pH)

Limited studies have been published on the effect of fluid acidity on the thermal conductivity
enhancement of nanofluids. The results from two groups are presented separately below. The
results of Figures 26 and 27 for different particles in water exhibit the same trend. The finding

that acidity increases the thermal conductivity enhancement has not been explained.
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Figure 26. Effect of acidity for A1,0, in water
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Figure 27. Effect of acidity for CuO in water
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6. Experimental Research on Heat Transfer

While increases in effective thermal conductivity as well as changes in density, specific heat,
and viscosity are important indications of improved heat transfer behavior of nanofluids, the net
benefit of nanofluids as heat transfer fluids is best determined through the heat transfer
coefficient. If nanofluids can improve the heat transfer coefficient of vehicle and other thermal
energy systems, they can facilitate the reduction in size of such systems and lead to increased
energy and fuel efficiencies, lower pollution, and improved reliability. To this end, it is essential
to directly measure the heat transfer performance of nanofluids under flow conditions typical of
specific applications. To date, there has been limited research reported in this area. A summary
of that body of work follows.

We have divided the nanofluid heat transfer research by fluid conditions of laminar flow,
turbulent flow, and pool boiling. The number of studies in these areas is small, with the least
number of studies having been reported in the boiling situation.

6.1. Heat Transfer Enhancement in Laminar Flow

Experimental results on laminar and turbulent flow for nanofluids as reported in the
engineering literature are listed in Table 2 of Appendix A. The nanofluid types and testing
parameters are listed in the table along with the heat-transfer enhancement ratio determined
experimentally. (As part of this study, results from all literature sources were put into the
enhancement ratio form for comparison purposes.) The Reynolds number range of each set of
experiments is listed in the “note” column.

AlzoJ in Water AIZO3 in Water
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Figure 28. Laminar flow heat transfer of Al,0, in water Figure 29. Laminar flow heat transfer of Al,O, in water

Results are shown in Figure 28 for Al,O3 in water under laminar flow up to the transition to
turbulence. The heat transfer enhancement increases with increasing particle volume
concentration as does the thermal conductivity (discussed previously). The heat transfer
enhancement is as high as 40% in Figure 28, while the thermal conductivity enhancement was
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below 15%. The finding of the heat transfer enhancement exceeding the thermal conductivity
enhancement is typical of results reported by some experimenters. This finding indicates that the
presence of nanoparticles in the flow influences the heat transfer beyond what would be expected
from increased thermal conductivity alone. Some authors have attributed this added effect to
particle-fluid interactions. The results of Figure 28 show no influence of heat transfer
enhancement due to Reynolds number in this laminar flow region of high Reynolds number.

Similar experiments to those of Figure 28 for alumina in water are shown in Figure 29 from a
different group. At particle volume concentrations below 2%, the heat transfer enhancement is
comparable between the two groups (Figures 28 and 29), with the enhancement rising even
higher in Figure 29 as particle volume

concentration increases above 2%. This trend is CuQ in Water

consistent with the increase of thermal 200 Heris, ot al, (2006, 55 o 02v01 %) | ]

conductivity with increased particle volume ——B—— Heris, etal. (2006, 55 om, 1.0vol %) | ]
. . ——&—— Heris, et al. (2006, 55 nm, 2.0 vol %) =
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Figure 28, agree with the results of Figure 28, 5 140
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concentrations above 2%, an increase in

Reynolds number is seen in Figure 29 to have a
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Figllres 29 and 30 show heat transfer Figure 30. Laminar flow heat transfer of CuO in water

enhancement for laminar flow with different

particle types (Al,O3 and CuO) and sizes (20 MWGNT in Water

and 55 nm). The particle volume concentrations 3.50

are in the same range in the two figures, and the ——6—— Ding, etal. (2006, 0.048 vol %, x/D=26)

——fF——— Ding, et al. (2006, 0.048 vol %, ¥D=63)

indicate that particle size and oxide type have .>% | &7 Dro-cta. 2000 00sval v xDran
minor influence on heat transfer enhancement, '

which is as high as 40%. More data from other
experimenters are required to fully substantiate
these results.

enhancement ratios are as well. These results _ 6 Ding, etal. (2006, 0.048 vol %, ¥D=116) |

Nanofluid heat transfer results for MWCNT
in water (Figure 31) show very high heat
transfer enhancement, as does the thermal
conductivity enhancement as discussed earlier.
In this range of intermediate laminar flow 800 900 1000 100 1200
Reynolds number, heat transfer rises rapidly at Feynolds number
the highest values of Reynolds number. Also

Heat transfer coefficient ratio (h /

Figure 31. Laminar flow heat transfer of MWCNT in water
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shown in Figure 31 is the increased heat transfer enhancement as the flow proceeds downstream
at larger axial distance/pipe diameter (x/D).

Results from another experimental MWCNT in Water
group for MWCNT in water with the 150 ™
Surfactant sodium dodecylbenzene ——©—— Faulkner, et al. (2004, 1.1 vol %, q"=1 kW/nf) ]
. ———FH——Faulkner, et al. (2004, 1.1 vol %, q"=5 kW/nf) i
Sulfonate (NaDDBS) are Shown ln 12.0 —_—— Faulkner, et al. (2004, 2.2 vol %, q°=1 kW/rﬁ) B

m

Figure 32. With the exception of one
data point in Figure 32, the heat transfer
enhancement of up to 2.5 is in agreement
with the results of Figure 31. However,
there are some striking differences
between the parameters of the tests in
these two figures. The tests of Figure 32
were run at extremely high nanotube
volume concentrations and (perhaps
consequently) at very low Reynolds
number. Although the general level of
heat transfer enhancement agrees with
the results of Figure 31, the data of
Figure 32 show the opposite trend for heat transfer enhancement as a function of particle volume
concentration compared with most other experimenters. From these results, it appears that further
substantiation of trends and magnitudes is required at very low flow conditions.

—— Faulkner, ot al, (2004, 2.2 vol %, g"=5 kW/rf)

——F—— Faulkner, et al. (2004, 4.4 vol %, q'=1 kW/nf)

9.0 ——O——— Faulkner, et al. (2004, 4.4 vol %, q"=5 kW/rf)

Heat transfer coefficient (h /h )

IIll‘IIIIlIIIIlIlll

N
o

Reynolds number

Figure 32. Laminar flow heat transfer of MWCNT in water with NaDDBS

Limited results on nanofluid heat transfer enhancement are available for other base fluids in
laminar flow situations. The results of Figure 33 for graphite particles in automotive transmission
fluid show no enhancement at low particle volume concentrations, increasing to 25% at a volume
concentration of approximately 1%. In synthetic oil mixtures, the trends are much the same as
seen in Figure 34, where nanofluids made from different sources of graphite particles were used.

Graphite in Transmission Fluid Graphite in Synthetic Oil Mixture
2.00 2.00
———&— Yang, et al. (2005, 0.77 vol %, 50C)
——H—— Yang, et al. (2005, 0.77 vol %, 70C)
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——#—— Yang, et al. (2005, 0.97 vol %, 70C)

—o6—— Yang, et al. (2005, 0.75 vol %, 50C)
——F—— Yang, et al. (2005, 0.75 vol %, 70C)
— & Yang, et al. (2005, 0.75 vol %, 50C)
1.75 | ——a—— Yang, et al. (2005, 0.75 vol %, 70C)

—
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=
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Figure 33. Laminar flow heat transfer of graphite in transmission fluid Figure 34. Laminar flow heat transfer of graphite in synthetic oil mixture
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The results of Figures 33 and 34 show a weak temperature trend. The heat transfer
enhancement is seen to decrease with increased temperature — a trend that is opposite that for
thermal conductivity. However, the temperature range reported is small, and the temperature
dependency shown is weak. Clearly, more test information is needed to define this trend.

