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Heat transfer experiments were performed with a water-based nanofluid containing 170-nm silicon car-
bide particles at a 3.7% volume concentration and having potential commercial viability. Heat transfer
coefficients for the nanofluid are presented for Reynolds numbers ranging from 3300 to 13,000 and are
compared to the base fluid water on the bases of constant Reynolds number, constant velocity, and con-
stant pumping power. Results were also compared to predictions from standard liquid correlations and a
recently altered nanofluid correlation. The slip mechanisms of Brownian diffusion and thermophoresis
postulated in the altered correlation were investigated in a series of heating and cooling experiments.
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1. Introduction

A nanofluid generally refers to a liquid mixture with a small
concentration of nanometer-sized solid particles in suspension.
Some combinations of nanoparticles and liquids have been shown
to substantially increase the thermal conductivity of the nanofluid
over the base liquid. See, for example, review articles [1–4]. The
proposed applications of nanofluids have generally been in the
heat transfer area where a small concentration of particles often
produces an-order-of-magnitude-larger heat transfer enhance-
ment [1–4].

Nanofluid heat transfer is a relatively new field being little more
than a decade old. During that time, research groups worldwide
have focused on determining the levels of thermal enhancement
of a variety of nanofluids. In these investigations, the emphasis
was usually on the magnitude of the thermal phenomena and
not on the viability of the fluids for commercial applications. In
the early stages of investigation, it was more important to establish
the enhancement potential of nanofluids before considering appli-
cations. There were a number of review papers during that period,
for example, references [1–4] with commentary [5] and a recent
book [6]. These articles include discussions on the preparation of
nanofluids as well as their thermal and transport properties. The
thermal conductivity in particular has received considerable atten-
tion by researchers. It is easier to measure than the heat transfer
coefficient and has been used as an indicator of nanofluid heat
transfer enhancement.
Ltd.

: +1 630 252 5568.
A recent review article [7] concentrated on both the thermal
conductivity and heat transfer rates of nanofluids as presented in
the literature through 2006. Eight important parameters were
reviewed and assessed individually (1) particle volume concentra-
tion, (2) particle material, (3) particle size, (4) particle shape, (5)
base fluid, (6) temperature, (7) additive, and (8) pH. Experimental
results from multiple research groups were used together when
assessing results and determining repeatable trends. Some
research groups [8,9] have found that the heat transfer enhance-
ment was close to predictions from standard liquid heat transfer
correlations using the nanofluid properties. In another study [10],
the enhancement was up to 40% above such predictions. This phe-
nomenon will be discussed subsequently with respect to the SiC/
water nanofluid data of this study coupled with heat transfer
enhancement mechanisms. However, Nusselt number enhance-
ment of 40% is attractive to many applications if the nanofluid is
commercially viable – no matter if the enhancement is predictable
with existing liquid correlations or if it requires predictive correla-
tions specific to nanofluids.

Today the nanofluid field has developed to the point where it is
appropriate to look to the next level, i.e., nanofluids that show sub-
stantial heat transfer enhancement over their base fluids and are
candidates for use in industrial/commercial systems. At a mini-
mum, nanofluids acceptable for widespread industrial use would
be stable suspensions with little or no particle settling, available
in large quantities at affordable cost, environmentally neutral,
and non-toxic. In addition, such applications would generally
require that there be little change in particle agglomeration over
time and that the nanofluid not be susceptible to adverse surface
adhesion. In a related study [11], the properties and characteristics
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Nomenclature

Cp specific heat
D test section outside diameter
d test section inside diameter
h heat transfer coefficient
k thermal conductivity
Mo Mouromtseff number
Nu Nusselt number
Pr Prandtl number
q0 heat per unit length
q00 heat flux
Re Reynolds number
T temperature
vp particle volume concentration
x axial distance

