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ABSTRACT
Nanofluids are solutions of a small fraction of suspended

nanoparticles in a bulk fluid. Nanofluids have shown great
promise as heat transfer fluids over typically used bulk fluids and
fluids with micron sized particles. The nanoparticles do notset-
tle in the fluid and do not cause clogging or damage to surfaces
as with micron sized particles. In the current work we compare
the performance of different volume loadings of water-based alu-
mina nanofluids in a commercially available electronics cooling
system to that of pure DI-water. The commercially availablesys-
tem is a water block used for liquid cooling of a computational
processing unit. The size of the nanoparticles in the study is
varied from 20 nm to 30 nm. Results show an enhancement
in convective heat transfer, but not in the temperature increase
through a heated tube or commercial cooling system in nanoflu-
ids with volume loadings of nanoparticles up to 2% by volume.
The current nanofluids showed significant settling within anhour
of preparation.

NOMENCLATURE
cp specific heat (kJ/kg-K)
d diameter (mm)
l length (m)
P pressure (kPa)
Q heat dissipation (W)
T temperature (K)
V̇ flow rate (ml/min)
Vheat heating voltage (V)

∗Address all correspondence to this author.

ρ density (kg/m3)
Re Reynolds number
Nu Nusselt number

INTRODUCTION
Nanofluids are colloidal solutions containing a small frac-

tion of nanoparticles in a bulk fluid. Recently there have been
several studies that show enhancement of thermal energy trans-
port over Maxwell’s model [1] for fluids with particles. These
studies have shown an increase in the thermal conductivity with
a corresponding increase in the convection heat transfer coef-
ficient. In 1995 Choi and Eastman [2] presented a theoreti-
cal model for the enhancement of thermal transport properties
of nanofluids over bulk fluids using the two-component mix-
ture model for the effective thermal conductivity developed by
Hamilton and Crosser [3]. In 1999 Lee et al. [4] measured the
thermal conductivity of fluids with oxide nanoparticles using the
transient hot-wire method and found reasonable agreement with
Hamilton and Crosser’s model. In 2000 Xuan and Li [5] showed
that the addition of copper nanophase powders to process fluids
increased the fluid thermal conductivity with increasing volume
loading. It has yet to be determined what causes the enhance-
ments in thermal conductivity and convection. In 2002 Keblin-
ski et al. [6] presented several potential mechanisms for the en-
hanced heat conduction and used molecular dynamics simula-
tions to show that Brownian motion does not directly lead to the
enhanced heat conduction observed in experiments. Keblinski
showed theoretical evidence that particle clustering could explain
the enhancement. In 2005 Prasher [7] performed an order-of-
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magnitude analysis of several mechanisms and found that Brow-
nian movement was the only mechanism that could explain the
enhancement in thermal conductivity.

Convective heat transfer is of even greater interest than the
thermal conductivity. In 2003 and 2005 Xuan and Li [8, 9]
showed an increasing Nusselt number, Nu, with increasing vol-
ume loading of Cu-water nanofluids and Reynolds number, Re.
In 2008 Lai et al. [10] also showed an enhancement in convec-
tive heat transfer in water-based alumina nanofluids in a straight
tube. Lai’s results also showed increased enhancement within-
creased volume loading. In 2006 Buongiorno [11] analyzed sev-
eral mechanisms that could be responsible for the observed en-
hancement in convective heat transfer in nanofluids which were
included in previous models.

The current work investigates how nanofluids perform in
commercially available liquid cooling systems for computational
processing units (CPUs) when compared to deionized (DI) water.

EXPERIMENTAL SETUP
The experimental setup consists of several different sections.

First the experiment designed by Lai et al. [10] was repeatedto
verify that a similar enhancement in convection heat transfer in
the nanofluids is observed in a straight tube with a constant heat
flux boundary condition. The nanofluids were then compared
to DI-water in the commercially available liquid cooling system
(Thermaltake Big Water 760is). The nanofluids used in this study
were all alumina based and the base fluid was DI-water. The
size of the particles were 20-30 nm in diameter. The nanofluids
were sonicated for 1 hour before any measurements were made
to ensure any agglomerates were eliminated.