6.2. Heat Transfer Enhancement in Turbulent Flow

Heat transfer results were available for
turbulent flow of nanofluids from only two
groups. The heat transfer enhancement results
shown in Figures 35, 36, and 37 are for water-
based nanofluids containing Al,O3, TiO;, and Cu
particles, respectively. The trends are similar in all
three figures. There is little or no effect of
Reynolds number on the heat transfer
enhancement, and the enhancement increases with
increased particle volume concentration. The heat
transfer enhancement is the highest for Cu
particles, followed by Al,O; particles and then
TiO; particles at the same volume concentration
levels. From the standpoint of thermal
conductivity, it is not surprising that the Cu-in-
water nanofluid shows the highest heat transfer
enhancement. However, the thermal conductivity

enhancements for Al,Os; and TiO, in water are
comparable and do not reflect the difference in the
heat transfer enhancement shown in Figures 35
and 36. As noted above, the data are sparse, and
more corroboration among experimenters is
needed to establish the heat transfer enhancement
trend with turbulent flow as a function of particle

type.

For turbulent flow, some researchers have
used a correlation calculation to compare heat
transfer enhancement to thermal conductivity
enhancement. By using a long-standing heat
transfer correlation for turbulent flow, like the
Dittus-Boelter correlation (1930), one can predict
the Nusselt number of the base fluid with
reasonable accuracy. Then, using the increased
thermal conductivity of the nanofluid in the same

2.00

1.75

m

)

—_
[%)]
(@]

1.25

Nusselt number ratio (Nu /Nu )

-
(=]
o

Al O in Water
2 3
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Figure 35. Turbulent flow heat transfer of Al1,0, in water
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Figure 36. Turbulent flow heat transfer of TiO, in water

Dittus-Boelter correlation as a rough simulation of the nanofluid, one can predict a Nusselt
number for the nanofluid. In so doing, the Dittus-Boelter correlation (or its equivalent) often
underpredicts the measured nanofluid Nusselt number. For heated turbulent flow, the base-fluid
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Nusselt number is proportional to the thermal
conductivity to the 0.6 power. Thus, even if the
enhancement ratios for thermal conductivity and
Nusselt number were the same, the actual heat
transfer would exceed the prediction for the heat
transfer correlation because the thermal
conductivity in it appears to only the 0.6 power.
As noted previously, some authors have
attributed the increased heat transfer
enhancement above the thermal conductivity
enhancement to particle-fluid interactions.

It is notable that the data for both turbulent
and laminar flow are insufficient to determine a
trend for heat transfer enhancement as a function
of particle size. The thermal conductivity
enhancement was seen to increase with particle

Nusselt number ratio (Nu /Nu )
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Figure 37. Turbulent flow heat transfer of Cu in water

size, but more experiments are required to establish such a trend with regard to heat transfer

enhancement.

6.3. Heat Transfer Enhancement in Pool Boiling

Results are available from a few experiments for the pool boiling of nanofluids as listed in
Table 3 of Appendix A. Heat transfer results are given in Figure 38 for Al,03 in water boiling on
the outside of small diameter tubes. The heat transfer enhancement ratio is below unity in all
cases. The results are scattered with respect to particle size, but the enhancement ratio decreases
as particle volume concentration increases, in contrast to the thermal conductivity enhancement

results. The experimenters of Figure 38 noted
particle coating on the heat surfaces, and they
concluded that the poor nanofluid performance
was due to particles coming out of suspension
and depositing on the heated surfaces. Although
the addition of particles to the base fluid is seen
in Figure 38 to decrease the heat transfer rate,
some experiments have shown an enhancement
of critical heat flux above 1.0 (to be discussed
subsequently). This effect of critical heat flux
may compensate for the poor heat transfer
enhancement results in some applications.
(Generally, Nusselt numbers of boiling heat
transfer are very high compared with those of
single-phase heat transfer, and a reduction due
to particle addition can have a minor effect on
the overall heat transfer coefficient.)
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Figure 38. Pool-boiling heat transfer of Al,0, in water
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Additional heat transfer data ALO_in Water
for pool boiling of Al,O3 in water 250
are given in Figure 39. Here the
data from two groups are shown —
both boiling from horizontal
surfaces. The experimental
parameters used by Bang and
Chang (2005) in Figure 39 are in
the same range as those of Figure
38, and the heat transfer results are
similar. The addition of particles to
the base fluid decreased the heat
transfer rate, and the degradation . : , . !
became worse (lower ratio for the 000 Cevw b b bewwa o i Lu
. . 100 200 300 400 500 600
heat transfer coefficient Heat flux (kW/m?)
enhancement in Figure 39) as
particle  volume concentration
increased. This trend is opposite to that of the thermal conductivity enhancement. However, at
very low particle volume concentrations (below 0.32%), the work of Wen and Ding (2005)
shows heat transfer enhancement for pool boiling of this nanofluid. Also, the usual trend is
observed in their data wherein heat transfer enhancement increases with increased particle
volume concentration up to 0.32%. These results give a clear direction for future pool-boiling
experimentation in the small volume concentration range, where positive heat transfer
enhancement may be achieved.

——6—— Bang & Chang (2005, 47 nm, 0.5 vol %)
Bang & Chang (2005, 47 nm, 1 vol %)
——o—— Bang & Chang {2005, 47 nm, 2 vol %}
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Figure 39. Pool-boiling heat transfer of Al,O, in water from a horizontal surface

6.4. Critical Heat Flux Enhancement in Pool Boiling

The critical heat flux in pool boiling marks the beginning of the transition to vapor
blanketing with low heat transfer coefficient and often high surface temperature. As such, the

critical heat flux is often a limiting condition ALLO, in Water

in industrial pool-boiling applications. It is 6.00 ,
often desirable to have this condition met far ——©—— You, etal. (2003, horizontal) i
from the system operating range. Thus, any e SZ:SiSEZEE 52322 :::Tc(;?lifn?m?m) 1
increase in the critical heat flux is usually a LIL;ES'OO = ; ; . ; i
welcome condition, and nanofluids have been 2= [ : : 5 ]
shown to provide such a condition. The results ~ & 400 |- b e P -
from the five experimental groups listed in § | E P
Table 4 of Appendix A show an increase of 3 - : : : 1
. ., . = 300 — ]
nanofluid critical heat flux over the base fluid, & - ]
ie. values of the critical heat flux § [ |
enhancement ratio above 1.0. 5 200 oot -
Figure 40 shows the critical heat flux S AT R I Hé@m
enhancement of Al,Os; in water for pool 10®  10* 10° 0% 10" 10° 10'

iqe . . Volume concentration (%)
boiling. The particle volume concentration (

. Fi . Criti i ter fi flat surf
range tested by the two groups is very large, igure 40. Critical heat flux of Al,0, in water from a flat surface
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and the enhancement ratio is above unity in all cases. However, high enhancement (up to 200%)
was reached at very low particle volume concentrations (between 0.0001 and 0.001). This result
is consistent with the heat transfer enhancement results for pool boiling, where very low particle
volume concentrations produced the best results.