Greek symbols
l viscosity
q density

Subscripts
c cooling water
e nanofluid
in inlet
m base fluid matrix
out outlet
p particle
w test section wall
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of a potentially viable SiC/water nanofluid for commercial applica-
tions were verified and quantified more extensively than found
elsewhere in the literature with positive results, e.g., no particle
settling, large quantity availability, environmentally neutral, and
little agglomeration. A carbide material was chosen for the nano-
particles for several reasons including the absence of oxidation,
and SiC in particular was chosen for its high thermal conductivity.
In the present study, the first experimental heat transfer results are
reported for a SiC/water nanofluid. The conditions are for the
turbulent flow of a 3.7 vol.% SiC/water nanofluid, and results are
compared to the base fluid water as well as to heat transfer predic-
tions from accepted correlations for liquids. Nanofluids are also
compared on the basis of the combined effects of heat transfer
enhancement and pumping power increase. Heat transfer
enhancement mechanisms in nanofluids are discussed, and results
are presented from experiments conducted to study the slip mech-
anisms of Brownian diffusion and thermophoresis.
2. Nanofluid characterization

Most studies of thermal phenomena in nanofluids have failed
to make detailed characterizations of the fluids. It is known that
particle agglomeration occurs in many nanofluids so that the
nominal particle size in a powder is often not the size in the sus-
pension. In fact, particle size distributions exist in the nanofluids
but are seldom measured. As a result, literature data reported
based on nominal particle size may in fact have involved signif-
icantly different average particle sizes and distributions in
suspensions.

The SiC/water nanofluid of this study was characterized [11] in
detail including very important information about particle size dis-
tribution in suspension. The average size of 170 nm was measured
by both dynamic light scattering (Brookhaven Instruments Corp.,
Holtsville, NY) and small angle X-ray scattering (beamline 15-ID-
D, Advanced Photon Source, Argonne National Laboratory,
Argonne, IL). The thermal conductivity of the nanofluid was mea-
sured by a transient hot wire probe over a temperature range of
25–70 �C and was found to be consistently 22% higher than that
of water. A viscometer (Brookfield viscometer model DV-II+Pro,
Middleboro, MA) was used to measure the viscosity of the nano-
fluid. The measured nanofluid viscosity varied from 1.8 to 2.0 times
the viscosity of water depending on temperature and fit well to the
empirical equation

l ¼ 0:00496ðe1736:6=TÞ ð1Þ

where T is the temperature in the unit of Kelvin and l is the viscos-
ity in the unit of centipoise.
These results show that the SiC/water nanofluid is well
behaved, the thermal conductivity enhancement is reasonably
high, and the viscosity increase is relatively low. Settling and
agglomeration do not occur, and all of these conditions contribute
to the potential commercial viability of the fluid.

In order to determine nanofluid heat transfer coefficients from
experimental measurements or from correlations based on such
experiments, nanofluid density and heat capacity are usually
required. In the present study, the effective density and specific
heat were calculated based on the physical principle of the mixture
rule as

qe ¼ ð1� mpÞqm þ mpqp ð2Þ

Cpe ¼
ð1� mpÞðqCpÞm þ mpðqCpÞp

qe
¼
ð1� mpÞðqCpÞm þ mpðqCpÞp
ð1� mpÞqm þ mpqp

ð3Þ

This is the standard equation for nanofluid specific heat, and the
effective specific heat determined through energy balances during
the experiments in this study was found to be within 1% of the
calculation.