The single heated straight tube setup is used to compare the
effectiveness of the current nanofluids to those presented by Lai
et al. [10]. A schematic of the setup is shown in Figure 1. This
setup consists of a single stainless steel tube with inner and outer
diameters of 1.07 mm and 1.47 mm, respectively. A section of
the tube is wrapped with a nichrome wire to act as a constant
heat flux boundary condition. Thermocouples are inserted into
the flow at the inlet and outlet of the tube and 6 additional ther-
mocouples are bonded to the exterior of the tube using a con-
ductive metal-filled epoxy to measure the temperature alongthe
tube. The flow rate and pressure drop are recorded along with the
voltage applied to the nichrome wire. The fluid is pumped using
a peristaltic pump and the flow rates vary from 0.596mL/min to
15.61mL/min which corresponds to Reynolds numbers from 14
to 360 for DI-water.

The setup of the commercial system consists of a copper
water block (ThermalTake Bigwater 760i system), a silicon strip
heater (constant heat flux) and a heat exchanger to maintain a
constant inlet temperature. In this setup the heat exchanger exit
temperature, the water block inlet and outlet temperaturesand
the top and bottom temperatures of the heater are recorded and
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Figure 1. Schematic of the single straight heated tube setup
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Figure 2. Schematic of the commercial setup around the water block

compared between DI-water and DI-water loaded with nanopar-
ticles. The same pump is used for the working fluid and the same
flow meter is used to measure the flow rate. Figure 2 shows the
setup of just the area involving the water block. The rest of the
setup is the same as in Figure 1 where the commercial system is
replaced by the water block, heater, insulation and thermalmass.

RESULTS
The experimental equipment was first validated for the flow

of pure DI-water by measuring the pressure drop through the
tube. Figure 3 shows the pressure drop of pure DI-water and the
1% and 2% volume loaded alumina nanofluids. The measured
pressure drop showed good agreement with Poiseuille’s law [12]

∆P =
128µLV̇

πd4
i

. (1)
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Figure 3. Pressure drop across tube for pure DI-water and the 1% and

2% volume loaded nanofluids as a function of the flow rate
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Figure 4. Temperature gain along heated tube for pure DI-water and DI-

water with 20-30 nm alumina nanoparticles (1% and 2% by volume)

The second step in the validation process was the measure-
ment of the temperature increase across the heated tube and the
convection heat transfer coefficients for pure DI-water. Figure 4
shows the temperature increase as a function of volumetric flow
rate for DI-water and the 1% and 2% volume loaded nanofluids.
The temperature increase of the DI-water agreed well with that
predicted from an energy balance [12]

∆T =
Q

ρcpV̇
. (2)

Good agreement between the data and model shows that the
assumption of a constant heat flux boundary condition is valid.
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Figure 5. Average convection heat transfer coefficients for DI-water and

the 1% and 2% volume loaded nanofluids

There was no difference observed in the temperature increase
between the DI-water and the two nanofluids.

The convection coefficients were also calculated using the
temperature measurements along the heated tube. Figure 5 shows
the average convection heat transfer coefficients as a function
of the flow rate for the DI-water and the 1% and 2% volume
loaded nanofluids. The convection coefficients are greater in the
nanofluids by as much as 2.5%. The enhancement of the average
convection coefficient was of the same order as that calculated
by Lai et al. [10]. A difference in the current result when com-
pared to the results from Lai et al. [10] is the average convection
coefficients dependence on flow rate. Lai et al. observed an in-
creasing average convection coefficient with increasing flow rate
while the current results show the opposite. The Nusselt num-
ber calculated here is close to the laminar value, but the trend
of the average convection coefficient matches the Dittus-Boelter
correlation for turbulent flow [12].

The average convection coefficients are calculated by aver-
aging the local convection coefficients obtained from the mea-
surements along the tube. Figure 6 shows the local convection
coefficients along the heated section of the tube for a flow rate of
3.3 ml/min. There is uncertainty in the measurement of the tem-
perature and amount of local heating that leads to noise in the
data that can not be quantified at this time. The location of the
thermocouples with respect to the heater wire and the consistency
in the wire wrap around the tube are two obvious items that will
result in some level of uncertainty, which is why the local con-
vection coefficients are not consistent, but fluctuate when fully
developed ( 2.4 cm). This distribution is consistent acrosstest
of different flow rates with the current setup. A different setup
results in the same trend of decreasing local convection coeffi-
cient in the entry region and a nearly constant local convection
coefficient in the developed reason.
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Figure 6. Local convection coefficients for DI-water and the 1% and 2%

volume loaded nanofluids at a flow rate of 3.3 ml/min

Assuming the nanofluid maintains the same thermal con-
ductivity which is likely not the case based on the literature
[4, 5, 13–18] we calculate the Nusselt to be Nu= 5.062 which
is greater than the expected value of Nu= 4.364 for a constant
heat flux boundary condition within the laminar flow regime in
the case where the flow rate is 3.3 ml/min. The Nusselt number
was calculated using