At relatively high particle volume
concentrations, the critical heat flux
enhancement is about the same for
AlbO; and CuO in water, as
demonstrated by comparing Figures 40
and 41. However, this enhancement is
modest with respect to the very high
values obtained for Al,Os; in water
(Figure 40) at very low particle
volume concentrations (<107 vol. %).

Figure 42 shows the critical heat
flux enhancement for SiO, in water at
relatively  high particle  volume
concentrations, as reported by two
experimental groups. The data of
Vassallo et al. (2004) cover a large
range of particle diameter (15 to 3000
nm). The critical heat flux
enhancement results for the lowest and
highest diameters are similar in
magnitude and consistent with the high
volume concentration results of
Figures 40 and 41. (The result for 50
nm, which is closest to the particle
sizes of Figures 40 and 41, is
inconsistent with all the others.)

Also shown in Figure 42 is critical
heat flux enhancement as a function of
fluid acidity. Opposite to the case of
thermal conductivity enhancement, a
decrease in acidity increases the
critical heat flux enhancement by as
high as 350%.
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Figure 41. Critical heat flux of CuO in water from a jet on horizontal surface
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Figure 42. Critical heat flux of SiQ, in water from a horizontal NiCr wire

The increased critical heat flux produced by nanofluids is very important for providing a
safety margin for boiling heat transfer systems in the transportation industry, as well as other
industries. The very high ratios reported for the critical heat flux enhancement are attractive for
such systems and point to the direction for future research. However, flowing fluid heat transfer,
both single phase and two phase, is most important to the transportation industry, and engine
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cooling is a very important application in this area. Thus, it is important to extend the pool
boiling work to flow boiling of nanofluids.
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7. Experimental Research on Nanofluid Erosion

As mentioned previously, an important consideration in any particle-laden flow is the effect
of erosion of material surfaces due to fluid motion. Although the nanoscale of the particles
involved in nanofluids tends to mitigate particle erosion problems, it is a mechanism that needs
detailed study. Nanoparticles tend to follow fluid streamlines better than larger particles
suspended in flows; however, each application can have unique flow situations. Application-
dependent parameters that can affect surface erosion include varying velocities, vortices, surface
materials, particle characteristics, and operating requirements such as long or short term, steady-
state or frequent transients, etc. For transportation industry applications, experiments are in
progress, and preliminary results are available in a study by Routbort and Singh (2007). This
study has application to vehicular radiators and measured erosion for CuO-in-ethylene glycol
nanofluids impacting on 3003 aluminium. High velocities were used to simulate long-term tests.
It is expected that the erosion rate will depend on the kinetic energy (size, density, and impact
velocity) of the nanoparticles, as well as the angle of impact and the target material. Preliminary
results with the CuO-in-ethylene glycol nanofluids were encouraging, showing very low erosion
of the aluminium. However, significant material erosion of polymer pump gears, 0.7% weight
loss after 1500 hours, illustrates the importance of material choices. Also, erosion from the
impact of nanofluids with carbon nanotubes (aspect ratio of approximately 2000:1) was
unacceptable for radiator use, leading to severe coating of all surfaces.
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8. Theoretical Modeling of Nanofluids

For the purpose of theoretical modeling, a nanofluid can be defined as a mixture consisting of
a continuous base fluid component called the “matrix” and a discontinuous solid component
called “particles.” The properties, especially the thermal conductivity and viscosity, of
nanofluids depend on their microstructures, such as the component properties, component
volume concentrations, particle size, particle shape, particle distribution, particle motion, and
matrix-particle interfacial effects. It is impossible to estimate the effective properties of
nanofluids unless all the details of their microstructures are completely known. To avoid this
problem, modelers usually estimate the effective properties based on some reasonable
assumptions on the microstructures of the mixtures. In this section, the classical models for
mixtures and new improvements in nanofluids are presented.

8.1. Density and Specific Heat

The calculation of the effective density o, and the effective specific heat C,, of a nanofluid

is straightforward. They can be estimated based on the physical principle of the mixture rule as

m m,+m, PV, + ppr
=== = =(1- + 1
Pe (Vl vV, +V, V,+V, A=V,)00 47,0, W
Q,+0 (mC)), AT +(mC,) AT
(pC,,)e=pe( 9 J =P, L= p —F —
mAT ), (m,, +m,)AT (m,, +m,)AT @
(0C,),V, +(pC,),V,
P ppme +ppV: = :(1_VP)(pCP)m+vp(pcp)p
which can be rewritten as
_ (=v,)C), +v,(oC,), 3)

pe

- vp)pm +v,0,
8.2. Thermal Conductivity

Maxwell was one of the first to analytically investigate conduction through suspended
particles. Maxwell (1873) considered a very dilute suspension of spherical particles by ignoring
the interactions among the particles. The Maxwell equation can be obtained by solving the
Laplace equation for the temperature field outside the particles in two ways: considering a large
sphere containing all the spherical particles with an effective thermal conductivity k, embedded

in a matrix with a thermal conductivity k, or considering all the spherical particles with a
thermal conductivity k, embedded in a matrix with a thermal conductivity k,. The resulting
equation is
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k —k,
k,=k, +3v 2 k,, “4)
P2k, +k,-v,(k,—k,)

Note that the Maxwell equation is only a first-order approximation and applies only to mixtures
with low particle volume concentrations.

A great number of extensions to the Maxwell equation have been carried out ever since
Maxwell’s initial investigation. These extensions take into account various factors related to
effective thermal conductivity, including

e particle shape (Fricke 1924; Fricke 1953; Polder and van Santen 1946; Taylor 1965;
Taylor 1966; Hamilton and Crosser 1962; Granqvist and Hunderi 1977; Granqvist and
Hunderi 1978; Xue 2000),

e particle distribution (Rayleigh 1892; Wiener 1912),

e high volume concentration (Bruggeman 1935; Béttcher 1945; Landauer 1952; Jeffrey
1973; Davis 1986),

e particle-shell structure (Kerner 1956; van de Hulst 1957; Pauly and Schwan 1959;
Schwan, et al. 1962; Lamb, et al. 1978; Benveniste and Miloh 1991; Lu and Song 1996;
Xue 2000), and

e contact resistance (Benvensite 1987; Hasselman and Johnson 1987).
Some of these equations are summarized in Table 5 of Appendix B.

While these equations predict thermal conductivity reasonably well for dilute mixtures of
relatively large particles in fluids, the comparison between experimental data and theoretical
predictions for nanofluids is generally not satisfactory. These equations either underpredict
experimental data for nanofluids containing spherical particles or overpredict experimental data
for nanofluids containing prolate spheroids with a >>b =c¢ (such as nanotubes). To improve the
predictions, mechanisms have been identified and formulated specifically for the nanoscale,
including the effects of nanoparticle-matrix interfacial layer, nanoparticle Brownian motion, and
nanoparticle cluster/aggregate.