3. Test facility

The nanofluid heat transfer test facility at Argonne National
Laboratory was designed and fabricated to study the characteris-
tics of single-phase and two-phase heat transfer under conditions
of small channel and low mass fluxes for nanofluids. As shown in
Fig. 1, the test facility is a closed-loop system with major compo-
nents consisting of a pump with variable speed drive, preheater,
horizontal tube test section, heat exchanger (cooler), and flowme-
ter. For the SiC/water nanofluid, the maximum system operating
pressure and temperature were 273 kPa and 100 �C, respectively,
and the system flow rate was in the range of 350–1700 ml/min.
The preheater provides a means to set the inlet temperature to
the test section at desired levels. The test section itself is a type
316 stainless steel circular tube with dimensions of 2.27-mm in-
side diameter, 4.76-mm outside diameter, and 0.58-m heated
length. The preheater and test section are individually resistance-
heated with controllable direct current power supplies and are
electrically isolated from the remainder of the facility with short
sections of high-pressure hose, designated ISO in Fig. 1. As a safety
precaution, both the preheater and test section are provided with
high-temperature-limit interlocks to prevent them from being
overheated. Thermocouples are used to measure wall and fluid
temperatures along the test section heated length for calculating
heat transfer coefficients. The pressure at the test section inlet
and pressure drop across the test section are also measured by
using electronic pressure transducers. Pressure transducers,
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3608 W. Yu et al. / International Journal of Heat and Mass Transfer 52 (2009) 3606–3612
flowmeter, and thermocouples were calibrated against standards
traceable to the National Institute of Standards and Technology.
The estimated uncertainty in the measurements of pressures, flow-
rate, and temperatures are ±3%, ±1%, and ±0.2 �C, respectively.

A data acquisition system consisting of a computer and a
Hewlett–Packard multiplexer was assembled to record outputs from
all sensors. A data acquisition program, which includes all calibra-
tion equations and conversions to desired engineering units, was
written. The data acquisition system provides an on-screen display
of signals from all sensors and graphs of representative in-stream
and wall temperature measurements for steady-state monitoring.
When desired test conditions are reached, the data acquisition sys-
tem records multiple readings of temperatures, power input, fluid
flow rate, and pressures for subsequent data reduction.

Although the test section was well thermally insulated from the
atmosphere and the test section heat loss was small (less than 1%)
during heat transfer tests, the heat loss was incorporated into the
data reduction procedure for improving accuracy.

4. Heat transfer data reduction

A series of experiments was carried out to investigate the char-
acteristics of forced convective heat transfer under conditions of
horizontal turbulent flow, small channel, and low mass flux for a
3.7 vol.% SiC/water nanofluid. Tests were performed at atmo-
spheric pressure at the pump suction. At steady-state conditions,
all sensor outputs were read 30 times by the data acquisition sys-
tem and then averaged together for future processing. These data
included 10 test section outside wall temperatures (T1–T10), test
section inlet and outlet fluid temperatures (Tin and Tout), test sec-
tion inlet fluid pressure (pin), overall pressure drop across the test
section (Dp), current through the test section (I), voltage drop
across the test section (E), test fluid flow rate, temperature at the
pump (TFM), heat exchanger (cooler) inlet and outlet temperatures
of the nanofluid and cooling water (Tein, Teout, Tcin, and Tcout), cooling
water flow rate, and ambient temperature.

The local convective heat transfer coefficient at position x along
the length of the test section is defined as

hðxÞ ¼ q00ðxÞ
TwinðxÞ � TeðxÞ

ð4Þ
In Eq. (4), the local surface heat flux q00ðxÞ was determined from
the measured voltage and current (corrected for losses) of the test
section heater and the local electrical resistivity of the tube as a
function of temperature along the test section. The inner wall sur-
face temperature of the test section Twin(x) was determined from a
radial heat conduction calculation by using the measured outer
surface temperature Twout(x) and the local heat generated in the
test section wall per unit length q

0
(x)

TwinðxÞ ¼ TwoutðxÞ þ
q0ðxÞ

4pkwðxÞ
1þ lnðd=DÞ2 � ðd=DÞ2

1� ðd=DÞ2
ð5Þ

The local nanofluid temperature Te(x) was calculated, from a linear
relation between test section inlet and outlet temperatures, at the
same location where the wall temperature Twout(x) was measured.
The nanofluid temperatures could also be obtained from a heat bal-
ance using the measured inlet nanofluid temperature and the test
section power. These two methods were in good agreement with
each other.

This experimental technique provided local heat transfer coeffi-
cient data at multiple positions along the test section during any
experiment. This approach has increased accuracy compared to
other techniques found in the literature where average results
were reported over the entire test section length [7–9]. Depending
on how the tests were conducted, there could be significant
changes in fluid properties, Reynolds number, etc. along that
length, which would decrease the accuracy of the averaging
technique.