Nu =
hdi

k
. (3)

If we assume that the Nusselt number is 4.364 we can then
calculate a thermal conductivity from the relationship in equa-
tion 3. Figure 7 shows the calculated thermal conductivity of the
nanofluids based on the average of their convection coefficients.
This calculation shows an enhancement in the thermal conduc-
tivity of 7.2% in the 2% volume loaded case.

At first glance one would assume that an enhancement in
the convection coefficient would lead to an enhancement in the
temperature increase across the heated section. Presumably if the
convection coefficient is greater in the case of the nanofluids then
the energy or heat flux into the fluid is also increased when under
the same flow conditions. If this is the case, one would expectto
see an increase in the temperature along the heated tube unless a
change in another property (heat capacity) also occurred. If the
heat capacity of the nanofluids is enhanced by roughly the same
amount has the convection coefficient ( 2.5%) no difference in
the temperature increase across the heated tube will be observed.
Since the volume ratio of the solution is known we can calculate
the heat capacity from a weighted ratio of the two components
(water and nanoparticles) given by

(ρcp)n f = n(ρcp)np+(1−n)(ρcp)w (4)
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Figure 7. Calculated thermal conductivities of the nanofluids assuming

Nu = 4.364

wheren is the volume loading of the nanofluid. The impact of
the addition of nanoparticles actually reduces the heat capacity
(due to the lower heat capacity of the nanoparticles) of the fluid
which should result in an increased temperature gain acrossthe
tube. This increase in the temperature gain across the tube is
calculated to be a maximum of 0.14 degrees for the 2% volume
loading case. This increase in temperature is within the noise of
the measurements of the temperature gain along the heated tube.

Figure 8 shows the temperature increase through the com-
mercial water block for pure DI-water and the DI-based alu-
mina nanofluid with a 1% volume loading. Similar to the single
straight tube there is no distinguishable difference in thetempera-
ture increase across the heated section between the pure DI-water
and the nanofluid. We were unable to measure the convection
coefficients with the current setup (Figure 2) because the com-
mercial water block does not have an ideal location for measur-
ing surface temperatures, the geometry of the block’s channels
is unknown and the temperature through the block is know ac-
curately know as the only measurement made were the inlet and
outlet temperatures; therefore the enhancement in heat transfer
that occurs in nanofluids is difficult to determine when used in a
commercially available cooling system.

CONCLUSIONS
An enhancement of up to 2.5% in the convective heat trans-

fer coefficients was observed in the straight heated tube in the
nanofluids over that of the DI-water, but no noticeable difference
in the temperature gain along the heated tube or in the commer-
cial system was measured between the DI-water and the nanoflu-
ids. If no difference in temperature gain is observed one typically
assumes that heat capacity of the fluid is not affected with the ad-
dition of nanoparticles. We have shown that the heat capacity is
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in fact reduced because of the addition of nanoparticles andthat
the only explanation for no observed different in the tempera-
ture gain is due to a reduction in the temperature gradient atthe
surface of the tube. The increase in the convective heat transfer
coefficient could also result in an increase in the temperature gain
across the tube, but this would require a greater amount of heat
being absorbed by the fluid (less loss to the environment). An
increase in the heat absorbed by the fluid in this case could only
be a result of a more efficient heat absorbing fluid, but would still
result in an increase of 2.5% (maximum of 0.75 degrees) which
could also be within the uncertainty of the measurements. The
current work was unable to determine whether nanofluids are ef-
fective in enhancing thermal transport in existing commercial liq-
uid electronics cooling systems. Future work will include more
detailed analysis of the impact of nanofluids in applications that
require heat transfer fluids. Specifically a more involved study
of liquid electronics cooling systems will be performed to learn
what level of enhancement can be expected and how enhance-
ment can be optimized using nanofluids.
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