8.2.1. Effect of Nanoparticle-Matrix Interfacial Layer

Liquid molecules close to a solid surface are known to form layered structures (Henderson
and Swol 1984; Yu, et al. 2000). With these solid-like liquid layers, the nanofluid structure
consists of solid nanoparticles, shells (solid-like liquid layers), and a bulk liquid. Because the
Jayered molecules are in an intermediate physical state between a solid and a bulk liquid (Yu, et
al. 2000), the solid-like layer of liquid molecules would be expected to lead to a higher thermal
conductivity than that of the bulk liquid. Therefore, the solid-like liquid layer acts as a thermal
bridge between a solid particle and a bulk liquid. Based on this assumption, Yu and Choi (2003)
have modified the Maxwell equation for the effective thermal conductivity of spherical particle-
liquid suspensions to include the effect of this ordered liquid layer
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kC _km

k, =k, +3v, k,
2% +k, v (k —k,)

&)

where the thermal conductivity k, of the particle-shell structured complex particles can be
estimated from the Maxwell equation (Miles and Roberson 1932)

k,~k

k. =k, +3v, k,
2k, +k, —v,(k, ~k,)

©®

This idea can be extended to nonspherical particles. By modifying the Hamilton and Crosser
equation (1962), Yu and Choi (2004) obtained an effective thermal conductivity equation for
ellipsoid-shell-liquid nanofluids

ko =k, +¥7v, > —— ko — Ky k,, )
ab,c (BIP _l)km +kci -V (kci _km)

where the sphericity ¥ of the particle is defined as the ratio of the surface area of a sphere, with
a volume equal to that of the particle, to the surface area of the particle. The thermal conductivity

k, (i=a, b, c) of the ellipsoid-shell structured complex particles can be estimated by the
following equation (Bilboul 1969)

k, —k
k,=k +v, Lt k, (8)
k,+(d, —v,d)k,—k)

rci

where the depolarization factors d;, (i=a, b, c) are defined by

bc 1
g2 d ©)
2 f @+ w)\/(a2 +w)B* +w)(c® +w) "

The shell thermal conductivity k, is dependent on the nature of the particle-liquid interfacial

effect. Assuming that the thermal conductivity of the solid-like liquid layer changes linearly from
the liquid thermal conductivity at its outside surface to the particle thermal conductivity at its
inside surface, Xie et al. (2005) and Ren et al. (2005) obtained the thermal conductivity &, of the

solid-like liquid layer from the averaging equivalent principle
k. = &,
’ k
A-vP)k, —vPk,) +VP(k, —k,,) 1n(—ﬁj
v

r m

_ vl/3km)2

(10)

The shell volume fraction v, also has to be estimated from the characteristics of the particle-
liquid interfacial layer.
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8.2.2. Effect of Nanoparticle Brownian Motion

The Brownian motion of nanoparticles, because of their size, is another potential factor in
calculating the thermal conductivity enhancement of nanofluids. In most cases, the effect of
Brownian motion of suspended nanoparticles in nanofluids can be considered as an addition to
the enhanced thermal conductivity predicted by classical equations. Based on this concept, Xuan
et al. (2003) proposed the following modification to the Maxwell equation

k —k 1 k,T
p kn+=0,C,0, 3”;

k,=k,+3v,
2k, +k,—v,(k,—k,) 2 "

(11)

It should be noted that this equation includes the cluster effect through the cluster gyration radius
r., which needs to be determined empirically.

Jang and Choi (2004) also developed a dynamic model that takes into account convection
induced by a single Brownian nanoparticle. Their model can be expressed as a modification to
the parallel mixture rule

2
k,=(1=v,)k, +v,k, +3c(r,/r, )vp(g%j Prk, (12)

The parallel distribution of nanoparticles is very unlikely for practical nanofluids, and the
empirical parameter ¢ in the equation is another limiting factor for it to be used in predicting the
effective thermal conductivity of nanofluids.

Efforts were also made to predict the effective thermal conductivity with the nanoparticle
Brownian motion effect for particular nanofluids. Using this approach, Koo and Kleinstreuer

(2004) developed an effective thermal conductivity model for CuO-based nanofluids

k,—k

k, =k, +3v — kn
P2k, +k,—v,(k, ~k,)
(13)
+5X10° 40, C,pv, |2 [(-134.63+17223v,) + (04705 - 6.04v, )T
p'p

which is a modification to the Maxwell equation. The parameter [Fis related to nanoparticle
Brownian motion and was determined empirically as

.8229
_{0.0137(100vp)_0 2y, <001 14)

~0.0011(100v,)°"™™ v, >0.01
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The nanoparticle Brownian motion effect can also be considered as a correction factor to the
enhanced thermal conductivity predicted by classical equations. The following equation is an
example of this approach

m kR
k, = 1+cvp[9k—32Tj Pr®* {km+3v § k } (15)

o VA, P2k, +ky v, (ky —k,) "

where ¢ and m are empirical parameters. This equation is a modification to the Maxwell
equation, adding a contact resistance effect, and was proposed by Prasher et al. (2005, 2006a).

8.2.3. Effect of Nanoparticle Cluster/Aggregate

Nanoparticles commonly form cluster/aggregate structures in nanofluids. These
cluster/aggregate structures act like local percolation structures and, therefore, add to the
effective thermal conductivity enhancement of nanofluids. Wang et al. (2003) took this cluster
effect into account by introducing a cluster radius distribution function n(r). The resulting

equation is a modification to the Maxwell equation

k (r)—k
3vp f—p " n(r)dr
k =k + 2k, +k, (1) k (16)

[ m k m
1-v )43y, [— 2 n(r)d
(A=v,)+3v, [ 2k, + K, (7) nir)dr

where the cluster radius distribution function is estimated approximately by a log-normal
distribution of the form

e‘[l“(’/’p)/(m]ﬂa)]z (17)

n(r)= SN S
27 (no)r

and the standard deviation ¢ can take the classical value of 1.5 (Wang, et al. 2003).

Prasher et al. (2006b) also pointed out that the thermal conductivity of nanofluids based
purely on conduction phenomenon can be significantly enhanced as a result of aggregation of the
nanoparticles. They proposed the following equation to include the nanoparticle aggregate effect

k(l _km
P 3-d Ky
2km+ka—(ra/rp) /vp(ka—km)

k,=k, + 3(ra/rp)3_df v (18)

which can also be considered as a modification to the Maxwell equation. Prasher et al. (2006b)
suggested using the Bruggeman equation (1935) to estimate the aggregate thermal conductivity
k

a
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a m

Nanoparticle cluster/aggregate structures in nanofluids are positive factors to the effective
thermal conductivity enhancement. Nonetheless, the large nanoparticle cluster/aggregate
structures that form tend to settle out of the nanofluids, thereby eliminating the effective thermal
conductivity enhancement. From this point of view, the nanoparticle cluster/aggregate size is
critical to the thermal performance of nanofluids.

8.2.4. Nanofluids Containing Carbon Nanotube Particles

Generally, carbon nanotube particles can be considered as prolate spheroids that satisfy
a >> b =c. Therefore, many models developed for prolate spheroid suspensions can be used for
estimating the effective thermal conductivity of carbon nanotube-based nanofluids. Using this
approach, Nan et al. (2004) proposed the following approximate equation obtained from the

Fricke equation (1924; 1953) under the condition that kf is much larger than k,,

k
o=k 4y 2 (20)
3 P1+Rk,/a

which includes the contact resistance effect and can be reduced, for zero contact resistance, to
(Nan, et al. 2003)

k, =k, +§vpkp 21)

Even though this model predicts the experimental data of the carbon nanotube suspensions
reasonably well, a physical basis is lacking for the assumption of a series distribution along the

longitudinal direction, which was used to obtain the equivalent particle thermal conductivity k"f .