The uncertainties in the nanofluid convective heat transfer coef-
ficients, determined from the parameters described, were <5% in all
cases. The uncertainty was calculated by the method of sequential
perturbation, as described by Moffat [12]. This method is for sin-
gle-sample data in which uncertainties in each independent vari-
able, used to calculate the nanofluid convective heat transfer
coefficient, were estimated based on their individual calibrations.
5. Base fluid heat transfer tests

Heat transfer tests were performed on the base fluid water to
provide a baseline for comparison to nanofluid data, and they also
served as control tests for the test facility. Fig. 2 shows that the
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experimental Nusselt numbers for water are in good agreement
with the predicted values from Gneilinski equation [13] with most
of the differences less than 10%. This excellent agreement serves as
an overall verification of the facility, sensors, data acquisition, and
data reduction procedures.

6. Nanofluid heat transfer results and discussions

6.1. Nusselt numbers

A series of experiments of forced convective heat transfer for a
3.7 vol.% SiC/water nanofluid was carried out with the following
experimental parameters: Reynolds number of 3300–13,000,
Prandtl number of 4.6–7.1, and local nanofluid temperature for
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Fig. 3. Nusselt number comparison for SiC/water nanofluid.
heat transfer coefficient determination of 34–57 �C. The tempera-
ture difference between the inner test section wall and the fluid,
a key parameter in minimizing experimental errors, was above
10 �C in all cases. Results are shown in Fig. 3 compared to the water
data. The Nusselt numbers are plotted against the parameter Re0.8

Pr0.4 taken from the Dittus–Boelter correlation [14]. Use of this
parameter incorporates temperature effects on fluid properties.
The nanofluid data of Fig. 3 are seen to be above the water data
in all cases showing an enhancement over the base fluid taken at
equal values of the parameter Re0.8 Pr0.4.

6.2. Heat transfer enhancement above base fluid

The nanofluid heat transfer enhancement over its base fluid
water is shown in detail in Fig. 4. Here the heat transfer enhance-
ment, the ratio of the experimental nanofluid heat transfer coeffi-
cient to the predicted water heat transfer coefficient from the
Gneilinski correlation, is plotted. Compared on the basis of
Reynolds number (the most common basis found in the literature),
the heat transfer enhancement of the nanofluid is substantial and
is in the range of 50–60% over water.

6.3. Alternative heat transfer enhancement comparison

As discussed by Pak and Cho [8], comparing heat transfer of a
nanofluid to that of its base fluid at constant Reynolds number is
generally not the best basis. Since the viscosity of a nanofluid is lar-
ger than its base fluid, a higher velocity for the nanofluid would be
required to achieve the same Reynolds number. Alternatively, a
constant velocity comparison was proposed [8] where it was found
that, with an Al2O3/water nanofluid, the heat transfer coefficient of
the nanofluid was 12% below that of the base fluid water. Such a
comparison is made in Fig. 5 for the SiC/water nanofluid of this
study. The results show that, at a constant velocity, the heat trans-
fer coefficient of the SiC/water nanofluid is 7% below that of the
base fluid water. This trend of lower heat transfer coefficients in
nanofluids than in the base fluid also occurred in aluminum
oxide/water, titanium oxide/water, and zirconium oxide/water
nanofluids [8,9]. By using a constant velocity comparison, this
reduced heat transfer coefficient of the nanofluids compared to
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that of the base fluid water occurs even though the thermal
conductivity of the nanofluids is higher than that of the base fluid
water in all cases. The reasons for this result are complex including
the combination of thermal conductivity enhancement and viscos-
ity increase found in the nanofluids. Enhanced thermal conductiv-
ity reduces resistance to thermal diffusion in the laminar sublayer
of the boundary layer. However, increased viscosity increases the
thickness of the sublayer and in turn increases its resistance to
heat transfer. The net effect depends on the magnitudes of these
competing phenomena, and the results for the SiC/water nanofluid
are among the best of this group.

The potential of the SiC/water nanofluid is also seen in the
Mouromtseff number Mo [15] that includes all of the fluid proper-
ties related by the Dittus–Boelter equation [14]

Mo ¼
k0:6q0:8C0:4

p

l0:4 ð6Þ

If both the base fluid and nanofluid heat transfer coefficients are
reasonably predictable by a standard single-phase heat transfer
correlation such as the Dittus–Boelter equation, then the Mour-
omtseff number can be used to indicate the heat transfer coefficient
of the nanofluid compared to its base fluid under conditions of
constant velocity by using the above equation. While the ratio of
the Mouromtseff number for Al2O3/water nanofluid [8] to that for
its base fluid water was 0.75, it was 0.89 for the SiC/water nanofluid
of this study. Higher values are an indication of better heat transfer.

6.4. Nanofluid merit parameter

The concept of pumping power penalty is often used as a
measure of comparison in augmented heat transfer situations,
and some applications are more sensitive to it than others. In
this study, the pumping power was combined with the heat
transfer enhancement to produce a parameter indicative of the
overall merit of a nanofluid. This nanofluid merit parameter is
the ratio of the heat transfer enhancement to the pumping power
increase, i.e. (hnanofluid/hbase fluid)/(Powernanofluid/Powerbase fluid).
This parameter was calculated on the basis of constant flow
velocities for the SiC/water nanofluids and its base fluid water
flowing in smooth tubes. Results are shown in Fig. 6 for the
SiC/water nanofluid of this study and an Al2O3/water nanofluid
at a similar particle concentration [9]. The merit parameter is
of the order of 0.8 for the SiC/water nanofluid while it is approx-
imately 0.6 for the Al2O3/water nanofluid. A higher parameter
value indicates more of a gain in the heat transfer enhancement
compared to the pumping power penalty.

6.5. Nanofluid pressure drop

The pressure drop experimentally measured for both the SiC/
water nanofluid and its base fluid water in this study were within
10% of theoretical values using their properties and friction factors
obtained from the Moody diagram. This result is similar to those
observed in other nanofluid studies [7–9].
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6.6. Nanofluid heat transfer prediction by liquid correlation

In Fig. 7, the nanofluid heat transfer data of Fig. 3 were
compared to the predictions of the Gneilinski equation for the
nanofluid. Here the predictions are from a standard single-phase
turbulent heat transfer correlation based on the fluid being a pure
liquid with the thermal and transport properties of the nanofluid.
As seen in Fig. 7, the nanofluid heat transfer coefficient exceeded
predictions in all cases ranging from 14% to 32% above the
predictions.

The results of Fig. 7 are consistent with the Cu/water nanofluid
data [10] and the Al2O3/water nanofluid data [8]. This enhance-
ment over predictions points to a heat transfer mechanism beyond
that of a pure liquid because of particle interactions.

In the work of Pak and Cho [8] and in a recent study [16], differ-
ent Prandtl number dependencies were presented for nanofluids
compared to pure liquids. A modified form of the Dittus–Boelter
equation with a Prandtl number exponent of 0.5 was proposed
[8], and an altered form of the Gneilinski equation was suggested
[16]. The altered Gneilinski equation is seen in Fig. 7 to predict
the SiC/water data well.

Only two slip mechanisms, Brownian diffusion and thermopho-
resis, were considered large enough to be responsible for measured
nanofluid heat transfer enhancement over pure liquids [16]. These
mechanisms cause the concentration of nanoparticles near the
heat transfer surface to be different when the fluid is being heated
or cooled. The postulated results are that nanofluid heat transfer
rates over base fluids would increase when being heated and
decrease when being cooled. In all the cases discussed previously,
heat transfer rates were measured when the nanofluids were being
heated, and nanofluid heat transfer coefficients were above their
base fluids. In order to investigate the cooling condition, a series
of experiments was performed in the present study using the cool-
ing heat exchanger in the experimental facility. Here the average
value of heat transfer coefficient was obtained from a logarithmic
mean temperature difference calculation using the flow rates and
the inlet and outlet temperatures of both the nanofluid and
coolant.