The depolarization factor equals 0 and 1/2 when the carbon nanotube particles are parallel

and perpendicular to the applied field, respectively. Based on this fact, Xue (2005) introduced a
distribution function P(w) instead of the equal probability average and derived the following
equation for carbon nanotube-based nanofluids

4 k -k,
—£—" arctan

k
k,=k, + * k (22)

e m m

tan
\/__ arc

for a normal-like distribution P(w) = (2/7)yw(l1—w), and

(1- v)+
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for a uniform distribution P(w)=2.

The above discussions imply that the mathematical models based on the physical
mechanisms of the nanoparticle-matrix interfacial layer effect, nanoparticle Brownian motion
effect, or nanoparticle cluster/aggregate effect usually involve some empirical parameters. These
empirical parameters have to be determined first before the mathematical models can be used to
predict the effective thermal conductivity of a nanofluid. This requirement greatly limits model
usage. Also, instead of one pure mechanism, the combined effect of these and other mechanisms
often contributes to the effective thermal conductivity enhancement of a nanofluid. This issue
remains to be addressed in future research on the physical mechanisms and mathematical models
of the effective thermal conductivity enhancements of nanofluids.

8.3. Viscosity

The history of the study on the effective viscosity of particle-liquid mixtures is almost as
long as the one on the effective thermal conductivity. Einstein was the first to calculate the
effective viscosity of a suspension of spheres on the basis of the phenomenological
hydrodynamic equations. In his elegant paper, Einstein (1906) evaluated the effective viscosity
4, of a linearly viscous fluid of viscosity 4, containing a dilute suspension of small particles.
By assuming that the disturbance of the flow pattern of the matrix base fluid caused by a given
particle does not overlap with the disturbance of flow caused by the presence of a second
suspended particle, Einstein derived the following equation

U, =1+2.5v,) 1, (24)

Ever since Einstein’s initial work, researchers have made progress in extending the Einstein
theory in three major areas. The first is to extend the Einstein equation to higher particle volume
concentrations by taking some of the particle-particle interactions into account. This type of

theoretical equation for the effective viscosity of a mixture can usually be expressed as (Liu and
Masliyah 1996)

u,=A+cy, + czvlz, + c3vi + U, (25)

The second extension takes into account the fact that the effective viscosity of a mixture
becomes infinite at the maximum particle packing volume concentration v, . This theoretical

equation usually has the term [1-(v, /meax )]* in the denominator, and it can be expressed in a

form similar to Equation 25. From a practical application viewpoint, the predictions from these
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two extensions are basically the same as from the original Einstein equation because of the very
low particle volume concentrations.

The third extension is for non-spherical particle suspensions. Some of these equations are
included in Table 6 of Appendix B.

Experimental data for the effective viscosity of nanofluids are limited to certain nanofluids,
such as

e Al)O; in water (Pak and Cho 1998; Das, et al. 2003b; Putra, et al. 2003; Li, et al. 2005;
Heris, et al. 2006),

CuO in water (Heris, et al. 2006; Kulkarni, et al. 2006),
TiO; in water (Pak and Cho 1998),

MWCNT in water (Ding, et al. 2006), and

Al,O3 in octane (Liu, et al. 20006).

The ranges of the parameters (the particle volume concentration, temperature, etc.) are also
limited. Still, the experimental data show the trend that the effective viscosities of nanofluids are
higher than the theoretical predictions. In an attempt to rectify this situation, researchers
proposed equations applied to specific applications, e.g., Al,O; in water (Maiga, et al. 2004),
Al;O3 in ethylene glycol (Maiga, et al. 2004), and TiO, in water (Tseng and Lin 2003). Kulkarni
et al. (2006) proposed an equation for CuO in water that takes temperature into account. The
problem with these equations is that they do not reduce to the Einstein equation at very low
particle volume concentrations and, therefore, lack a sound physical basis.

8.4. Heat Transfer Coefficient

Since the heat transfer performance is a better indicator than the effective thermal
conductivity for nanofluids used as coolants in transportation and other industries, the modeling
of nanofluid heat transfer coefficients is gaining attention from researchers. However, as can be
seen from Table 7 of Appendix B, it is still at an early stage, and the theoretical models for
nanofluid heat transfer coefficients are quite limited. All the equations are modified from
traditional equations such as the Dittus-Boelter equation (1930) or the Gnielinski equation (1976)
with empirical parameters added. Therefore, these equations are only valid for certain nanofluids
in small parameter ranges. More experimental and theoretical studies are needed before general
models can be developed and verified.

8.5. Simulation

Limited computer simulations of the thermal properties and heat transfer characteristics of
nanofluids have been performed. While some of these simulations dealt with the effective
thermal properties of nanofluids, such as the effective thermal conductivity (Bhattacharya, et al.
2004; Xue, et al. 2004) or the effective viscosity (Pozhar 2000), most of them focused on the
heat transfer of nanofluids (Gupte, et al. 1995; Sato, et al. 1998; Ali, et al. 2003; Khanafer, et al.
2003; Ali, et al. 2004; Gosselin and da Silva 2004; Kim, et al. 2004; Maiga, et al. 2004; Roy, et
al. 2004; Shenogin 2004; Ding and Wen 2005; Khaled and Vafai 2005; Koo and Kleinstreuer
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2005; Kumar and Murthy 2005; Maiga, et al. 2005; Wen and Ding 2005a; Xuan and Yao 2005;
Evans, et al. 2006; Jou and Tzeng 2006; Keblinski and Thomin 2006; Kim, et al. 2006; Mansour,
et al. 2006; Prasher, et al. 2006c). While the computer simulations give some general

implications of thermal properties and heat transfer of nanofluids, detailed quantitative results
require more verified experimental data and theoretical models.
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9. Applications of Nanofluids

Nanofluids can be used to improve heat transfer and energy efficiency in a variety of thermal
systems, including the important application of vehicle cooling. Much of the work in the field of
nanofluids is being done in national laboratories and academia and is at a stage beyond discovery
research. Recently, the number of companies that see the potential of nanofluid technology and
are in active development work for specific industrial applications is increasing. In the
transportation industry, GM and Ford, among others, have ongoing nanofluid research projects.
In this section some examples of actual and potential applications will be discussed for
transportation, as well as microelectronics, defense, nuclear, space, and biomedical.

9.1. Transportation

Ethylene glycol and water mixture, the nearly universally used automotive coolant, is a
relatively poor heat transfer fluid compared to water alone. Engine oils perform even worse as a
heat transfer medium. The addition of nanoparticles to the standard engine coolant has the
potential to improve automotive and heavy-duty engine cooling rates. Such improvement can be
used to remove engine heat with a reduced-size coolant system. Smaller coolant systems result in
smaller and lighter radiators, which in turn benefit almost every aspect of car and truck
performance and lead to increased fuel economy. Alternatively, improved cooling rates for
automotive and truck engines can be used to remove more heat from higher horsepower engines
with the same size of coolant system.

A promising nanofluid engine coolant is pure ethylene glycol with nanoparticles. Pure
ethylene glycol is a poor heat transfer fluid compared to a 50/50 mixture of ethylene glycol and
water, but the addition of nanoparticles will improve the situation. If the resulting heat transfer
rate can approach the 50/50 mixture rate, there are important advantages. Perhaps one of the
most prominent is the low-pressure operation of an ethylene-glycol-based nanofluid compared
with a 50/50 mixture of ethylene glycol and water. An atmospheric-pressure coolant system has
lower potential capital cost. This nanofluid also has a high boiling point, which is desirable for
maintaining single-phase coolant flow. In addition, a higher boiling point coolant can be used to
increase the normal coolant operating temperature and then reject more heat through the existing
coolant system. More heat rejection allows a variety of design enhancements, including engines
with higher horsepower.