Heat transfer results are shown in Fig. 8 for Nusselt numbers
determined from measurements taken in the test section (fluid
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being heated) and in the cooler (fluid being cooled). The water data
are well predicted by the Gneilinski equation independent of the
source, i.e., test section or cooler, which validates the experimental
approach used. The SiC/water nanofluid data were previously
shown to be above prediction when being heated, which is consis-
tent with the postulation [16]. These test section results are repro-
duced in Fig. 8. The SiC/water data from the cooler would be
expected [16] to fall below predictions in Fig. 8, but the opposite
is the case. Experimental Nusselt numbers are seen in Fig. 8 to
lie along the same curve that is above predictions of the Gneilinski
equation whether in heating or in cooling mode. These results do
not support the mechanisms of Brownian diffusion and thermo-
phoresis as being responsible for the enhanced SiC/water nanofluid
heat transfer rates over the base fluid water.

Whether or not nanofluid heat transfer data are predicted by
liquid correlations gives insight into the heat transfer mechanisms
involved. Although the results shown in Fig. 8 do not support the
mechanisms postulated [16], the prediction of nanofluid heat
transfer using increased Prandtl number dependence is clear from
Fig. 7. Predictability by liquid heat transfer correlations is not a key
factor in assessing the potential of heat transfer enhancement
associated with nanofluids. One nanofluid may show higher heat
transfer enhancement than another even though both are predict-
able by liquid correlations. However, it is a positive result in terms
of heat transfer enhancement when nanofluid heat transfer
exceeds the predictions of liquid correlations. Such is the case with
the SiC/water nanofluid.
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6.7. Additional heat transfer mechanism

As discussed, heat transfer enhancement in various nanofluids
has been attributed to different mechanisms. Recently, there have
been additional discussions about particle coatings on heat trans-
fer surfaces as being important [17]. No particle coating was
detected with the Al2O3/water nanofluid [9], but, in a related study
[17], it was concluded to be the source of the heat transfer
enhancement. The SiC/water nanofluid of the present study was
found to coat the test section surface. The stainless steel test sec-
tion surface is shown in Fig. 9 before and after testing with the
SiC/water nanofluid. It is evident that the nanoparticles, deposited
in the low areas of the surface, formed a coating of the order of 100
particles thick. However, in this study the coating did not contrib-
ute to the heat transfer results as evidenced by water data that
were unchanged before and after the SiC coating was formed. Also,
no change in heat transfer rate over time was detected from the
initial introduction of the SiC/water nanofluid into the facility.

7. Conclusions

The heat transfer rates were measured in the turbulent flow of a
potential commercially viable nanofluid consisting of a 3.7% vol-
ume of 170-nm silicon carbide particles suspended in water. The
properties and characteristics are favorable [11], and the fluid is
available in large quantities. Heat transfer coefficient increase of
50–60% above the base fluid water was obtained when compared
on the basis of constant Reynolds number. This enhancement is
14–32% higher than predicted by a standard single-phase turbulent
heat transfer correlation pointing to heat transfer mechanisms that
involve particle interactions. The data were well predicted by a
correlation modified for Prandtl number dependence although
experiments in the present study did not support the postulated
mechanisms of Brownian diffusion and thermophoresis [16]. This
increase in heat transfer rate over prediction is a favorable result
for nanofluid heat transfer enhancement.

The pumping power penalty of the SiC/water nanofluid was
shown to be less than that of an Al2O3/water nanofluid of compa-
rable particle concentration. The two nanofluids were compared
using a figure of the merit consisting of the ratio of heat transfer
enhancement to pumping power increase. The merit parameter
was 0.8 for the SiC/water nanofluid compared to 0.6 for the
Al2O3/water nanofluid, which is favorable to the SiC/water nano-
fluid for applications that are pumping power sensitive.

Heat transfer rates on the basis of constant velocity showed 7%
lower results for the SiC/water nanofluid than its base fluid water.
However, these results are above those reported for Al2O3/water
nanofluids with comparable particle concentrations. This result
points to the direction of continued research in the development of
a fully viable water-based nanofluid for commercial applications.
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