The results of nanofluid research are being applied to the cooling of automatic transmissions.
Tzeng et al. (2005) dispersed CuO and Al,O; nanoparticles into engine transmission oil. The
experimental platform was the transmission of a four-wheel-drive vehicle. The transmission had
an advanced rotary blade coupling, where high local temperatures occurred at high rotating
speeds. For that reason, improved heat transfer rates from the transmission fluid were important.
The temperature distribution on the exterior of the rotary-blade-coupling transmission was
measured at four engine operating speeds (400, 800, 1200, and 1600 rpm), and the optimum
composition of nanofluids with regard to heat transfer performance was investigated. The results
showed that CuO nanofluids produced the lowest transmission temperatures both at high and low
rotating speeds. Thus, use of nanofluid in the transmission has a clear advantage from the
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thermal performance viewpoint. As in all nanofluid applications, however, consideration must be
given to such factors as particle settling, particle agglomeration, and surface erosion.

In automotive lubrication applications, surface-modified nanoparticles stably dispersed in
mineral oils are reported to be effective in reducing wear and enhancing load-carrying capacity
(Zhang and Que 1997). Recent results from a research project involving industry and a university
points to the use of nanoparticles in lubricants to enhance tribological properties such as load-
carrying capacity, wear resistance, and friction reduction between moving mechanical
components. Such results are encouraging for improving heat transfer rates in automotive
systems through the use of nanofluids.

9.2. Electronics Cooling

The power density of integrated circuits and microprocessors has increased dramatically in
recent years. The trend should continue for the foreseeable future. Recently, the International
Technology Roadmap for Semiconductors projected that, by 2018, high- performance integrated
circuits will contain more than 9.8 billion transistors on a chip area of 280 mm” — more than 40
times as many as on today’s chips of 90-nm node size. Future processors for high-performance
computers and servers have been projected to dissipate higher power in the range of 100-300
W/cm®. Whether these values actually become reality is not as significant as the projection that
the general trend to higher power density electronics will continue. Existing air-cooling
techniques for removing this heat are already reaching their limits, and liquid cooling
technologies are being, and have been, developed for replacing them. Single-phase fluids, two-
phase fluids, and nanofluids are candidate replacements for air. All have increased heat transfer
capabilities over air systems, and all are being investigated.

Nanofluids have been considered as the working fluid for heat pipes in electronic cooling
applications. Tsai et al. (2004) used a water-based nanofluid as the working medium in a circular
heat pipe designed as a heat spreader to be used in a CPU in a notebook or a desktop PC. The
results showed a significant reduction in thermal resistance of the heat pipe with the nanofluid as
compared with deionized water. The measured results also showed that the thermal resistance of
a vertical meshed heat pipe varies with the size of nanoparticles. In a related study, Ma et al.
(2006) investigated the effect of nanofluids on the heat transport capability of an oscillating heat
pipe. Experimental results showed that, at the input power of 80 W, a nanofluid containing 1 vol.
% nanoparticles reduced the temperature difference between the evaporator and the condenser
from 40.9°C to 24.3°C. These positive results are promoting the continued research and
development of nanofluids for such applications.

9.3. Defense

A number of military devices and systems require high-heat-flux cooling to the level of tens
of MW/m?. At this level, cooling with conventional fluids is challenging. Examples of military
applications include cooling of power electronics and directed-energy weapons. Directed-energy
weapons involve high heat fluxes (>500-1000 W/cm?), and providing adequate cooling of them
and the associated power electronics is a critical need. Nanofluids have the potential to provide
the required cooling in such applications as well as in other military systems, including military
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vehicles, submarines, and high-power laser diodes. In some cases, nanofluid research for defense
applications includes multifunctional nanofluids with added thermal energy storage or energy
harvesting through chemical reactions.

Transformer cooling is important to the Navy as well as the power generation industry with
the objective of reducing transformer size and weight. The ever-growing demand for greater
electricity production can lead to the necessity of replacing and/or upgrading transformers on a
large scale and at a high cost. A potential alternative in many cases is the replacement of the
conventional transformer oil with a nanofluid. Such retrofits can represent considerable cost
savings. It has been demonstrated that the heat transfer properties of transformer oils can be
significantly improved by using nanoparticle additives.

9.4. Space

You et al. (2003) and Vassalo et al. (2004) have reported order of magnitude increases in the
critical heat flux in pool boiling with nanofluids compared to the base fluid alone. (This body of
research was discussed in some detail previously.) Such levels present the possibility of raising
chip power in electronic components or simplifying cooling requirements for space applications.
High critical heat fluxes allow boiling to higher qualities with increased heat removal and wider
safety margin from film boiling. This feature makes nanofluids attractive in general electronic
cooling as well as space applications where power density is very high.

9.5. Nuclear Systems Cooling

The Massachusetts Institute of Technology has established an interdisciplinary center for
nanofluid technology for the nuclear energy industry. Currently, they are evaluating the potential
impact of the use of nanofluids on the safety, neutronic, and economic performance of nuclear
systems.

9.6. Biomedicine

Nanofluids and nanoparticles have many applications in the biomedical industry. For
example, to circumvent some side effects of traditional cancer treatment methods, iron-based
nanoparticles could be used as delivery vehicles for drugs or radiation without damaging nearby
healthy tissue. Such particles could be guided in the bloodstream to a tumor using magnets
external to the body. Nanofluids could also be used for safer surgery by producing effective
cooling around the surgical region and thereby enhancing the patient's chance of survival and
reducing the risk of organ damage. In a contrasting application to cooling, nanofluids could be
used to produce a higher temperature around tumors to kill cancerous cells without affecting
nearby healthy cells (Jordan, et al. 1999).

9.7. Other Applications
There are unending situations where an increase in heat transfer effectiveness can be

beneficial to the quality, quantity, and/or cost of a product or process. In many of these
situations, nanofluids are good candidates for accomplishing the enhancement in heat transfer
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performance. For example, nanofluids have potential application in buildings where increases in
energy efficiency could be realized without increased pumping power. Such an application
would save energy in a heating, ventilating, and air conditioning system while providing
environmental benefits. In the renewable energy industry, nanofluids could be employed to
enhance heat transfer from solar collectors to storage tanks and to increase the energy density.
Nanofluid coolants also have potential application in major process industries, such as materials,
chemical, food and drink, oil and gas, paper and printing, and textiles.
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10. Concluding Remarks and Future Work

The vehicular transportation industry as well as many other industries has specific needs to
increase heat transfer rates under a variety of constraints. Nanofluids have the potential to satisfy
many such needs and constraints. For automotive-engine coolant applications, the important
features of nanofluids are the high heat transfer coefficients for liquids with high boiling points
and low pressures. These characteristics of nanofluids make them attractive for this and other
automotive applications, as well as for a large number of other industries. Increased heat transfer
rates in engines could reduce the required cooling system size or decrease the pumping power
needs. However, ideal or even optimized nanofluids for automotive applications do not exist yet.
This literature review has shown that the research into nanofluid thermal conductivity is far
enough along to be able to identify reproducible trends from multiple researchers in many areas.
Some parametric trends, such as particle size, still require substantiation, and the use of additives
has barely been addressed. However, the thermal conductivity trends reviewed in this study
generally agree with the heat transfer trends and provide application guidance, although the heat
transfer data themselves are somewhat sparse. The existing results point to heat transfer
enhancement in the range of 15-40% with readily available oxide nanoparticles in a variety of
base fluids. The results also point to future research directions to achieve heat transfer
enhancement of an order of magnitude. Both laminar and turbulent flow studies need to be
expanded substantially and general correlation equations developed for use in industrial
applications. Flow-boiling experiments should be added to the existing database.

As part of this study, general trends were identified in thermal conductivity and heat transfer
established by the majority of researchers. However, several areas were identified where
discrepancies exist. Comparing data among research groups involves inaccuracies due to the
poor characterization of the nanofluids studied. It is difficult to measure the nanoparticle size,
shape, and distribution in fluids. Often, the particle size was determined by a laser scattering
technique that emphasizes the largest particles, and size distribution was not considered. A more
advanced technique for these measurements is X-ray small angle scattering, which can
potentially yield accurate measurements of particle size, distribution, and shape. In addition,
viscosity measurement of the nanofluids could be a helpful parameter in comparing nanofluid
results among research groups.

In any application of nanofluids, it is important to consider surface erosion caused by the
flowing fluid as well as effects of particle settling and agglomeration. Erosion results are only
starting to appear in the literature. The effects of agglomeration and settling need serious
attention. The agglomeration of particles in a nanofluid is exacerbated by the two-step process of
producing nanofluids where powders are added to liquids. The dispersion and suspension of
nanoparticles in a fluid pose a difficult colloidal chemistry problem, and considerable work
remains to be done if the two-step process is ever to develop into large-scale production. (The
two-step process is currently the most economical way to produce nanofluids and has good
potential for scale-up to commercial production levels.)

While many models have been proposed and simulations have been developed for nanofluid

thermal properties, it is still not possible to specify a nanofluid for a particular application based
on a general verified theory. Current theories generally fail to predict thermal conductivity
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enhancement and its temperature dependence from the properties of materials. The current semi-
empirical approach of experiments and correlation of results would benefit from guidance from
fundamental theory.

In summary, the next steps in the nanofluid research cycle are to concentrate on heat transfer
enhancement and its physical mechanisms, taking into consideration such items as the optimum
particle size and shape, particle volume concentration, fluid additive, particle coating, and base
fluid. Continued effort on thermal properties is important as well. Better characterization of
nanofluids is also important for developing engineering designs based on the work of multiple
research groups, and fundamental theory to guide this effort should be improved. Important
features for commercialization must be addressed, including particle settling, particle
agglomeration, surface erosion, and large-scale nanofluid production at acceptable cost.
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Appendix A.

Compilation of Experimental Data on Nanofluids
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Appendix B.

Mathematical Models of Nanofluids
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Table 5. Models of Effective Thermal Conductivity

Maxwell 1873 (spheres)
k,—k,
k, =k, +3v, 4 k,,
2k, +k,—v,(k,—k,)

Rayleigh 1892 (spheres, simple cubic arrays)

k -k,
k, =k, +3v, 2 k,
2% +k —v 1+3939v7/SM (k -k, )
m P r " P 4km+3k,, P "

Wiener 1912 (arbitrary particles)
k,—k,
k
P m?
uk, +k,-v,(k, -k,)

k,=k,+m+y

Fricke 1924; Fricke 1953 (ellipsoids)

1 k, k.,

ke = km + _vp . km
3 i=a,b,c km + dpi (kp - km)

Bruggeman 1935 (spheres)

K~k (& 3
1-y =2 —m
r kp—km k,

Bruggeman 1935; Bottcher 1945; Landauer 1952 (spheres)
- k,—k
1-v,) b ks v, t——=
2k, +k, 2k, +k,

Polder and van Santen 1946; Taylor 1965; Taylor 1966 (ellipsoids)

k —k
k, =k,,.+‘1‘V,, Z S A
3 Vil k, +d,(k,—k,)

Kemer 1956; Pauly and Schwan 1959; Schwen, et al. 1962; Lanb, et al. 1978; Benveniste and Miloh 1991; Yu and Choi 2008; Wang, et al. 2003 (spheres with shells)

k, =k, +3v, ke ~ Ky k,
2k, +k —v,(k, —k,)

Van de Hulst 1957; Lu and Song 1996; Xue 2000 (spheres with shells)

k —k k -k

(1 —_ vr) m e + vc C e =
2k, +k, 2k, +k,

Hamilton and Crosser 1962 (arbitrary particles)
k, -k,
r @y -Dk, +k,—v,(k

k =k, +3%" k,
k,)

p Fm

Jeffrey 1973 (spheres)

2k, +k,)+(k,—k,) | k,~k
ke=k,"+3vpl+vpal( n Kyt (& ~ k) | G~k

2k, +k, 2k, +k, "
Grangvist and Hunderi 1977; Grangvist and Hunderi 1978 (ellipsoids)
- k, -k
(I—VP)M+1V,, Z ST R S
2k, +k, 9 "ok td(k,—k,)
Landauer 1978 (spheres)
- - k,—k
d-v,-v,) ky —k, . ks ~k v, Lt =
P72k, +k, T2k, +k, 2k, +k,
Davis 1986 (spheres)
k, -k,
k,=k,+3v,(1+v,0)) £ k,
2k, +k,—v,(k,—k,)

Benveniste 1987; Hasselman and Johnson 1987 (spheres with contact resistance)
R
k,—k, X
P R R m
2k, +k, —v,(k, —k,)

k, =k, +3v
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Xue 2000 (ellipsoids)

k,—k
—_—m e 4y —_—F ¢ -0
),;Ek +d (k _k) Pi=§.cke+dpi(kp_ke)

mi

Nan, et al. 2003 (carbon nanotubes)

1
ke =km +§Vpkp

Wang, et al. 2003 (spheres)
k
v [ 5Ok ar

2k + k = g zho

k, =k, + (k) k, , where n(r) =—1—e b/} and 0=15.
A-v,)+3v, f——— r)dr V2z(nojr
k,(r)
Xuan, et al. 2003 (spheres with Brownian motion and cluster effect)

k,—k,

k,=k, +3v km+l,0C v kT
" 2k, tk,—v,(k,—k,) 200 N 3 r,

Jang and Choi 2004, (spheres)

k,T
3muv 1

m”mm

2
k,=(1-v,)k, +vk, + 3c(rm/rp)vp[ J Prk, , where ¢ is an empirical parameter.

Koo and Kleinstreuer 2004 (spheres with Brownian motion effect for CuO based nanofluids)

k,=k, +3 ky ~h k, +5%10* Bp, C
= v
e m 14 2km+kp_vp(kp_km) m pm pm p

L [-134.63+1722.3v,) + (0.4705 - 6.04v,)T]
p'p
0.0137(100,)°** <001

where the particle motion related empirical parameter £ = .
P P P s {0.0011(100vp)‘°'7272 v, >0.01

Kumar, et al. 2004 (spheres)

v, k,T . .
k, =k, +c 2| —— 5 |» where ¢ is an empirical parameter.
1-v, \ 2mu,r,

P

Nan, et al. 2004 (carbon nanotubes with contact resistance)
k
k, =k, + 1 v, —t
3 "1+Rk, / a

Yu and Choi 2004 (ellipsoids with shell)

ke = km + \I‘_lvc z ~ kc!' _km ’,"m
e QY™ =Dk, +k,—v, (k,-k,)

Prasher, et al. 2005; Prasher, et al. 2006a (spheres with contact resistance and Brownian motion effect)

m k R
k,=|1+cv, _9k_T Pro Kk, +3v, —r k, +, where ¢ and m are empirical parameters.
movir, 2k, +kF —v, (kF —k,)
Xue 2005 (carbon nanotubes)
4 k,—k k k +k
—v = arctan (2 p T m
%’ \/kmk ke 2 h{ 2%
ke = k"‘l + k"l ke = k”’ + = k"l
1— d-v )+2v In k, +k,
(-v )+ ‘/__arctan ; 2%,
m™p

Yu and Choi 2005 (spheres with shells, simple cubic arrays)

PR PO T P L L LN +hlk - k) L 1/0mdk, K+ K,

¢ 4z kk, (k -k )(k +‘/_k ) kyk, ky=3v, ks "

where & =+Jk, —k, , k, _‘/3,/16/(97zv Y, +(k, —k,) , ks =fk, —k, , and k4=\/,3/16/(97zv3)km+(ks—k,")+§/E(k,,—k:)
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Prasher, et al. 2006b (spheres with aggregate effect)

k,—k

a m

k, =k, +3(r,/r,)" v

P 3-d km ?
2k, +k, —(ra/rp) Tv,(k,—k,)

k

0, |k — , k, =k
where [1—(rp/ra)3 dl]—k“-*'(rp/ra)a YL =0 and 1.75<d, <25.

km
2k, +k

a "

2k +k

a TRy
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Table 6. Models of Effective Viscosity

Einstein 1906 (spheres)
M, =(1+2.5v )u,

Simha 1940 (prolate spheroids, a>>b=c)

e L (a/c)’ 3(afc)?
K _{H 15{1‘” InQ2ajc) 15 In@aje)—05 |7 [

Simha 1940 (oblate spheroids, a =b >>c)

16 (afc)
=142 @Q)
He | 15 arctan(a/c) & ]ﬂ'"

Eilers 1941 (spheres, 0.5236<v, . <0.7405)
r 2
7S U > RN S O ¥ 115625+ 25y, b2+l
1_(vp/vpmnx) ’ 7 ?

De Bruijn 1942 (spheres)
1

= = 2 .
= 25, +1.552v,2, M, =A+2.5v, +4.698v, +--)u,

K,

Kuhn and Kuhn 1945 (prolate spheroids, a>>b=c)

- 1 (a/c)’ 3(afc)>
ﬂe _{1+ 15 |i24+ ln(za/c) -1.5 * 1n(2a/c) —0.5}‘)‘7}#”’

Vand 1948 (spheres)
U, =(A+2.5v, +7.34900 +-- ),

Vand 1948 (spheres)
He=e" ", =(1+2.5v, +3.12503 +-- ),

Robinson 1949 (arbitrary particles)

_ 1+ CPvF — 1 2
M, = H,, =( tc,v, sy, + ),

1-5v,

Saité 1950 (spheres)

=1+
#E 1

vp}um = (1 +2-5V’, +2.5V’2, +-~.)lum

P

Mooney 1951 (spheres, 0.5236<v, . <0.7405)
4, = 2510 Vs )]ﬂm = {1+ 2.5v, + [3' 125+ (2'5/meax )]",2; +-- '}Um

Brinkman 1952; Roscoe 1952 (spheres)
1

=Ty e A+2.5v, +4.3752 +--)u,,
P

K,

Simha 1952 (spheres, 0.5236< Ve <0.7405)
u, =f+25, +[125/(64,  0b2 4 Ju,

Eshelby 1957 (ellipsoids)

15 1-o 15
=|1+— £y =[1+=v , where the Poisson’s ratio ¢, =1/3.
/ue [ 2 4 _ SO'P 4 J/um ( 7 P )lum P /

Frankel and Acrivos 1967 (spheres, 0.5236<v, . <0.7405)

=2 /Yy 4
8-, [y, )"

Batchelor 1977 (spheres)
M, =(1+2.5v, +6.2v2)u,
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Krieger 1972 (spheres, 0.5236<v

1
RO [1+1.82/v, 0w, +(2.5662/v2, v+ Ju,
p/ ¥ pmax

<0.7405)

pax

NB

Lundgren 1972 (spheres)
1

b 125y,

Iu'" = (1 + 2'5vll + 625‘)]2! te ')ﬂm

Graham 1981 (spheres, 0.5236<v, . <0.7405)

4, =|1+2.5v + 4.5 = | »
(sp/rp)[2+(sp/rp)][1+(sp/rp)]

where, for a simple cubic packing, the interparticle spacing s, = 2[1 =V Vo) kap [V 1,

Phan-Thien and Graham 1991 (fibers, a>b=c, 5<afc<25, 0.5236<v <0.7405)

I———M% p,= {1+ [1.461+ 0.138(a/c)l, +[1.461+0.138(a/c)k1.5/v
1=, /%))l

poax

4, ={1+ [1.461+0.138(a/c)]

pmax

2
)vp +oen

Liu and Masliyah 1996 (spheres, 0.5236<v, . <0.7405)

U, = {er [c. —(2/vpnm)]v,, + [c; —(6/v,2,..m)]V,2, }/4,,. = {1+ v, + [c2 _(3/vim)]vi +}u

Tseng and Lin 2003 (for TiO,-in-water nanofluids)
H, =13.47¢7"

Maiga, et al. 2004 (for Al,Os-in-water nanofluids)
U, =(1+73v, + 123vi W,

Maiga, et al. 2004 (for Al,Os-in-ethylene glycol nanofluids)
K, =(1-0.19v, +306v2)u,,

Koo and Kleinstreuer 2005 (additional viscosity for CuO based nanofluids from Brownian motion)
k,T

Esromion =5X10° B0, [-134.63+1722.3v) + (0.4705 - 6.04v,)T],

PP

0.0137(100v,) %% v, <0.01

where the particle motion related empirical parameter 3 = .
P P P p {0.0011(10014{,)“"7272 v, >0.01

Kulkarni, et al. 2006 (for CuO-in-water nanofluids)
In gz, =—(2.8751+53.548v, -107. 12v12,) +(1078.3+15857v, + 20587vf, WY1
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Table 7. Models of Effective Heat Transfer Coefficient

Pak and Cho 1998 (for Al,Os-in-water and TiO,-in-water nanofluids, turbulent flow)
Nu =0.021Re"® Pr%

Das, et al. 2003b (for Al,Os-in-water nanofluids, pool boiling)

Nu =cRej Pr’, where ¢ and m are particle volume concentration dependent parameters.

Xuan and Li 2003 (for CuO-in-water nanofluids, turbulent flow)
Nu = 0.0059(1.0 +7.6286v, ***Pe ™ ) Re*** Pr®

Yang, et al. 2005 (for graphite-in-transmission fluid and graphite-in-synthetic oil mixture nanofluids, laminar flow)
Nu=cRe" Pr’*(D/L)"* (1, /u,)*"* , where ¢ and m are nanofluid and temperature dependent empirical parameters.

Buongiorno 2006 (turbulent)
__(f/8)Re-1000)Pr
1+8; (f/8)* @ -1)

» where the dimensionless thickness of the laminar sublayer &, is an empirical parameter.
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